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Abstract

Physiological and ADME changes during pregnancy can significantly affect drug
pharmacokinetics and may necessitate dose adjustment. Since it is logistically impossible to
delineate the changes in PK of all drugs administered to pregnant women, alternative approaches
that can generalize across drugs and predict drug disposition in pregnancy are highly-desirable.
We developed and validated a novel PBPK model, which integrates gestational time-dependent
changes in maternal physiology and hepatic CYP enzyme activities, preclinical and clinical data,
to predict maternal pharmacokinetics of drugs cleared primarily by CYP3A (midazolam,
nifedipine, indinavir), CYP1A2 (theophylline), CYP2D6 (metoprolol, paroxetine,
dextromethorphan, clonidine), CYP2C9 (phenytoin), and multiple CYP enzymes (glyburide,
methadone). We showed that our PBPK model can quantitatively predict the disposition during
pregnancy of drugs cleared via single and/or multiple CYP pathways , and allow generalization
beyond model drugs studied (e.g. midazolam) to other drugs with well-characterized ADME
characteristics (e.g. indinavir). Moreover, our PBPK approach allowed us to bridge knowledge
gaps that are difficult to test through clinical studies, for example, discerning the site (hepatic,
intestinal, or both) of CYP3A induction in pregnancy. The coupled maternal-fetal physiology
imposes additional concerns for both efficacy and safety of treatment. Fetal exposure to drugs
not only depends on maternal pharmacokinetics, but also depends on placental passage of drugs.
In this research, the gestational time-dependent contribution of the placental efflux transporter,
P-glycoprotein, to drug distribution into the fetus, was quantified with PET imaging in a
physiologically relevant model, the pregnant macaque. Such knowledge can be incorporated into
a comprehensive fetal model in the future to predict fetal exposure to drugs. Taken together,

the presented modeling approach can identify drugs whose pharmacokinetics may be altered



during pregnancy, guide rational PK study design, and support dose adjustment for pregnant

women.
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Introduction Chapter

Pharmacometrics in Pregnancy: an Unmet Need

* This chapter is to constitute an invited review article in the journal “Annual Review of

Pharmacology and Toxicology",volume 54, 2013



Pharmacometrics in Pregnancy: an Unmet Need

1. Current status and need for clinical studies in pregnant women

Pregnant women and their fetuses are orphan populations with respect to the safety and efficacy
of drugs. Latest statistics indicate that 64% of pregnant women ingest at least one medication for
the treatment of a variety of clinical conditions, including viral (e.g., HIV), fungal or bacterial
infections, smoking cessation, epilepsy or pregnancy-induced conditions such as hypertension,
depression, and gestational diabetes (1, 2). The use of over-the-counter medications during
pregnancy is also common. For example, in rural West Virginia 95.8% of pregnant women
were administered prescription medications, 92.6% took over-the-counter medications, and
45.2% used herbal medicines (1). About 5 — 10% of pregnant women receive FDA category D
or X drugs which are potential teratogens and the frequency of drug use is higher in early versus
late pregnancy (2, 3). Illicit drug use by pregnant women in the United States has increased
markedly over the past three decades (4-7). During 2007-2008, about 5.1% of pregnant women

in the US reported illicit drug use [http://oas.samhsa.gov/nsduh/2k8nsduh/2k8Results.cfm].

Ilicit drug use during pregnancy is a major risk factor for maternal morbidity and neonatal
complications and necessitate therapeutic intervention with licit drugs (4). Moreover, a large
percent of pregnant women who abuse drugs regularly are HIV positive and therefore need to be

treated for this infection (e.g. HIV protease inhibitors) as well as drug abuse (e.g. methadone)

(8).

Ethical, legal, and practical considerations often preclude enrollment of pregnant and lactating

women in clinical trials. Despite the call to include pregnant women in drug trials in recent
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years, there appears to be little movement in that direction. A survey of registered clinical trials
at ClinicalTrials.gov, indicates only one drug—Makena (hydroxyprogesterone caproate)—has
been approved by the FDA for pregnancy indications in the past five years (9). Drugs used in
pregnancy are often developed informally, that is they are used for maternal disease, fetal disease
(e.g., digoxin for fetal tachycardia) and placental dysfunction (e.g., malaria), after they are tested
in the general population devoid of pregnant participants (10). As a result, although drugs are
routinely prescribed during pregnancy, they are invariably prescribed off-label, i.e. without
necessary clinical data about the dose, pharmacokinetics (PK), safety, or efficacy of these drugs
in pregnant women. PK studies, when conducted in pregnant women, can be generally
categorized into two types: opportunistic PK studies of drugs administered for therapeutic
intervention purposes, and dedicated PK studies of drugs (e.g probe/model drugs to phenotype
activity of a certain enzyme or transporter) for mechanistic understanding of PK changes.
Opportunistic studies typically enroll pregnant patients chronically receiving a variety of dosing
regimens. Since these studies do not impose additional risks to the study subjects as the
subjects receive the drugs as part of clinical care, obtaining IRB approval is relatively easy.
Either intensive or sparse PK (amenable to population PK analysis) sampling can be
implemented. Dedicated PK studies of (probe) drugs are usually single-dose, intensive
sampling PK studies performed in a small number of healthy pregnant women during pregnancy
and postpartum, where the drugs are not used for therapeutic purpose. Enrollment can be
challenging as subjects are likely more reluctant to participate due to fear of fetal toxicity,
especially during the first two trimesters. Therefore, although difficult, such studies are mostly

possible during the third trimester. With regard to PK data analysis, opportunistic studies, when
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sampling is sparse, are amenable to population PK analysis, while the remaining PK studies, due

to the small sample size, are often analyzed by classical non-compartmental analysis.

Considerable data demonstrate that the PK of drugs can be affected by pregnancy to a significant
extent. Selective examples are presented in Table 1.  Altered drug disposition in this special
population may lead to either under-dosing or overdosing of medication with the standard adult
dose, with varying consequences for safety and efficacy (11). For example, we found that the
oral clearance of the HIV protease inhibitor, indinavir, is 3.8-fold higher during pregnancy than
post-partum (or in non-pregnant women or men) (12). This induction resulted in sub-therapeutic
indinavir plasma concentrations which could result in breakthrough of resistant virus resulting in
progression of disease in the mother, and perhaps higher incidence of maternal-fetal HIV
transmission and transmission of resistant virus to the baby. We have also shown that the
apparent oral clearance of glyburide (used to treat gestational diabetes) is 2-fold greater in
pregnant women with gestational diabetes mellitus than in non-pregnant women with type 11
diabetes mellitus (13). Thus determining the magnitude of change in PK caused by pregnancy is
important to design rationale dosing regimen of drugs for pregnant women. However, it is
neither feasible nor desirable to perform extensive PK studies in pregnant women (including
fetal exposure) of all the drugs consumed by this vulnerable population. Therefore, alternate
approaches are required. One such approach is to conduct focused studies that shed light on the
mechanisms by which pregnancy alters maternal drug disposition. Probe drugs (indicated as * in
Table 1) are drugs commonly used to probe in vivo enzyme or transporter activity, as they are
selective substrates of a single enzyme or transporter (either for total clearance or formation

clearance of a metabolite excreted in the urine). Therefore, probe drug studies are more
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informative in delineating the hepatic enzyme activity during pregnancy, compared to non-probe
drugs, and the information generated can be used to predict the anticipated change in systemic
exposure to non-probe therapeutic drugs during pregnancy. Of course, this is possible only if
the ADME characteristics of the non-probe drugs are well-characterized, such as the fractional
contribution of the enzyme or transporter towards the total clearance of the drug. For such
predictions to be successful, information on physiological changes that could affect the ADME
of the drug also needs to be taken into consideration. Since the latter are multidimensional (e.g.
simultaneous and time-dependent changes in volume of distribution, plasma protein binding,
cardiac output, renal function; see below under Section 2), the most efficient methodology for
incorporating such prior knowledge to predict appropriate dosing regimens of drugs during
pregnancy is through physiologically-based pharmacokinetic (PBPK) modeling (see below under

Section 4.3) .

The coupled maternal-fetal physiology imposes additional concerns for both efficacy and safety
of treatment. Recommendation of dose adjustment in this population should also be carefully
evaluated in terms of assessing the risk of fetal exposure to drugs administered to the mother.
This is because the teratogenic or fetal toxicity potential of the drug is usually not known.
Therefore treatment should also target to minimize fetus exposure to drugs, except in the cases
such as treating fetal conditions or HIV infection, where fetal exposure to drugs is important for

therapeutic reasons (14).

2. Review of physiological changes during pregnancy
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Pregnancy is associated with a multitude of temporal physiological and metabolic changes. The
mean change of physiological parameters in each trimester, based on a comprehensive meta-
analysis of literature data obtained from adult healthy women (15), are summarized in Table 2.
The causative mechanism of these changes is poorly understood and most of them are believed
to be regulated by pregnancy-related hormones. A number of these changes in maternal
physiology can have a direct effect on drug absorption, distribution, metabolism and excretion as

discussed in greater detail below.

Absorption

Intestinal absorption of drugs may be affected, theoretically, in pregnancy by alterations in
gastric motility and gastric pH. However, limited data in literature do not appear to support a
significant reduction in gastric motility or increase in gastric pH (15). Moreover, the rate of
drug absorption does not appear to be altered to a significant extent as a result of any of these
changes in pregnant women, as suggested by similar antepartum vs. postpartum/non-pregnant
Tmax values and none-to-modest changes in the half-lives of drugs (12, 16, 17). However, the
extent of pre-systemic elimination (by enzymes or transporters) might be greater or lower,
depending on the contributing pathway towards elimination of the drug (e.g. CYPs or
transporters), which then results in a lower (more likely) or higher Cax in this population.
Distinguishing changes in intestinal metabolism/transport (or overall bioavailability of the drug)
from changes in systemic elimination is difficult unless the drug can be administered by both IV
and the oral route to the pregnant and postpartum woman. Most pharmacokinetic studies in

pregnant women are conducted after only oral administration of drugs.
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Table 1. Summary of pregnancy-induced effects on pharmacokinetics of clinically used drugs

" Effect on oral clearance (%) 2 Metabolizing

Indication enzyme
Drugs/probes 2 Ref

st Trimester | 2nd Trimester | 3rd Trimester ALy

changes
Caffeine * CNS stimulant l 33 | 48 | 65 (18)
Theophylline Asthma VEN VN | 34 | CYPIA2 (19)
Nicotine Smoking cessation NA 1 54 1 54 T CYP2A6 (20)
Phenytoin *° Antiepileptic 143 151 161 1 CYP2C9 (21)
Proguanil Antimalarial NA | 60 | 60 | CYP2C19 (22)
Metoprolol * Antihypertensive NA NA 1459 (23)

Dextromﬁthorphan Antitussive 1 CYP2D6

126 135 148 (18)
Midazolam * Anxiolytic NA NA 199 (16)
Indinavir Antiretroviral NA NA 1277 1 CYP3A4 (12)
Glyburide Antidiabetic NA NA 1106 (13)
Methadone Addiction NA 1101 165 1 CYP2B6 (24)
Labetalol Antihypertensive NA 130 130 TUGT 1A1 (25)
Lamotrigine Antiepileptic 1200 1200 1300 TUGT 1A4 (26)
Zidovudine ° Antiretroviral NA NA > — UGT2B7 (27)
Amoxicillin Bacterial infection NA 123 120 (28)
Metformin * Antidiabetic 122 128 111 1 Renal CL (29)
Digoxin * Cardiac diseases NA NA 119 (16)

a: Mean percentage change relative to postpartum value.
| indicates decrease; 1 indicates increase; <> indicates no effect; NA: data not available
*: indicates probe drug commonly used to measure specific hepatic enzyme activity or transporter

activity in vivo

b: Phenytoin data is based on plasma trough concentration (total). Dextromethorphan data is based on urinary metabolic ratio
(dextromethorphan/dextrorphan).

C: Morphine IV clearance (mediated by UGT2B7), determined at time of delivery, was found to 1 59% compared to non-pregnant
control data (30), suggesting increased UGT2B7 activity and/or increased hepatic blood flow.
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Table 2. Summary of pregnancy-induced changes in maternal physiology

2nd Trimester

3rd Trimester

Parameters 1st Trimester ® a a
Total body weight (kg) 1 6% 1 16% 123%
Total fat mass (kg) 111% 1 16% 1 32%
Total body water (L) 1 11% 1 27% 141%
Cardiac output (L) 1 18% 1 28% 1 33%
Plasma volume (L) 1 7% 1 42% 1 50%
Red Blood Cell Volume (L) 1 4% 1 20% 1 28%
Hematocrit (%) 1 3% 1 8% | 14%
Albumin (g/L) L 5% 1 16% 1 31%
al-acid glycoprotein (g/L) 1 1% 1 22% 1 19%
Glomerular filtration rate
(mL/min)® 1 19% 1 37% 1 40%
Effective renal plasma flow (L/h) 1 38% 1 48% 131%
Creatinine clearance (mL/min) 1 28% 1 58% 1 26%
Uterine blood flow (L/h) 1 923% 1 1567% 12771%
Hepatic blood flow (L/h) PN PN PN

a: Mean percentage change (%) relative to pre-pregnancy level.
| indicates decrease; 1 indicates increase; <> indicates no effect.
b: GFR measurement is based on inulin clearance
c: literature data on hepatic blood flow is contradictory, hence no effect is assumed.
Data sources are provided in reference (15).

Distribution

Various pregnancy-related hemodynamic changes lead to increased plasma volume (up to 50%)

and decreased plasma protein binding, which can alter the apparent volume of distribution (V)

of drugs (31). Serum albumin and a1-AGP concentrations decrease up to 31% and 19% during

late pregnancy (15). Consequently, the change of unbound plasma fraction of highly-bound

drugs during pregnancy can be as much as ~30% (e.g. phenytoin) (32). Pregnancy-related

changes in activity of transporters expressed in various tissues/organs (liver, kidney, brain,

placenta, etc) may also affect V¢4 of drugs. However such changes, with the exception of renal

transporters, are extremely difficult to quantify in vivo. Most mechanistic studies are restricted
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to placental transporters such as P-glycoprotein and breast cancer resistance protein (33). These
placental transporters can modulate the exposure of the fetus to drugs even when the exposure of
the mother to the drug is not affected. However, given the small size of the fetus, distribution of
drugs into the fetus is not expected to alter maternal PK significantly. It is important to note
that, in the literature, the reported change in apparent V4 (V4 /F) of oral drugs during pregnancy
may result from the physiological changes of pregnancy affecting V4 or oral bioavailability. The
two effects cannot be easily dissociated (except when the drug is administered 1V) and data
should be interpreted with caution. Through changes in V4 and clearance, pregnancy can cause

an increase or a decrease in the terminal elimination half-life of drugs.

Clearance

Changes in 1V clearance of drugs may result from changes in hepatic blood flow, protein
binding, or hepatic intrinsic clearance. Based on well-stirred model of hepatic elimination, an
increase in hepatic blood flow would result in increased clearance after intravenous
administration for a high extraction-ratio drug. Despite a marked one third increase of cardiac
output during pregnancy, little is known about changes in hepatic blood flow and the existing
data in literature, using various techniques such as indocyanine green clearance and Doppler
ultrasonography are contradictory (15). Due to this inconsistency in literature data, we have
assumed pregnancy has no effect on hepatic blood flow, as shown in Table 2. Since most drugs
administered to pregnant women are given orally, changes in oral clearance of drugs are likely
due to altered hepatic enzyme/transporter activity and/or decreased plasma protein binding of
drugs. The majority of PK studies in pregnant women have focused on CYP activity (see Table

1). The change in maternal hepatic enzyme activity is CYP isoform specific. Several groups
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have utilized model (probe) drugs that report CYP enzyme activities to delineate the magnitude
of change in activity of major CYP enzymes, mostly during the third trimester (e.g. caffeine for
CYP1A2, midazolam for CYP3A, metoprolol for CYP2D6, phenytoin for CYP2C9) (31) (see
Table 1) For example, the metabolism of drugs catalyzed by selective CYP isoenzymes (i.e.
CYP3A4, 2D6 and 2C9) and UGT isoenzymes (i.e. UGT1A4 and 1A1l) is increased during
pregnancy. In contrast, CYP1A2 and 2C19 activity is decreased during pregnancy (31). The
magnitude of pregnancy-related induction in drug metabolizing enzyme activities can be as high

as 300% as suggested by lamotrigine PK (26).

The renal excretion of unchanged drugs is increased during pregnancy due to increased
glomerular filtration rate and also possibly increased renal secretion via transporters (31). Renal
secretion clearance mediated by organic cation transporter and P-glycoprotein is increased by
50% and 120% during T3, based on metformin CLsecretion (29) and digoxin CLsecretion (16).
However, it is important to point out that despite these significant increases in renal clearance of
drugs, they do not always translate into a significant increase in apparent oral clearance as
secretion is not the only route of elimination of the drug. For example, the reported increase in

oral clearance of metformin and digoxin is less than 30% throughout pregnancy (Table 1).

3. Mechanistic basis of changes in CYP and UGT activity

The underlying mechanism for the hepatic isoform-specific and gestational state specific
induction of CYP or UGT enzymes during pregnancy is not fully understood. Generally
speaking, the increased or decreased enzyme expression/activity is through regulation of the

respective transcript level, as opposed to protein stabilization. Activation of nuclear receptors

18



and transcriptional factors, possibly mediates these effects, in a manner similar to enzyme
induction by xenobiotics (31). Further, the transcriptional regulation of drug metabolizing
enzymes during pregnancy is linked to drastically-elevated concentrations of various hormones
up to 100-fold in maternal blood, including placental growth hormone (PGH), progesterone,
corticosteroids and estrogens (Jeong, 2010). Specifically, in human hepatocytes, estradiol
enhances the expression and activity of CYP2A6, CYP2B6, CYP2C9 and CYP3A4.
Progesterone can enhance CYP2B6, CYP3A4, CYP2A6 and CYP2C8 expression, but to a
smaller extent compared to estradiol (Choi et al., 2012; Dickmann and Isoherranen, 2012). In a
study from our laboratory, the combined treatment with all the pregnancy-related hormones, at
their unbound plasma concentrations during the third trimester, induced CYP3A activity by ~2-
fold, a value that matches the observed in vivo (midazolam clearance) (34). Estradiol down-
regulates CYP2C19 mRNA expression by ~ 30% in human hepatocytes (35). Interestingly,
incubating estradiol and progesterone, with human and rat hepatocytes does not affect CYP1A2
MRNA expression or activity (36, 37). Alternatively, CYP1A2 may be down-regulated by
cytokines. The increase in CYP2D6 activity during pregnancy is intriguing because 2D6 is not
inducible by xenobiotics. Until recently, the mechanisms for CYP2D6 induction during
pregnancy remained unknown. Mouse data suggest the changes of CYP2D6 activity observed
during human pregnancy could be replicated in the mouse, and the transcriptional regulation of
Cyp2d in mice could be mediated by retinoic acid signaling (38). The up-regulation of
UGT1ALl and 1A4 may potentially be mediated by estradiol and progesterone (39). Taken
together, these mechanistic studies provide a potential explanation for the mechanisms by which
certain CYP and UGT activities are increased and certain CYP activities are decreased during

pregnancy. Once the concentration-dependent induction or suppression relationship (i.e. ECs
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and Emax) is established in vitro for these CYP and UGT isoforms, the prediction of the
magnitude of enzyme induction or suppression in vivo at gradually rising concentration of
specific hormones in plasma in each trimester will be possible. Of course, if a combination of

hormones is required for induction, the studies will need to be more complex.

Mechanistic studies of pregnancy related hormones and their impact on transporter expression is
limited. One study reported decreased level of expression of the rat multidrug resistance protein
2 (MRP2) on the canalicular membrane of hepatocytes during pregnancy and following the
administration of ethinyl estradiol (40). The oral absorption and hepatobiliary elimination of
azithromycin are mediated in part by efflux transporters, MRP2 and P-glycoprotein. This
mechanistic study suggests a role for MRP2 in the hormone-mediated changes in the

hepatobiliary clearance of azithromycin observed in vivo (see section 4.2).

4. Modeling and Simulation Methodology

In consideration of the ethical and logistical barrier to include pregnant women in clinical trials,
modeling and simulation (M&S) to study the disposition of xenobiotics in mother-fetus has
emerged as a promising approach to guide dose adjustment in pregnancy to ensure adequate
efficacy and to prevent undesirable toxicity (28, 41). The pharmacometric tools that support
PK analysis most applied to the special population of pregnant women include
noncompartmental analysis (NCA), population PK analysis (PPK), physiologically-based
pharmacokinetic modeling (PBPK) and semi-mechanistic modeling (SMPK). The role of each
of these tools in study design and analysis is described, as well as the pros and cons of each

methodology. The impact of each methodology is illustrated using a range of case examples.
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4.1.  Non-compartmental analysis (NCA)

NCA is a data-driven method of analysis that requires densely sampled PK data in order to
empirically calculate integral measures (moments) such as the area-under-the-concentration-time
curve (AUC). These can then be used to obtain estimates for valuable PK parameters such as
clearance (CL or CL/F), volume of distribution (V4 or V¢/F) and half-life. The peak
concentration (Cmax), trough concentration (Crin), and the time at which the peak concentration
occurs (Tmax) are usually determined by direct inspection of data. NCA-based methods work
mainly for dedicated PK study in pregnant women such that the PK data are dense enough to
reliably estimate the above parameters for each individual. Moreover, few prior assumptions are

made in the calculation of PK parameters.

The majority of PK studies conducted in pregnant women to date are dedicated PK study with
intensive sampling and data are analyzed by NCA approach. For example, collective efforts
between academicians, clinicians and industrial scientists have made significant progress in
understanding the disposition of antiretrovirals for the prevention of mother-to-child HIV
transmission during pregnancy and after birth (42). Almost all studies assessed steady-state 24-
hour pharmacokinetic profiles during the third trimester and/or second trimester and during
postpartum.  Maternal and umbilical cord blood samples are usually also obtained at delivery
to assess placental transfer of these drugs. All protease inhibitors (PIs) studied to date show
decreased exposure during pregnancy, compared with nonpregnant adults, including atazanavir,
fosamprenavir, indinavir, lopinavir, nelfinavir, ritonavir, and saquinavir, when standard doses of
these drugs are administered (42). Among these Pls, lopinavir (50% prescription rate) and

atazanavir (25%) are the most frequenty prescribed to HIV infected pregnant women (14). For
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example, the plasma AUC of unboosted indinavir is 68% lower during pregnancy compared to
postpartum (12), although when indinavir is boosted with ritonavir, trough concentrations during
pregnancy appear adequate (43). Saquinavir plasma AUC, Cpin and Chax With use of a ritonavir
boosted regimen (saquinavir 1200 mg/ritonavir 100 mg once daily are reduced during pregnancy
compared to nonpregnant women, but adequate saquinavir trough concentrations are achieved in
93% of pregnant subjects (44). Lopinavir plasma AUC is reduced by 50% when administered
during the third trimester as capsules at standard dosing (lopinavir 400 mg/ritonavir 100 mg
twice daily) and that administration during the third trimester of an increased dose as either
capsules (lopinavir 533 mg/ritonavir 133 mg twice daily) or tablets (lopinavir 600 mg/ritonavir
150 mg twice daily) results in lopinavir AUC equivalent to that seen in nonpregnant adults with
standard dosing (45). During the third trimester, atazanavir median plasma AUC and Cp,, are
reduced by 30-34 % at standard dosing (atazanavir 300 mg/ritonavir 100 mg once daily)
compared with postpartum and are reduced both during pregnancy and postpartum by an
additional 25% when coadministered with tenofovir (46). Lastly, several studies have shown
that nelfinavir (1250 mg) plasma AUC and C, are reduced during the second and third

trimester (47).

For many of these Pls, there is an established relationship between AUC or C, of the Pls and
virologic response. Therefore, achieving equivalent AUC and/or Cyin of Pls in pregnant women
is the primary goal of therapeutic drug monitoring programs in pregnant women. Many of these
Pls share common PK characteristics including: mainly metabolized by CYP3A4, with lesser
contributions by CYP2C9, 2C19, 2D6; plasma protein binding of >85% for the available

protease inhibitors (except indinavir); highly-variable bioavailability due to poor absorption
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(solubility, active transport in enterocytes), and complex DDI due to induction, inhibition and
inactivation of CYPs (42). Pregnancy may reduce exposure of a Pl by a direct effect on its
disposition, by an indirect effect through reduction of exposure to the booster, ritonavir, and
therefore its inactivation of PI’s metabolism, or by a combination of both mechanisms. Given
these complications, it is not surprising that pregnancy effect on the disposition of Pls is highly
variable. Quantitative prediction of the pregnancy’s effect on the disposition of PIs, in the
presence of ritonavir, is difficult. Nevertheless, mechanistic modeling such as PBPK approach
can be useful in predicting the disposition of a Pl when given without ritonavir, as illustrated for

indinavir (48) ( see chapter 1).

4.2.  Population PK analysis (PPK)

When a dedicated PK study in pregnant women is logistically difficult to conduct, population PK
approach offers a less restricted study design such as sparse sampling. The advantage of sparse-
sampling strategy is that missed clinic visit or time limitations have less impact on study
integrity. PPK models allow simultaneous estimation of mean population PK parameters, as
well as between-subject variability and residual unexplained variability (e.g. assay variation)
(49). The structural (base) model used in PPK analysis is usually one-, two- or three-
compartmental models. Once the structural (base) model is identified, covariates can be
incorporated to understand the influence of demographic and clinical information including body
size measures (total or lean body weight, body mass index, etc), categorical variables (such as
pregnancy state, concurrent medication, disease state, etc), and continuous variables (gestational
age, creatinine clearance, serum albumin, dose, etc) on PK parameters (40). Model validation is

usually achieved by bootstrap analysis and visual predictive check. A limitation of PPK
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analysis, is that because PPK study conditions are less controlled (compared to dedicated PK
studies), the reported time for subjects to take their doses and recorded blood sampling time may
not be as accurate as one may wish. Also since PK samples are usually collected during clinic
visit, they tend to cluster around certain time windows (such as in the morning) but not enough
PK samples in other time windows. PPK analysis can be employed prospectively or
retrospectively to analyze PK samples collected according to a sparse sampling strategy from
pregnant women and/or from non-pregnant women receiving the same drug treatment. In
literature, PPK approach has been widely used for anti-malaria drugs (see below) and sometimes
for anti-viral drugs (50). The studies of anti-malarials are usually conducted in the remote areas
where study conditions are challenging. Previous studies reported that artesunate, artemether,
dihydroartemisinin, sulfadoxine, atovaquone, progunanil, cycloguanil, pyrimethamine and
lumefantrine concentrations and cure rates are lower in pregnant women compared with non-
pregnant adults of child bearing age (11). A meta-analysis by McGready et al (51) showed that 9

out of 12 included PK studies recommended dose-optimization in pregnant women with malaria.

One interesting case is azithromycin (AZ), an azalide antibiotic with antimalarial activity that is
considered safe in pregnancy. AZ is also among 15 most frequently prescribed drugs to pregnant
women and is commonly administered for community acquired respiratory, skin and
gynecological infections (2). AZ has incomplete oral absorption (34%), extensively distributes
into tissues, and is eliminated by hepatobiliary excretion mediated in part by P-glycoprotein and
multidrug resistance protein-2 (MRP-2) (40).  The understanding of pregnancy effect on these
hepatic transporters is limited. In one study, two 2 g doses were given 24 h apart to 31 pregnant

and 29 age-matched nonpregnant Papua New Guinean women. The only significant relationship
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between the PK of the drugs and a range of potential covariates, including malarial parasitemia,
was with pregnancy, which accounted for an 86% increase in the apparent volume of distribution
of the central compartment (V¢/F). The plasma AUC,.,, was similar for pregnant and
nonpregnant subjects. Based on this study no dose adjustment was proposed for pregnant
women (41). In a more recent study conducted in an urban population in the US, the population
analysis included 53 pregnant and 25 nonpregnant women. Lean body weight, pregnancy,
ethnicity, and the coadministration of oral contraceptives were covariates identified as
significantly influencing the oral clearance of AZ. Compared to nonpregnant women not
receiving oral contraceptives, a 21% to 42% higher dose-adjusted AZ AUC occurred in non-
African American women who were pregnant or receiving oral contraceptives.  The authors
proposed that although higher levels of maternal and fetal AZ exposure suggest that lower doses
be administered to non-African American women during pregnancy, consideration of AZ
pharmacodynamics during pregnancy should guide any dose adjustments. Potential
immunological changes in pregnant women (which may alter the bacterial responsiveness to AZ)
and a limited understanding of safety of fetal AZ exposure warrant further studies to determine
the clinical implications of the observed PK differences.  These two examples illustrate the
utility of PPK approach in providing appropriate estimates of pharmacokinetic parameters as
well as identifying important covariates contributing to pharmacokinetic variability in women of

childbearing age.

4.3.  Physiologically-based PK modeling (PBPK)
While the above two methods are used to analyze PK data from studies conducted in pregnant or

non-pregnant women, they cannot efficiently predict an appropriate dosing regimen of a drug to
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use during pregnancy. This is because they do not readily incorporate the multidimensional
changes in physiology produced by pregnancy that can affect the ADME of a drug (e.g. volume
of distribution, renal function). In contrast, PBPK models can. PBPK models are multi-
compartmental models that aim to describe major human tissues and organs in a mechanistic
manner. Under the overarching umbrella of “Systems Pharmacology”, PBPK modeling has the
advantage of incorporating both physiological parameters (such as tissue blood flow, tissue
composition, glomerular filtration rate, etc) that are important for the absorption, distribution,
metabolism and elimination (ADME) processes and drug-specific parameters (e.g. physico-
chemical and drug disposition characteristics) into a quantitative predictive model (52, 53).
PBPK has been used in drug development and regulatory review (54). The separation of drug
and system-dependent variables (53) offers many advantages in comparison to other M&S
platforms in that the structural model and system-specific parameters are “generic” as they
remain the same for a given population while drug-specific parameters are over-laid onto the
system model (52) making “extrapolation” from one drug to another drug possible; the structural
model is mechanistic and integrative and users can incorporate the effect of multiple “extrinsic”
or “intrinsic” patient factors on drug disposition (54), making this approach particularly useful in
the case of pregnant population when a multitude of pregnancy-related physiological changes on

the ADME of drugs is expected.

Because of the complexity of PBPK models, they require rich experimental data and often rely
on in silico prediction tools to obtain required physiochemical or ADME parameters. Since drug-
specific parameters may not always be available, assumptions are often made based on general

knowledge. Thus it is important to validate model predictions with available data. For example,
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validation of the drug-specific parameters using i.v. and p.o. data obtained in the non-pregnant
population is necessary to demonstrate adequacy of the model in non-pregnant adults. It is also
necessary to assess the sensitivity of model predictions to changes in system model key

parameters.

Many of the existing PBPK models developed to model maternal-fetal disposition have typically
focused on toxicokinetics and risk assessment of environmental chemicals. Lu et al. provided a
systematic review of the existing human or animal PBPK models in literature (55). These models
considered the dynamic changes of physiological parameters including tissue volume, blood flow
rate in the maternal body and the growth of the placental-fetal unit. However, few models
accounted for pregnancy-induced changes in ADME of drugs (55). As reviewed previously,
pregnancy effect on the ADME processes of drugs, particularly the metabolism and elimination of
drugs can be profound and therefore cannot be neglected. For example, the midazolam model
developed by Andrew et al., sought to account for time-dependent physiological changes due to
gestation (56). The developed model consists of 20 maternal compartments and 16 fetal
compartments. Due to lack of data on fetal physiology, many assumptions were made to
incorporate a detailed fetal structure. By assigning intrinsic clearance calculated from reported
midazolam IV clearance in non-pregnant and postpartum subjects, the authors demonstrated the

feasibility of their PBPK model in assessment of midazolam disposition during pregnancy.

More recently, a meta-analysis of literature data on the pregnancy-induced physiological and
metabolic change in healthy pregnant woman was carried out (15).  Based on this work, Lu et

al. proposed to extend the perfusion-limited form of a 13-compartment PBPK model used for the

27



non-pregnant population to the pregnancy population, by applying known maternal physiological
changes to all model components (57) (Fig. 1). These included gestational weight gain, plasma
protein and lipid concentration, individual organ/tissue volumes and blood flows, glomerular
filtration rates, and hepatic enzyme activity changes (CYP1A2, 2D6 and 3A). A lumped
placental-fetal component was added to the model to represent the placenta, fetal organs and the
amniotic fluid. Such simplification reduces the uncertainty stemming from fetal physiological
parameters. Changes in these CYP activities were described based on urinary metabolic ratio
(UR) of dextromethorphan (DEX; CYP3A and 2D6) and salivary caffeine clearance (CYP1A2).
While DEX UR is an acceptable measure of CYP2D6/3A for the non-pregnant population, it is
not an adequate measure of these activities in the presence of CYP induction such as during
pregnancy (58). This is because metabolic ratios are known to be dependent on changes in the
renal function (59), which is likely to be induced during pregnancy alongside any induction of
CYP2D6 and 3A. For the reasons outlined, it is important to rigorously validate the presumed
changes in specific CYP activity in the developed PBPK model through model prediction for
multiple drugs cleared by the respective CYP. Therefore, the PBPK model of Lu et al. (57)
needs to be expanded to incorporate pregnancy-induced change in other major CYP activity such
as CYP2C9, CYP2B6 and CYP2C19 (see section 6). Further in vitro and in vivo studies of drug
metabolism and transport during pregnancy are also required to fully populate the model (see

section 6).
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Fig. 1
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44, Semi-mechanistic pharmacokinetic Modeling (SMPK)

Semi-mechanistic pharmacokinetic model is usually based on standard one- or two compartment
models, while incorporating both hepatic and/or intestinal metabolism. This approach uses
compartmental pharmacokinetic parameters available from the literature or derived from clinical
study data (60). Metabolic enzyme activity can be estimated from in vitro rate constants or from
clinical data.  In essence, the SMPK is a minimal PBPK model incorporating the key organs
involved in the absorption, distribution and clearance of drugs: intestine, liver, portal circulation,

and systemic circulation. Other physiologic compartments are usually collapsed into the central
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and peripheral compartments.  Such models are easier to implement using standard
pharmacometric platforms compared to PBPK models. This approach has been successfully used
in drug-drug interaction predictions of CYP3A substrates (60), and has also been adopted to
incorporate certain physiologic changes associated with pregnancy, such as change in CYP3A
enzyme activity to predict drug disposition of CYP3A substrates (61). Validation of SMPK is
similar to that of the PBPK models, i.e. demonstrate adequacy of model in non-pregnant adults
and assess the sensitivity of model predictions for multiple drugs, for the pregnant population, to

key model parameters.

5. Additional considerations

5.1.  Pharmacodynamic (PD) considerations

PD modeling has been applied in the assessment of the commonly used oral hypoglycemic agent,
glyburide, in the treatment of women with gestational diabetes (GDM). Normal pregnancy is
characterized by insulin resistance with compensatory augmentation of insulin production,
particularly in the 3rd trimester. GDM is characterized by more severe insulin resistance and
impaired beta-cell compensation. The authors observed significant gestational augmentation of
glyburide oral clearance, compared to non-pregnant patients with type 2 diabetes mellitus (13).
In addition, insulin sensitivity was estimated from glucose and insulin concentrations using the
minimal model of glucose kinetics following a mixed meal tolerance test. They found that
although insulin secretion was significantly enhanced, the effects of glyburide were still not
enough to compensate for the degree of insulin resistance exhibited by the women with GDM, as
demonstrated by the significantly lower beta-cell response to glucose concentration corrected for

the insulin sensitivity. These results suggest that patients with inadequate glucose control might
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benefit from increased glyburide dosage. Other PD alterations including known changes in
hemodynamics, cardiac output, peripheral resistance during pregnancy may have an impact on
the PD response to antihypertensive drugs such as clonidine (62). Immunosuppression during
pregnancy may impact the PD response to antibiotics (40).  Disease activity changes in
pregnancy may also occur. For example, improvement in theumatoid arthritis disease, i.e.
reduced disease activity, is noted in pregnancy (63). Because the efficacy of drugs will be
influenced by alteration in the PK and PD of drugs, the latter should also guide dose adjustment

in pregnancy.

5.2.  Study design issue

As described earlier, dedicated PK studies in pregnant women often include volunteers
unaffected by the clinical condition being treated, which allow the investigator to test a given
drug dose. This is the case for many of the probe (model) drug studies (such as midazolam,
digoxin) conducted in pregnant, healthy subjects during the third trimester (16). However,
such study is not always possible to conduct in pregnant women, when potential fetal harm of the
probe drug is unknown. Alternatively, opportunistic PK studies in pregnant women enroll
subjects receiving drugs as part of clinical care. These studies typically receive a variety of
dosing regimens, and subjects are afflicted with a disease. The ideal study would include a
longitudinal pharmacokinetics assessment of drugs during each trimester and postpartum,
especially for drugs that are administered chronically or given for several treatment cycles during
pregnancy (64). This allows for intensive PK studies in pregnant women conducted serially so
that each woman serves as her own control, therefore minimizes interindividual variability across

gestational ages. It is not expected that PK will change back to the non-pregnant baseline
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instantaneously as illustrated in a number of examples including theophylline (19). Therefore,
postpartum assessment should be planned beyond the immediate postpartum, i.e. >6 weeks post-
delivery. If postpartum assessment is not possible because the treatment is discontinued during
postpartum, such as the case of pregnancy-induced hypertension, the study should include
sufficient numbers of pregnant and non-pregnant women to allow a robust comparison of
pharmacokinetics among all 3 trimesters of pregnancy compared to non-pregnant state. In
addition, there would be equivalent diversity of demographic and clinical characteristics between
the various study groups (65). Plasma concentration-time profile in pregnant subjects is
preferred to single time-point assessment of plasma sample or urine sample. The latter is
susceptive to much variability and reflects a multitude of factors, hence can complicate the
interpretation of study results. Lastly, efficacy/safety assessment should also be included as part
of the study design. In the absence of established exposure targets, a reasonable goal for a
pregnancy dosing regimen has been to achieve exposure equivalent to that obtained in non-
pregnant adults receiving the standard dosing (65). Efficacy measures and fetal outcomes
measures will greatly enhance the confidence of making a safe recommendation for dosing

adjustment.

5.3.  Fetal exposure to drugs

The coupled maternal-fetal physiology imposes additional concerns for both efficacy and safety
of treatment. Recommendation of dose adjustment in this population should also be carefully
evaluated in terms of assessing the risk of fetal exposure to drugs administered to the mother.
Although it is important to determine the fetal exposure to a drug administered to the pregnant

mother, due to logistical and ethical reasons such exposure cannot be determined except at the
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time of birth when a single cord blood sample can be obtained. Fetal exposure to drugs not only
depends on maternal pharmacokinetics, but also depends on placental passage of drugs. The
high abundance of efflux transporters (P-glycoprotein and breast cancer resistance protein)
expressed at the blood-placental barrier protects the fetus by minimizing fetal exposure to their
substrate drugs in the treatment of maternal conditions (e.g. glyburide). Conversely, these
transporters also limit drug delivery for treating fetal conditions (e.g. protease inhibitors)(66).
Understanding the contribution of these placental efflux transporters to drug distribution into the
fetus in vivo is the first step towards quantitative prediction of fetal exposure to drugs. Only
recently it has become possible to evaluate P-gp activity in vivo when positron emission
tomography (PET) imaging probe [*'C]-verapamil was developed. Although the noninvasive
measurement by PET of placental P-gp function in humans is not possible due to fetal radiation
exposure, the pregnant macaque provides a physiologically relevant model for studying the
contribution of P-gp to drug distribution into the fetus. We have assessed, in the pregnant
macaque, P-gp activity at the blood-placental barrier and its gestational age-dependency using

PET imaging (chapter 4).

6. Key knowledge gaps required for PBPK modeling of maternal-fetal drug disposition

Since cytochrome P450 enzymes are arguably the most important route of drug elimination. Of
these enzymes, CYP3A, 1A2, 2D6, 2C9, 2C19 and 2B6 are likely more important than other
CYPs in terms of metabolism of drugs that are administered to pregnant women. For these
reasons, my dissertation is focused on predicting the disposition of drugs during pregnancy that
are metabolized by these enzymes. Quantitative predictions of dosing regimen of CYP

metabolized drugs for pregnant women necessitates that a validated model be available. To this
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end, we utilized the PBPK modeling and simulation approach because of its numerous
advantages over other approaches (see section 4.3). Because of the complexity of PBPK models,
model validation entails a two-step procedure: first to demonstrate adequacy of the model for the
non-pregnant population; and second for the pregnant population. For the first-step, we selected
a set of validating drugs associated with well-characterized ADME characteristics, and validated
the drug-specific parameters using i.v. and p.o. data obtained in the non-pregnant adults. To
globally validate the presumed changes in specific CYP activity in the prototype PBPK model
developed for the pregnant population by Lu et al.(57), model prediction for multiple drugs
cleared by the respective CYP needs to be generated. We populated the PBPK model with
probe drug data (for CYP2B6 in vitro data) delineating hepatic CYP3A, 1A2, 2D6, 2C9, 2B6
and 2C19 enzyme activity during pregnancy, and validated the model performance for well-
characterized non-probe drugs cleared primarily by the same CYP enzyme as the probe drug.

These studies are described in detail in chapters 1-3.

Chapter 1 focuses on predicting dosing regimens of drugs primarily metabolized by CYP3A
enzymes. Specifically, the refined PBPK model, assuming 99% induction of hepatic CYP3A
during the third trimester (T3) based on midazolam data, was used to predicte Ts- induced change
in the disposition of other CYP3A-metabolized drugs, nifedipine and indinavir. Distinguishing
changes in intestinal metabolism from changes in systemic elimination (hepatic metabolism) is
important because for the drugs predominantly cleared by CYP3A, the site of CYP3A induction
during pregnancy is expected to have differential impact on pregnancy induced change in AUC.
Since this is difficult to assess definitely through clinical studies in pregnant women (because for

this population administering drugs 1V and PO is challenging), we performed a sensitivity
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analysis to assess the relative contribution by intestinal CYP3A induction and hepatic CYP3A

induction, to the change in systemic exposure to midazolam, nifedipine and indinavir (chapter 1).

Chapter 2 focuses on predicting dosing regimens of drugs primarily cleared by CYP1A2 and
CYP2D6 respectively. The PBPK model assuming 65% suppression of hepatic CYP1A2 during
T3 based on caffeine data, was used to predicted theophylline disposition during Ts. The PBPK
model assuming 200% induction of hepatic CYP2D6 during T3 based on metoprolol data, was
used to predict paroxetine, dextromethorphan/dextrorphan and clonidine disposition during

pregnancy (chapter 2).

Since the majority of drugs administered to pregnant women are metabolized by multiple CYP
enzymes, it is important to determine if the above data can be synthesized to predict the
disposition of these drugs. Therefore, in chapter 3, we expanded the pregnancy PBPK model by
incorporating hepatic CYP2B6 induction (based on in vitro data), CYP2C9 induction (based on
phenytoin PK), and CYP2C19 suppression (based on proguanil PK), into the model. For
verification, the pregnancy-related changes in the disposition of drug cleared by multiple CYPs,
such as methadone (cleared by CYP2B6, 3A and 2C19), and glyburide (cleared by CYP3A, 2C9

and 2C19), was predicted (chapter 3).

However, to fully populate the PBPK model, further probe drug studies to delineate the
longitudinal changes of other CYPs and UGTSs are warranted. For example, there are currently
no studies evaluating the effect of pregnancy on CYP2C8 and CYP2E1 activity in vivo. PK

studies of repaglinide (antidiabetic) and chlorzoxazone (muscle relaxer), can be conducted to
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assess the pregnancy effect. For the majority of the probe drug studies conducted in pregnant
women, data is obtained only in the third trimester. This issue stems from the limitation that
some probe drugs cannot be safely administered to pregnant women during early gestation if
they are not used for therapeutic purposes. Opportunistic PK studies in pregnant women are also
likely restricted to certain phase of pregnancy during which the patients are afflicted with the
disease. In both cases, extrapolating the magnitude of change in CYP enzyme activity from one
trimester to other trimesters is difficult. We propose an alternative approach to predict the
magnitude of enzyme induction or suppression in vivo at gradually rising concentration of
specific hormones in plasma in each trimester, utilizing human hepatocytes (34). This approach
has been shown to successfully predict CYP3A induction in the third trimester, and can be
expanded to study other CYP isoforms. Last but not the least, pregnancy effect on certain
physiological parameters, such as hepatic blood flow, should be further evaluated given the

inconsistency in literature data as described earlier.

Currently, we have some knowledge of pregnancy effect on renal transporter organic cation
transporter 2 (OCT2) and intestinal/renal transporter P-gp, based on metformin and digoxin data
(16, 29).  Future studies should extend to other important renal transporters such as organic
anion transporter. Understanding pregnancy effect on the expression/activity of hepatic
transporters, organic anion-transporting polypeptide 1B1 and 1B3 (OATP), is important when
uptake of the drug into hepatocytes is the rate-limiting step of its clearance. To date,
established probe drugs for OATPs are statins but they are contraindicated in pregnancy. In
future, newly-identified probe drugs for OATPs that are not contraindicated in pregnancy can be

evaluated in pregnant women. Finally, increased knowledge base of gestational-dependent
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changes in placental transporter activity of drugs would be especially helpful in the utility of
PBPK models in further exploration of fetal exposure in silico. In this regard, we have made
some progress with respect to assessing gestational-dependent placental P-gp activity in the
nonhuman primates using PET imaging (chapter 4). With such knowledge, as well as the fetal
physiological parameters, a comprehensive fetal model can be developed and linked to the

maternal PBPK model in the future to predict fetal exposure to drugs.

7. Conclusions

We have discussed the specific challenges related to the design, conduct and analysis of clinical
studies in pregnant women, underlining the unmet need for pharmacometric analysis approaches.
This research is focused on PBPK approach, as we believe with the established knowledge base
of the profound physiological changes during pregnancy, and significant advances in PBPK
approaches applied in special populations such as pediatrics (67), the PBPK approach offers
added advantage in comparison to other approaches. By integrating physiological data,
preclinical and clinical data to quantify anticipated changes in PK, this approach allows
extrapolation beyond model drugs studied to other drugs with well-characterized ADME
characteristics. Further, the coupled maternal-fetal physiology imposes additional concerns for
both efficacy and safety of treatment. To assess fetal exposure to drugs administered to the
mother, PBPK method is considered to be the most appropriate methodology to provide
guantitative predictions for these events. Using such systems pharmacology approach can
potentially allow us to identify drugs whose maternal-fetal PK, and therefore their efficacy and

toxicity for the mother and/or the fetus, are likely to be affected by pregnancy.
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A PBPK Model to Predict Disposition of CYP3A-metabolized Drugs in Pregnant Women:

Verification and Discerning the Site of CYP3A Induction
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Abstract
Besides logistical and ethical concerns, evaluation of safety and efficacy of medications in
pregnant women is complicated by marked changes in PK of drugs. For example, CYP3A
activity is induced during the 3" trimester (Ts). We explored whether a previously published
physiologically-based pharmacokinetic (PBPK) model could quantitatively predict PK profiles
of CYP3A-metabolized drugs during T3, and discern the site of CYP3A induction (i.e. liver,
intestine or both). The model accounted for gestational age-dependent changes in maternal
physiological function and hepatic CYP3A activity. For model verification, mean plasma
AUC, Cpax and Cp,in of midazolam, nifedipine and indinavir were predicted and compared with
published studies. The PBPK model successfully predicted midazolam, nifedipine and
indinavir disposition during Ts. A sensitivity analysis suggested that CYP3A induction in T3 is
most likely hepatic and not intestinal. Our PBPK model is a useful tool to evaluate different

dosing regimens during T3 for drugs cleared primarily via CYP3A metabolism.

Key words: Pregnancy, Disposition, PBPK, CYP3A, Induction, Model verification
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Introduction

Pregnant women and their fetuses are orphan populations with respect to the safety and efficacy
of drugs. Latest statistics indicate that 64% of pregnant women ingest at least one medication for
the treatment of a variety of clinical conditions, including viral (e.g., HIV), fungal or bacterial
infections, smoking cessation, epilepsy or pregnancy-induced conditions such as hypertension,
depression and diabetes (1, 2). For the large majority of drugs used during pregnancy, there is
limited or no information available regarding whether pregnant women have altered
pharmacokinetics or dosage requirement (3). Therefore, prescription drugs are routinely used
off-label during pregnancy, i.e. without the necessary clinical data about the dose, maternal-fetal
pharmacokinetics (PK) or efficacy of the drug in pregnant women. Determining the magnitude of
change in PK caused by pregnancy is important to design evidence-based dosing regimen of

drugs for pregnant women.

To avoid surveying all the drugs consumed by pregnant women, one can study the magnitude of
changes, induced by various stages of pregnancy, in the processes of drug absorption (e.g.,
gastric pH, transporters), distribution (e.g., plasma protein binding and transporters), metabolism
(e.g. cytochrome P450 (CYP) metabolism) and excretion (e.g., renal secretion via transporters)
(ADME) of drugs. Specifically, the rate of absorption of drugs does not appear to be altered to a
significant extent in pregnant women, as suggested by similar antepartum vs. postpartum/non-
pregnant Tmax values and none-to-modest changes in the half-lives of drugs (4-6). However the
extent of pre-systemic elimination might be greater or lower, depending on the contributing
pathway of elimination (e.g. CYPs or transporters), which then results in a lower (more likely) or

higher Cnax in this population. Increased plasma volume and decreased plasma protein binding
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can alter the apparent volume of distribution (V4) of drugs. Through changes in V4 and
clearance, pregnancy can cause increases or decreases in the terminal elimination half-life of
drugs. The renal excretion of unchanged drugs is increased during pregnancy due to increased
glomerular filtration rate and also possibly increased renal secretion via transporters (7). On the
other hand, the change in maternal hepatic enzyme activity is CYP isoform specific. Several
groups have utilized model (probe) drugs that report CYP enzyme activities to delineate the
magnitude of change in activity of major CYP enzymes, mostly during the third trimester (e.g.
caffeine for CYP1A2, midazolam for CYP3A, metoprolol for CYP2D6, phenytoin for CYP2C9)
(7). However, this approach has limitations in that some probe drugs (eg. midazolam) cannot be
safely and logistically administered to pregnant women during early gestational age if they are

not of therapeutic benefit to the woman.

In consideration of the ethical and logistical barrier to include pregnant women in clinical trials,
PBPK modeling and simulation (M&S) based on mechanistic studies has begun to gain attention
as a promising approach to predict drug disposition in this population (8, 9). Under the
overarching umbrella of “Systems Pharmacology”, PBPK modeling has the advantage of
incorporating both physiological parameters that are important for ADME processes and drug-
specific parameters (e.g. physico-chemical and drug disposition characteristics) into a
quantitative predictive model (8, 10) and has been used in drug development and regulatory
review (11). In comparison to a static approach, a dynamic approach, i.e. PBPK modeling, has
added benefits in that it can a) handle drugs with non-linear kinetics (e.g. indinavir), b)
quantitatively predict Crmax and Cpin, which are sometimes correlated with the pharmacodynamic

effects (safey/efficacy) of drugs, ¢c) make it possible to predict, in the future, time-dependent fetal
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drug exposure; and d) provide an integrative platform to evaluate drug dosing regiments for

pregnant women since the only required input is drug-specific parameters.

Despite the advantages of PBPK models outlined above, until recently, no model existed that
allowed prediction of maternal-fetal disposition of drugs that is drug- and gestational age-
independent.  Abduljalil et al. and Lu et al. recently proposed a maternal PBPK model,
incorporating known physiological parameters as well as maternal hepatic CYP activity in each
trimester (12-14). Changes in these CYP activities were described based on urinary metabolic
ratio (UR) of dextromethorphan (DEX; CYP3A and 2D6) and salivary caffeine clearance
(CYP1A2). While DEX UR is an acceptable measure of CYP2D6/3A for the non-pregnant
population, it is not an adequate measure of these activities in the presence of CYP induction
such as during pregnancy (15). This is because metabolic ratios are known to be dependent on
changes in the renal function (16), which is likely to be induced during pregnancy alongside any
induction of CYP2D6 and 3A. Therefore, we replaced the 3 trimester (Ts) DEX data with more
reliable CYP3A activity data based on oral clearance (CLpo) of the validated probe drug,
midazolam (MDZ) (4). However, the use of MDZ is also complicated by the fact that it reflects
a combination of both hepatic and intestinal CYP3A activity. The site (hepatic, intestinal, or
both) of CYP3A induction during pregnancy is expected to have differential impact on the
bioavailability and disposition of various orally administered drugs which are metabolized by
CYP3A. For example, if only intestinal CYP3A is induced during pregnancy, then only the
disposition of those drugs significantly extracted by the intestine will be affected (i.e. low-
intermediate intestinal bioavailability, Fg). In contrast, if hepatic CYP3A activity is induced, the

disposition of all CYP3A drugs will be affected by pregnancy due to increased metabolic
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clearance and decreased hepatic bioavailability (F,). However, the site of CYP3A induction
cannot be inferred from in vivo studies in pregnant women, due to the fact that almost all PK

studies conducted in this population are conducted after oral dosing.

The aims of our study were two-fold: first, to test whether the refined PBPK model populated
with CYP3A activity change based on CLpo of MDZ, could accurately predict the T3 disposition
of other CYP3A-metabolized drugs, namely nifedipine (NIF) and indinavir (IDV). Second, to
utilize PBPK modeling to discern the site of CYP3A induction in pregnancy. This was possible
because the drugs included in the verification set, MDZ, NIF and IDV, are associated with

different extent of CYP3A metabolism in the intestine and the liver.
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Results

Midazolam  The disposition kinetics of MDZ following a single oral dose of 2 mg was
evaluated in thirteen women during T3 and postpartum (4). The initial model based on DEX
data (12), predicted mean AUC ratio (AUCR, PP:T3) of 1.6, mean Cpna ratio (PP:Ts3) of 1.8 and
mean Cp, ratio (PP:T3) of 1.6 , whereas the observed ratios were 1.9 ,1.5 and 2.7 respectively
(Fig. 2A) (4). The initial-model prediction of AUCR (PP:T3) and Cyax ratio (PP:Ts), but not Cpin
ratio (PP:T3), passed the pre-defined verification criterion (0.80<pred./obs.<1.25, see Methods)
(Fig. 4). Based on reported change in 1'-hydroxymidazolam unbound formation clearance
assessed during T3 and postpartum (4), the initial model was refined to account for 99%
induction of hepatic 3A activity during Ts. The refined model predicted mean AUCR (PP:T3) of
2.3, mean Cpax ratio (PP:T3) of 2.3 and mean Cp, ratio (PP:T3) of 2.3 (Fig. 2A).  Prediction of
AUCR (PP:T3) and Cpy, ratio (PP:T3) passed the verification criterion (Fig. 4). However, the

refined model failed the verification criterion when predicting Cnax ratio (PP:Ts) (Fig. 4).

Nifedipine Prevost et al. studied steady-state NIF disposition (10mg p.o. g.i.d.) during T3 in
fifteen pregnant women with pregnancy-induced hypertension (17). PK assessment was not
conducted in the same group of subjects during postpartum as NIF treatment was discontinued
after delivery. When comparing to historical control data (18), mean oral clearance at steady
state in pregnant women was almost doubled (145.7 L/hr vs. 74.4 L/hr).  The initial model
(based on DEX data) (12, 13) predicted mean steady-state AUCR (PP:T3) of 1.3 Cnax ratio
(PP:T3) of 1.5 and Cpj, ratio (PP:T3) of 1.3, whereas the observed ratios were 2.0, 1.8 and 3.1
respectively (Fig. 2B). Moreover, the initial model failed the verification criterion for AUCR

and Cpi, ratio (Fig. 4). The refined model (based on MDZ data) predicted mean steady-state
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AUCR of 2.1, Cyax ratio of 2.1 and Cpy, ratio of 2.4. With the exception of Cp, ratio, the rest of

the predictions passed the verification criterion (Fig. 2B and 4).

Indinavir ~ We first constructed a “drug file” for IDV within Simcyp and populated the
simulator with necessary drug-specific parameters for IDV (Table 2). Then, the constructed
PBPK model was verified against the disposition kinetics following the administration of a tracer
dose of 16 mg IDV via 30-min i.v. infusion to non-pregnant healthy volunteers (19). Predicted
population mean AUC.24n, Cmax and Cpin Values reasonably matched observed mean values (Fig.
3A). The IDV model, accounting for CYP3A saturation at both hepatic and intestinal levels
(see Methods), predicted disproportional increase in AUC (3.0-fold predicted vs. 3.2-fold
observed) following a single oral dose of 800mg vs. 400mg in non-pregnant healthy volunteers
(Fig. 3B). Taken together, with the exception of Cna following 400mg p.o. dose and Cpin
following 800mg p.o. dose, the model-predicted AUC, Cyaxand Crin  following either i.v. dosing

or p.o. dosing in non-pregnant healthy volunteers, passed verification criterion.

These parameters were then used in conjunction with the pregnancy PBPK model to replicate the
study report by Unadkat et al. (5). In this report, the disposition of IDV in fifteen human
immunodeficiency virus-infected women receiving IDV (800 mg g8h) plus zidovudine plus
lamivudine was assessed during T3 and postpartum. The initial PBPK model (12-14) predicted
mean AUCR (PP:T3) of 1.8, mean Cyu ratio (PP:T3) of 1.6 and mean Cy,, ratio (PP:T3) of 2.3,
compared with the observed values of 3.1, 2.1 and 6.3 respectively (5) (Fig. 3C). The initial
model (based on DEX data) did not pass the verification criterion for AUCR, Cpmax and Cpi, ratio

(Fig. 4).  On the other hand, the refined model (based on MDZ data) predicted mean AUCR
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(PP:T3) of 2.6, mean Cnax ratio (PP:T3) of 1.9 and mean Cy;, ratio (PP:T3) of 3.4 (Fig. 3C).
With the exception of Cy,, ratio, the model-predicted AUCR and Cpax ratio met verification

criterion (Fig. 4).

Sensitivity Analysis  To gain additional insights into the site of CYP3A induction during
pregnancy, we conducted a sensitivity analysis to assess the relative contribution of induction of
hepatic and intestinal CYP3A activity towards changes in MDZ, NIF or IDV AUC by varying
CYP3A induction in the range of 0-200% in each organ (see Methods). As expected, 90-100%
increase in hepatic CYP3A activity alone could universally explain the T3 —induced AUCR
(PP:T3) for all three CYP3A substrates (Fig. 5). On the other hand, induction of intestinal
CYP3A alone, by as much as 200%, could not explain the AUCR (PP:T3) for all three CYP3A
substrates. Simultaneous induction of hepatic 3A (40-50%) and intestinal 3A (40-100%) could
explain the AUCR (PP:T3) for MDZ and NIF, but under-predicted AUCR (PP:T3) of IDV
(pred./obs. ratio<0.80). One hundred percent induction of hepatic 3A and 50% induction of
intestinal 3A could explain the AUCR (PP:T3) of IDV, but over-predicted the AUCR (PP:T3) of

MDZ or NIF (pred./obs. ratio>1.25).
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Discussion

This manuscript describes the use of PBPK modeling approach for evaluating the effect of
pregnancy on system-dependent parameters that are critical for ADME of CYP3A-eliminated
compounds. Three clinically-used model drugs, MDZ, NIF and IDV, are either exclusively (fm
cyp3a=92% for MDZ and 99% for NIF) or predominantly (85% for IDV) eliminated by CYP3A.
The disposition kinetics are well-characterized in the non-pregnant population, and well-
designed clinical PK studies in pregnant women are readily available in the literature to allow
comparison to model predictions. The main objective of PBPK simulations was to determine if
the refined PBPK model, populated with CYP3A activity change based on probe drug study
(MD2Z), accurately predicts Ts- induced change in the disposition of other CYP3A-metabolized
drugs, NIF and IDV. To our knowledge, data on PK of other drugs studied during pregnancy are
for those that are not predominately metabolized by CYP3A enzymes, or if they are, their PK is
complicated by  mechanism-based inactivation of CYP3A  enzymes (e.g.

ritonavir/lopinavir/atazanavir).

Verification of our refined PBPK model was based on AUC because achieving equivalent drug
exposure in pregnant and non-pregnant women was our primary focus. In addition, prediction of
Cmax and Cpin, Were considered because achieving similar drug Cmax and Cpin may be important
for some drugs where these measures are related to drug efficacy and/or toxicity. In the absence
of (proper guidance), we arbitrarily chose criterion of PK bioequivalence to assess if the
predicted exposure measures (PP:T3) fall within 80% to 125% of the observed value, i.e.

0.80<pred/obs<1.25.
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The initial model was built on Tracy et al. study, which reported that, relative to postpartum,
maternal hepatic CYP3A4 activity increased by 35%, 35%, 38% during 1%, 2" and 3" trimesters
respectively (20). These changes in enzyme activity during pregnancy were based on urinary
parent/metabolite ratios (UR) of dextromethorphan (DEX), an indirect marker of enzyme activity
(16). Deconvolution of intrinsic hepatic clearance from UR is possible, however this requires the
assumption of the change in renal clearance of DEX during pregnancy (12). Indeed, as
discussed above, further simulation results using MDZ as the model CYP3A drug, confirmed the
speculation that the magnitude of 3A induction during T3 from the report by Tracy et al., was

significantly underestimated (Fig. 4).

Before evaluating the performance of the refined PBPK model in the pregnant population, we
ensured that the drug disposition of MDZ, NIF and IDV was adequately described in the non-
pregnant population.  Simulations using MDZ and NIF drug file provided in Simcyp in non-
pregnant healthy volunteers showed comparable PK profiles to the observed data, as gauged by
visual inspection, obtained in either non-pregnant healthy or postpartum subjects (Fig. 2). For
IDV, we established a drug file that captured the nonlinearity of its disposition, as was observed
in non-pregnant healthy subjects (see Discussion below).  Overall the initial model
systematically under-predicted the AUCR for three drugs but the refined model did not. From a
model validation perspective, MDZ might be best described as a model training compound.
However, because PBPK model accounted for altered maternal physiology (renal function,
plasma protein binding, blood flow, etc), in addition to CYP activity changes, MDZ prediction
could still be viewed as verifications of the above-mentioned, system-dependent variables.

MDZ Cax ratio (PP:T3) obtained using the refined model did not pass verification criterion (Fig.
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2A and Fig. 4). This could be due to the model assumption of no significant change in the rate of
drug absorption or time lag. For the Cp, ratio (PP:Ts), the refined model noticeably improved
the model predictions for all three drugs, despite the fact that NIF and IDV Cp, ratio (PP:T3)
predictions did not meet verification criterion. Because Cnax prediction for all three compounds
met verification criterion (except for MDZ T3 Cnax), it is possible that inadequate prediction of
tissue distribution (hence the t;, of drugs) resulted in inadequate prediction of Cpi,. Overall, the
refined model was found to be superior to the initial model in predicting pregnancy-induced

systemic exposure changes of drugs primarily metabolized by CYP3A.

At first sight the marked magnitude of effect of T3 on IDV AUC (~200% change or 3.1-fold
PP:Ts) is surprising since we observed only a ~100% increase in CYP3A activity as measured by
oral MDZ clearance. = However, on closer examination, this difference can be completely
explained by the nonlinear PK of IDV caused by saturation of CYP3A metabolism. To test this
hypothesis, we constructed and qualified a “drug file” for IDV within Simcyp. Then, this drug
file was applied to the refined PBPK model, and the resulting predicted PK parameters, including
AUC and Chax, during T3 and postpartum met verification criterion. However, the predicted
mean IDV Cy, ratio (PP:T3) was considerably lower than the observed ratio. We suspect that
the large inter-individual variability in the observed Cpi, (reported geometric mean [95% CI]
Chin ratio of 3.80 [1.03, 13.99]) contributed to the discrepancy between predicted and observed
values (5). The discrepancy between the predicted and observed mean postpartum profiles (Fig.
3C) may also be due to fact that the observed postpartum AUCg.gn (23.8+ 11.8 mg/L*hr) is 27%
higher than reported AUCy.gn in non-pregnant HIV-positive female subjects (18.7+ 9.0 mg/L*hr)

(5). In contrast, the predicted postpartum AUCy.gn (16.7 mg/L*hr) is in good agreement with the
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reported AUCy.gn In non-pregnant HIV-positive female subjects. This IDV case study illustrates
two advantages of PBPK modeling. First, the capability of simultaneously considering the
impact of concentration-dependent metabolism, changes in volume of distribution, and induction
of CYP enzymes in prediction of disposition of drugs; and second, the separation of drug and
system-dependent variables (10). In the absence of information on nonlinear PK of IDV (drug-
dependent), one would not be able to correctly predict the change in IDV exposure in pregnant
women during T3 from MDZ and NIF T; data (~100% increase in hepatic CYP3A activity,

system-dependent).

The placental-fetal component of the current model is considered as a peripheral compartment
and may affect the overall drug disposition in the pregnant woman. As expected, given the small
size of the placental-fetal unit, the presence or absence of this unit did not alter maternal PK of
the three model drugs (contributed to <2% change in AUC). A more mechanistic fetal model
describing maternal-fetal transfer and fetal disposition requires extensive fetus physiology
(system-dependent) data, some of which are not available. Such comprehensive fetal model
could be incorporated into this PBPK model in the future to predict fetal exposure to drugs.
However, as has been documented by us and others, unless there is extensive distribution or
irreversible clearance of the drugs from the fetal compartment (unlikely because of the smaller
size of the fetal organs and lower abundance of metabolizing enzymes), incorporation of a
comprehensive fetal model is unlikely to significantly affect the PK of drugs in the maternal

compartment (21, 22).
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For drugs predominantly cleared by CYP3A, the site (hepatic, intestinal, or both) of CYP3A
induction during pregnancy is expected to have differential impact on AUCR (PP:T3), as the
latter is determined by CYP3A activity (i.e. CLj,; ) change in each organ, fraction metabolized
by CYP3A (fm, cyrsa) and basal intestinal extraction (1-Fg) (23). The vastly-different intestinal
extraction of MDZ (F4 =0.51), NIF (Fq =0.73) and IDV (Fy =0.93) (Table 1-2) allowed us to
assess, through a sensitivity analysis, the relative impact of hepatic vs. intestinal 3A induction on
AUCR (PP:Ts3). Although, without experimental verification we cannot completely exclude the
possibility that a certain combination of hepatic and intestinal activity induction can also explain
the observed change in AUCR, our sensitivity analysis suggests that the observed change in
systemic exposure was mostly driven by an induction of hepatic 3A activity, with modest to little
contribution from intestinal 3A induction (Fig. 5). Based on this finding, and our observation
that hepatic, but not intestinal, luciferase activity is increased by pregnancy in the CYP3A4-
promoter-luciferase transgenic mice (24), we propose that human pregnancy induces hepatic, and
not intestinal, CYP3A activity. This conclusion needs to be supported by definitive studies such
as i.v. and oral administration of midazolam during T3. The underlying mechanism for this
hepatic CYP3A induction during pregnancy remains unknown. It is possibly due to rising
concentrations of various hormones in maternal blood, including placental growth hormone

(PGH), progesterone, corticosteroids and estrogens (25).

Ethical issues are important when conducting drug studies in pregnant women. Hence, in silico
methods offer a great promise for leveraging existing knowledge to better plan and conduct
studies in pregnant women. Per FDA guidance, “in single-dose trials, the same adult dose

usually can be administered to all women in the trial” and “The dosage regimen can be adjusted
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based on the best available pre-trial estimates of the pharmacokinetics of the drug and its active
metabolites and what is known about drug elimination” (26). To arrive at a rational pre-trial
estimates, one can employ the M&S approach to simulate systemic exposure of approved drugs
in the three trimesters and postpartum, and based on this one can optimize design of “first in
pregnancy” PK study including prioritizing study period and dosage selection. Compared with
conventional compartmental models, PBPK offers added advantages in trial simulation
supporting “first in pregnancy” PK studies. The established PBPK model captures changes in
system-dependent parameters and describes tissue distribution of drug molecule in much greater
details. The latter may play a vital role in study design because one may be interested in tissue
exposure or unbound plasma exposure of the approved drug in pregnant women. These exposure
measures are more relevant to dosage adjustment (if any) than is measurement of total plasma

concentration of a drug.

Conclusion

With a thorough knowledge and understanding of drug-dependent parameters, combined with
system parameters describing physiological and biological changes in the pregnant population,
the proposed PBPK approach is capable of quantitatively predicting disposition of CYP3A
substrate drugs during Ts. At present, verification of the model for predicting drug PK during
earlier trimesters is not possible due to lack of reliable probe drug studies during these periods.
However, CYP3A induction in human hepatocytes incubated with pregnancy-related hormones
at their unbound plasma concentrations observed during Ts is virtually identical to that observed
in vivo (27). Therefore, CYP3A induction in hepatocytes incubated with pregnancy-related

hormones at unbound plasma concentrations observed during T; and T, may be able to fill this
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knowledge gap. Future expansion of the refined PBPK model could also include incorporating
variability in the predicted drug exposure measures, when necessary data on the variability (and
covariance) in the system- and drug-dependent parameters are better defined. As described here
for CYP3A substrate drugs, PBPK prediction of the disposition of drugs cleared by other major
CYPs, including CYP1A2, CYP2D6, CYP2B6 and CYP2C9, based on probe drug studies, are
currently in progress. Once completed, it should be possible to utilize the predictive model,
prior to clinical investigations, to evaluate different dosing regimens in pregnant women for

drugs cleared primarily via single or mixed CYP metabolism.
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Method

General pregnancy PBPK model structure and verification methodology

Known maternal physiological, anatomical and biological differences between pregnant and non-
pregnant populations, based on meta-analysis of literature data, were incorporated in the virtual
population as reported (12). These included gestational weight gain, plasma protein and lipid
concentration, individual organ/tissue volumes and blood flows, glomerular filtration rates, and
hepatic enzyme activity changes (CYP1A2, 2D6 and 3A). A time-varying full PBPK model
constructed in Matlab v. 7.10%® (2010) was utilized (14). Briefly, the PBPK model is an
extension of the Simcyp 13-compartment full-PBPK model, by adding a lumped compartment to
represent the placenta, fetal organs and the amniotic fluid (Fig. 1). Systemic clearance was
considered to occur in the maternal liver and kidney and pre-systemic metabolism was
considered to occur in both maternal small intestine and the liver. Key model assumptions and
governing equations of the PBPK model are provided in Supplementary Methods. The Matlab
model is available for scientific research and can be obtained by contacting Dr. Amin Rostami-

Hodjegan (amin.rostami@manchester.ac.uk).

Mean plasma AUC, Cnax and Cpin Were predicted and compared with published studies in
pregnant and non-pregnant women. Midazolam and Indinavir observed data were obtained
directly from the authors. Nifedipine observed data was captured using “digitize”, a Matlab tool

for digitizing images that is freely available on http://www.mathworks.com/matlabcentral/. An

arbitrary criterion for successful verification of the model was prediction of pregnancy-induced

fold-changes in mean population PK parameters of the drug (i.e. AUC ratio (PP:T3), Cmax ratio
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(PP:T3) and Cpj, ratio (PP:T3)) within 80% to 125% of the observed value, i.e.

0.80<pred/obs<1.25.

Midazolam PBPK model

Physiochemical and protein binding parameters (B/P ratio, fyp), absorption (F, Fg), distribution
(Kp, tissue-to-plasma partition coefficient) and elimination (CLinpnu) Were obtained from
Simcyp® Population-based Simulator (Version 10). ks (=2.5 hr) was estimated (see Table 1) in
the reported range of 2-4.2 hr* (28, 29) in Simcyp to match the absorption kinetics from selected
clinical studies conducted in non-pregnant or postpartum subjects (4, 30, 31). Log Po.w (=3.1)
was further optimized through manual sensitivity analysis in the range of 3.0-4.0 in order to
match predicted Vs (=1.49 L/kg) to reported Ve (= 1.1 L/kg) (28) and to improve Cpax

prediction. The drug-dependent parameters of MDZ are outlined in Table 1.

Nifedipine PBPK model

Physiochemical and protein binding parameters (B/P ratio, f,,), absorption (F5 Fg), distribution
(Kp) and elimination (CLintnu) were obtained from Simcyp (Version 10). Log Pow (=2.53) was
optimized in the range of 2.0-3.0 in order to match predicted V¢ (=0.60 L/kg) to reported V¢ (=
0.79 L/kg) (28) and to improve Cmax prediction, ks (=1.91 hr'') was estimated (see Table 1) in
Simcyp to match the absorption kinetics from selected clinical studies conducted in non-pregnant

subjects (18, 32-34). The drug-dependent parameters of NIF are outlined in Table 1.

Indinavir PBPK model
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Drug-specific parameters for IDV, including physiochemical and protein binding parameters
(B/P ratio, fyp), absorption (Fa, Ka, Fg), were extracted from literature. Non-pregnant CL, of 8.6
L/hr was the average literature value (19, 35). Log P, was optimized in Simcyp through
manual sensitivity analysis in the range of 1.5-3.0 (36) to improve Vg and Cyax prediction (see
Table 2). To capture the more-than-proportional increase in AUC following a single p.o. dose
in the dose range of 400mg-800mg in healthy volunteers, in vivo K, was estimated via
sensitivity analysis in Simcyp with a starting value of 0.1 uM obtained in HLM (37). During the
optimization process, Vmax Was adjusted accordingly so as to maintain a constant ratio of
Vmax/Km to equal the maximum CLinpy determined in HLM (37). The drug-dependent

parameters of IDV are outlined in Table 2.

Sensitivity analysis to discern site of CYP3A induction

First the change in intestinal bioavailability (Fg) of these drugs as a result of intestinal CYP3A
induction in the range of 0-200% (20% increment per step) was predicted using either Qg model
or ADAM model (See Supplementary Methods). Then the newly-obtained Fy value was
incorporated into the pregnancy PBPK model. Subsequently, induction of hepatic CYP3A in the
range of 0-200% (20% increment per step) and its impact on pre-systemic as well as systemic

elimination of these drugs was considered in the pregnancy-PBPK model.
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Study Highlights

What is the current knowledge on the topic: During pregnancy, changes in physiology and
ADME processes can significantly affect the disposition of drugs which may necessitate
adjustment of drug dosing regimens.

What question this study addressed: We verified a novel physiologically-based model which
incorporates gestational age-dependent changes in maternal physiology and hepatic CYP3A
activity, to predict the disposition of CYP3A-metabolized drugs during the third trimester

What this study adds to our knowledge: The PBPK model successfully predicted the disposition
of CYP3A-metabolized drugs, midazolam, nifedipine and indinavir, during the third trimester
and suggested that CYP3A induction is likely hepatic and not intestinal.

How this might change clinical pharmacology and therapeutics: The proposed PBPK model can
be used to optimize the dosing regimens of CYP3A-metabolized approved drugs and design
“first in pregnancy” PK study including dosage selection of approved drugs during the third

trimester.
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Figure legends:

Fig. 1 A schematic representation of the pregnancy PBPK model. The PBPK model is an
extension of the Simcyp 13-compartment full-PBPK model, and includes a lumped compartment
to represent placental-fetal organs including the fetus, placenta and the amniotic fluid.

Reproduced from Lu et al., 2012 (13).

Fig. 2 A) Simulated and observed plasma concentration-time profiles of midazolam (MD2Z)
after a single oral dose of 2mg during 3" trimester (T53) and postpartum (PP). The solid black
line represents predicted mean postpartum profile. The grey dashed line represents predicted
mean T3 profile using initial model based on DEX UR data, and the black dashed line represents
predicted mean T3 profile using the refined model based on MDZ oral clearance data. Mean
observed data (4) are overlaid (filled circles: postpartum profile; closed circles: T3 profile). Error
bars represent standard deviations. In the inset, predicted and observed PK profiles are plotted
on a logarithmic scale.

B) Simulated and observed plasma concentration-time profiles of nifedipine (NIF) at steady
state (10mg p.o. q.i.d.) during 3" trimester (Ts) and postpartum (PP). The solid black line
represents predicted mean postpartum profile. The grey dashed line represents predicted mean T3
profile using the initial model, and the black dashed line represents predicted mean T3 profile
using the refined model. Mean observed data are overlaid (filled circles: historical control
profile taken from ref. 18, 32-34; closed circles: T profile taken from ref. 17). Error bars
represent standard deviations. In the inset, predicted and observed PK profiles are plotted on a

logarithmic scale.
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Fig. 3: A) Simulated and observed plasma concentration-time profiles of indinavir (IDV) after
an i.v. dose of 16mg administered to non-pregnant healthy volunteers (M=6, F=6). The black
solid line represents predicted mean profile following an i.v. dose of 16mg. Mean observed data
(19) are overlaid. In the inset, predicted and observed PK profiles are plotted on a logarithmic
scale.

B) Simulated and observed plasma concentration-time profiles of IDV after administration of a
single oral dose of 400mg or 800mg to non-pregnant healthy volunteers (M=6, F=6). The black
solid line represents predicted mean profile following 800mg p.o. dose. The black dashed line
represents predicted mean profile following 400mg p.o. dose. Mean observed data (19) are
overlaid (filled circles: 800mg p.o. dose profile; open circles: 400mg p.o. dose profile). In the
inset, predicted and observed PK profiles are plotted on a logarithmic scale.

C) Simulated and observed plasma concentration-time profiles of IDV following 800mg g8h
p.0. dose administered during 3" trimester (T3) and postpartum (PP). The black solid line
represents predicted mean profile during postpartum. The grey dashed line represents predicted
mean T3 profile using the initial model and the black dashed line represents predicted mean
profile during T3 using the refined model. Mean observed data (5) are overlaid (filled circles:
postpartum profile; open circles: T3 profile). Considerable inter-individual variability in Cp, of
IDV was observed across the fifteen patients and for clarification, the observed variability in the
data is omitted. In the inset, predicted and observed PK profiles are plotted on a logarithmic

scale.

Fig. 4: Comparison of initial (based on DEX data) vs. refined (based on MDZ data) model

performance as gauged by predicted (pred.)/observed (obs.) ratio of mean AUCR (PP:T3), mean

71



Cmax ratio (PP:T3) and mean Cnn ratio (PP:T3). A) The grey bars represent predicted AUCR,
Cmax ratio and Cpyj, ratio using the initial model and the black bars represent predicted AUCR,
Crmax ratio and Cpyj, ratio using the refined model. The white bars represent observed AUCR,
Crmax ratio and Cpyjj, ratio.

B) The grey bars represent pred./obs. ratio using the initial model and the black bars represent
pred./obs. ratio using the refined model. The dashed grey lines bracket the range of values that
fall within the verification criterion. MDZ: observed mean AUCR, Cnx ratio and Cy,n ratio
(sample taken at last time-point) calculated from ref. 4. NIF: observed mean AUCR, Cpx ratio
and Cpi, ratio calculated from mean T3 AUCq-tay, Crmax and Cpin from ref. 17, and weighted mean
AUC.tay, Cmax and Cpin in non-pregnant historical controls from refs. 18, 32-34. IDV: observed

mean AUCR, Cnax ratio and Cp, ratio extracted from ref. 5.

Fig. 5: Changes in midazolam, nifedipine and indinavir AUCR (AUCpp/AUCT3) as a function of
hepatic and intestinal CYP3A activity induction during pregnancy. Observed mean AUCR is
represented by horizontal plane in dark grey. Two horizontal planes in light grey show AUCR
range between 80-120% of observed mean AUCR. Arrows indicate the intersections
corresponding to 100% increase in hepatic CYP3A activity, 200% increase in intestinal CYP3A
and simultaneous induction of hepatic 3A (50%) and intestinal 3A (50%). Figures were

generated using SigmaPlot” (Version 12.0, San Jose, CA).
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List of Tables:

Table 1: Summary of midazolam (MDZ) and nifedipine (NIF) drug-dependent parameters

MDZz Methods/ NIF Methods/
Parameter
Value reference Value reference
Molecular Weight 325.8 Library® 346.3 Library
Log Pouw 3.13 Optimized” 2.53 Optimized
pKa 10.95,6.2 Library 2.82 Library
B/P Ratio 0.663 Library 0.73 Library
fup 0.032 Library 0.04 Library
Fa 0.88 Library 0.88 Library
ka (K™ 2.5 Parameter estimation © 1.91 Parameter estimation ¢
Fq 0.58  Predicted by Qgemodel®  0.69 Predlrcrz]tggetl)x Qou
Predicted Vg (L/Kg)  1.49 Reported Vg is 1.1° 0.60 Report%dY\gaflue 5=
CLiv( L/h) 23.0 Library 33.3 Library
CL(L/h) 0.085 Library 0.0 Library
CLintu(L/N) 1672.3 Library 938.5 Library

[@1: refers to Simeyp compound library (version 10).

(™l optimized through manual sensitivity analysis in the range of 3.0-4.0 to match predicted Vi
(=1.49 L/Kkg) to reported Vs (= 1.1 L/kg, range 0.76-1.86 L/kg) (28, 30, 31) and predicted Cpax to
reported Cpmax following i.v. infusion (30, 31); experimentally-determined Log P value is 3.53
(Simcyp compound library).

[l parameter estimation of k, (i.e. by fitting the PBPK model to the observed data) in the range
of reported values of 1.2-4.2 h™* (37, 38) using “maximum likelihood” algorithm, to match the
absorption Kinetics from selected clinical studies conducted in non-pregnant or postpartum
subjects (4, 30, 31).

[9: reported F, ranges from 0.32 to 0.87 with an average of 0.51 (30, 31, 39).

[¢1: extracted from (28).

[%: optimized through manual sensitivity analysis to match predicted Vs (=0.60 L/kg) to reported
Vs value of 0.79 (L/Kg) (28) in literature and predicted Cnax to reported Cpax following i.v.
infusion (18); experimentally-determined Log P,y value is 2.69 (Simcyp compound library).

[9): parameter estimation of k, in Simcyp using “maximum likelihood” algorithm, to match the
absorption kinetics from selected clinical studies conducted in non-pregnant subjects (18, 32-34).

(": reported Fy value in literature is 0.73 (29).
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Table 2: Summary of indinavir drug-dependent parameters

Parameter Value Methods/reference
Molecular Weight 613.79 a
Log Po-w 2.0 Optimized®
5.90,
pKa 3.70 a
B/P Ratio 0.84 b
fup 0.36 c.e
Fa 0.8 de
ka (™) 1.8 b
Fq 0.98 Predicted by ADAM model, reported Fg is 0.93 ¢
Papp MDCK (10-6 cm/s) 1.9 b
Predicted Vs (L/KQ) 1.29 ~0.85 L/kg *
CLiv( L/h) 77.3 f
CL(L/h) 8.6 def
CLintu(ul/min/mg) 582 b
Sensitivity Analysis, in vitro value obtained in HLM is
Kmcypsa(UM) 0.2 0.1pMm®
Vmaxcypza(pmol/min/mg
protein) 116.4  Calculated by taking the product of CLjy and Kpcypsa

[

2,

- literature value(40).

—
(=X
—_

- literature value (37)

—
O
—

- literature value (29)

[ literature value (35)

—
D
—

[

s

: literature value (19)

[d]

: Product label for CRIXIVAN (41)

: Log P,.w Was optimized through manual sensitivity analysis in the reported range of 1.5-3.0

(36) to match predicted Vg (=1.29 L/kg) to reported Vs (= 0.85 L/kg) estimated from i.v. PK
data (19) using Phoenix WinNonlin version 6.2, and to match predicted Cpax to reported Cpax

following i.v. infusion (19).
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Supplementary Methods
General pregnancy PBPK model structure and key assumptions
Key assumptions of the PBPK model include:

1. Perfusion-limited process prevails in all organs and tissue-to-plasma partition coefficient
(Kp) remains constant during pregnancy. K, of the placental-fetal unit was set to equal
to predicted K, of the brain, based on the similarity shared between the blood-brain
barrier and blood-placental barrier.

2. First-order absorption prevails and ka, Fa and Fy remain constant during pregnancy.

3. In the original model, maternal hepatic CYP3A activity increased by 35%, 35%, 38%
(DEX UR) during Ty, T, and T3 respectively (20). Here, CYP3A activity was further
refined to increase by 99% (1’-hydroxymidazolam unbound formation clearance) during
T3 (4). Reliable assessments of the magnitude of CYP3A induction in earlier trimesters
are not available in literature.

4. Maternal glomerular filtration rate (GFR) increases during pregnancy by 19%, 40% and
37% during Ty, T, and Tj trimesters respectively (12). CLg is defined as below:
CLr=(fu p*GFR+CLsecretion)* (1-Fraction_reabsorbed). P-gp mediated CLsecretion IS
assumed to increase by 107% during T3 (digoxin CLsecretion) (4). Fraction_reabsorbed was
assumed to remain constant through gestation. Serum albumin and ol-AGP
concentrations decrease during pregnancy by 1%, 4%, 27%, and 1%, 22%, 19% during
Ty, T2 and T; respectively (12). Consequently, the change of f,, during pregnancy as a
function of serum albumin concentration was accounted for in the model.

5. The dynamic changes of individual tissue blood flow and volume during gestation were

described by polynormial or exponential equation as described by Abduljalil et al.(12).
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The pitfalls of making the model assumptions outlined above are well-recognized, as the validity
of some of these assumptions has not been tested. For example, whether tissue-to-plasma
partition coefficient K, and the extent of absorption (F,) are altered during pregnancy is

unknown. Yet these assumptions were made for simplification purpose.

Governing equations
All tissues were considered to be well-stirred compartments, i.e. that the unbound tissue

concentration is at equilibrium with the unbound concentration in the emergent blood (Eq. 1)

@37).
d(vC) c
WM _oc. -
IR Eg. 1

where V, Q and C denote the tissue volume, tissue blood flow rate and tissue drug concentration,
respectively. K, is the partition coefficient of tissue:plasma and B:P is the blood-plasma partition
coefficient . The subscript ‘ab’ denotes arterial blood.

For drug-eliminating organ, namely the maternal liver, Eq.2 was used. Eg.3 was used to describe

the apparent intrinsic clearance.

dc,

V, dt =(Q, - Qg -Qg)C, + Qngbg +Q4Cus = QnCyp — CLU; 1, Kp/—gP
*
CLu, =Y Acre
Km + fu, h* Ch

where Cap, Ch, Cubsi, Cubg and Cypn represent the concentrations in the arterial blood, liver, spleen-
blood, gut-blood and hepatic outlet (or liver-blood), respectively; Qn, Qg and Qg represent the

blood flows of the liver, gut and spleen respectively; f, and f, , represents the fractions unbound
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in blood and liver (fyn=f./(K,/B:P) for drugs with no active uptake or efflux). CLy,int-H, Vmax and
K represent the unbound hepatic intrinsic clearance, maximum velocity and the Michaelis-
Menten constant for metabolism, respectively; Acvp represents the total hepatic amount of CYP
isoform. Pregnancy-induced change, either induction or suppression of CYP enzyme activity
was reflected in unbound hepatic intrinsic clearance CL, i1 for drugs with linear kinetics, or

Acyp for drugs associated with saturable hepatic metabolism.

General PBPK modeling workflow

A general workflow of PBPK modeling and simulation consisted of the following steps: 1)
comparison of mean plasma concentration-time (C-T) profiles simulated using Simcyp with
those obtained from in vivo studies in non-pregnant subjects including i.v. dosing, single and
multiple oral dosing (to qualify the drug-specific parameters); 2) refinement of the drug-specific
parameters (e.g. f) if the prediction in (1) above deviates significantly from that observed. Such
refinements were often based on changes in mean AUC and mean C-T profiles in non-pregnant
subjects in the presence of inhibitors or genetic polymorphism of the enzymes clearing the drug;
3) populating the PBPK model with these qualified drug-specific parameters and pregnancy-

induced CYP activity changes.

Sensitivity analysis

In order to reflect its impact on Fgyas a result of intestinal CYP3A induction, we considered two
predictive models available in Simcyp, namely Qgu model (42) and ADAM model (43).
Briefly, Qqut model retains the form of the “well-stirred” liver model, but the flow term (Qgut) IS

a hybrid of both permeability through the enterocyte membrane and villous blood flow (42).
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ADAM, short for Advanced Dissolution, Absorption and Metabolism, represents Gl tract in nine
segments that are heterogeneous in terms of size, enzyme and transporter abundance, transit
time, pH and bile salt concentration (43). The simpler Qg is generally preferred for drugs with
low-to-medium intestinal extraction (29). ADAM model is utilized when formulation-specific
data (e.g., dissolution, solubility) need to be taken account into the model. Qg model-predicted
Fq matched the observed value for MDZ and NIF in the clinically-relevant dose range (Table 1
and 2), whereas ADAM model appeared to be much superior in predicting IDV Fq .
Specifically, the ADAM-projected fold decrease in AUC of IDV following rifampin (RIF)
treatment was 15.7-fold, compared to reported AUCR (control: RIF) of 12.5-fold (41). In
contrast, Qqut model projected AUCR (control:RIF) of 28.9-fold (data not shown). A RIF drug
model readily available in Simcyp was used by others previously (11) and was used here in
simulations without modifications. The drastic over-prediction of AUCR from Qg,: model is
thought to be attributable to the difference in operational concentration exposed to gut CYP
enzymes specified in two models: ADAM model assumes the enterocyte concentration, whereas
in Qgut model the portal vein concentration is used as a surrogate. Further, IDV exhibits pH-
dependent solubility (36) and its impact on Fy was accounted for in the ADAM model. Our
finding concerning the choice of model for predicting first-pass intestinal metabolism of IDV is

also consistent with others (29, 37).
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Chapter Two

A PBPK Model to Predict Disposition of P450 2D6 and P450 1A2 Metabolized Drugs in

Pregnant Women

* This chapter has been accepted for publication in the journal titled “Drug Metabolism and

Disposition”, and is formatted according to the requirements of the journal.
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Abstract

Conducting PK studies in pregnant women is challenging. Therefore, we asked if a
physiologically-based pharmacokinetic (PBPK) model could be used to evaluate different dosing
regimens for pregnant women. We refined and verified our previously published pregnancy
PBPK model by incorporating P450 1A2 suppression (based on caffeine PK) and P450 2D6
induction (based on metoprolol PK), into the model. This model accounts for gestational age-
dependent changes in maternal physiology and hepatic P450 3A activity. For verification, the
disposition of P450 1A2-metabolized drug theophylline (THEO), and P450 2D6-metabolized
drugs paroxetine (PAR), dextromethorphan (DEX) and clonidine (CLO) during pregnancy was
predicted. Our PBPK model successfully predicted THEO disposition during Ts. Predicted
mean postpartum to 3" trimester (PP:T5) ratios of THEO AUC, Cpax and Cnin were 0.76, 0.95
and 0.66, vs. observed values 0.75, 0.89 and 0.72, respectively. Predicted mean PAR Cg ratio
(PP:T3) was 7.1 vs. the observed value 3.7. Predicted mean DEX urinary ratio (UR) (PP:T3)
was 2.9 vs. the observed value 1.9 (Tracy et al., 2005). Predicted mean CLO AUCR (PP:T3) was
2.2 vs. the observed value 1.7 (Buchanan et al., 2009). Sensitivity analysis suggested that a
100% induction of P450 2D6 during T3 was required to recover the observed PP:Tj; ratios of
PAR Cs, DEX UR and CLO AUC. Based on these data, it is prudent to conclude that the
magnitude of hepatic P450 2D6 induction during T3 ranges from 100 to 200%. Our PBPK

model can predict the disposition of CYP1A2, 2D6 and 3A drugs during pregnancy.
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Introduction

Pregnancy can affect drug absorption (e.g., gastric pH, transporters), distribution (e.g., plasma
protein binding and transporters), metabolism (e.g. cytochrome P450 metabolism) and excretion
(e.g., renal secretion via transporters) (ADME) of drugs. Such changes can result in reduced
efficacy (eg. antiepileptics, antivirals), or increased toxicity of a drug. Considerable clinical data
in the literature suggests that the magnitude of change in maternal hepatic enzyme activity, as
reflected in the change in exposure to probe drugs, is P450 isoform specific and gestational age
dependent (Hodge and Tracy, 2007). Many of these studies have utilized model (probe) drugs
that report P450 enzyme activities to delineate the magnitude of change in activity of major P450
enzymes, mostly during the third trimester (e.g. caffeine for P450 1A2, metoprolol for P450

2D6, midazolam for P450 3A, phenytoin for P450 2C9) (Anderson, 2005).

Hepatic P450 1A2 enzyme activity as measured by caffeine salivary clearance, is suppressed
throughout pregnancy, with the greatest suppression of up to ~65% observed in the third
trimester (T3) vs. postpartum (Tracy et al., 2005). Consistent with these data, the oral clearance
(CLoraL) of another P450 1A2 probe substrate, theophylline (THEQ), is reduced by ~30%
during T3 vs. postpartum (PP), but the CLoraL during the first (T) and the second (T>)
trimesters is not affected (Gardner et al., 1987). In contrast, the activity of hepatic CYP2D6
appears to be increased during pregnancy. In pregnant women, the mean CLograL Of
metoprolol (MET) (100 mg p.o.) during T3 was almost 4-fold of that during postpartum
(Hogstedt et al., 1985). However the 1V clearance or the plasma protein binding of MET (10
mg) is not affected by pregnancy. Subsequently, two studies assessed CYP2D6 activity during

pregnancy using the dextromethorphan/dextrorphan (DEX/DXQO) metabolic ratio in pregnant
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women. The plasma DEX/DXO metabolic ratio (2 hrs post dose, ~Tmax) during T3 is
significantly reduced (~ 2.3-fold PP:T3) among extensive metabolizers (EMSs), indicating
increased P450 2D6 activity (Wadelius et al., 1997). Similarly, the 24-hr DEX urinary
metabolic ratio (UR: DEX/DXO) was significantly reduced throughout pregnancy in subjects
phenotyped as EMs with the greatest reduction (~ 1.9-fold PP:T3) observed during T3 (Tracy et
al., 2005). In accordance with the increased P450 2D6 activity during pregnancy, paroxetine
(PAR) plasma concentrations steadily decrease over the course of pregnancy in women
genotyped as P450 2D6 EMs (Ververs et al., 2009). The most pronounced effect (73%
reduction compared to postpartum) on PAR steady-state plasma concentrations is observed
during T3. Finally, the CLoraL Of Clonidine (CLO) is 1.7-fold of that in the nonpregnant
subjects (Buchanan et al., 2009). This increase in CLO CLograL is most likely due to increased
P450 2D6 activity as P450 2D6 plays a major role in in vitro CLO metabolism (Claessens et al.,

2010) and the renal clearance (CL,) of clonidine appears not to be affected by pregnancy.

The above-described changes in P450 activities during pregnancy are postulated to reduce the
efficacy or enhance the toxicity of drugs during pregnancy. Since it is logistically impossible to
delineate the changes in PK of all drugs administered to pregnant women, alternative approaches
that can generalize across drugs and predict drug disposition in pregnancy are highly-desirable.
Physiologically-based pharmacokinetic (PBPK) modeling has the advantage of incorporating
both physiological parameters that are important for ADME processes and drug-specific
parameters (e.g. physico-chemical and drug disposition characteristics) into a quantitative

predictive model (Jamei et al., 2009; Rowland et al., 2011).
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A maternal PBPK model, incorporating known physiological parameters as well as maternal
hepatic P450 activity in each trimester was recently developed (Abduljalil et al., 2012; Lu et al.,
2012a; Lu et al., 2012b). We refined this PBPK model and showed that the PBPK model
populated with P450 3A activity change, based on CLorar Of midazolam, could accurately
predict the Tsdisposition of other P450 3A-metabolized drugs, nifedipine and indinavir (Ke et
al., 2012). A sensitivity analysis suggested that P450 3A induction in T3 is most likely hepatic
and not intestinal. In the current study, we expanded and verified the established PBPK model,
by incorporating P450 1A2 suppression and P450 2D6 induction based on disposition of caffeine
(Tracy et al., 2005) and metoprolol data (Hogstedt et al., 1985). The model was then used to
predict the disposition during pregnancy of P450 1A2-metabolized drug, THEO, and P450 2D6-

metabolized drugs PAR, DEX and CLO.
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Methods

General workflow of PBPK model development and verification criterion

A general workflow of PBPK modeling and simulation of test compounds in non-pregnant
subjects consisted of the following steps: 1) comparison of mean plasma concentration-time (C-
T) profiles simulated using Simcyp® Population-based Simulator (Version 11.1, Simcyp Limited,
Sheffield, UK) with those obtained from in vivo studies including i.v. dosing, single and multiple
oral dosing. The 13-compartment full-PBPK model was used; 2) refinement (hence referred to
as modified model) of the drug-specific parameters (e.g. f) if the prediction in (1) above
deviates significantly (<0.8-fold or >1.25-fold) from that observed. Such refinements were often
based on changes in mean AUC and mean concentration-time profiles in the presence of
inhibitors or genetic polymorphism of the enzymes clearing the drug; 3) populating the time-
varying full PBPK model constructed in Matlab v. 7.10® (2010, Mathworks®, Natick, MA) with
these qualified drug-specific parameters and pregnancy-induced P450 activity changes (see

below).

Verification of the established PBPK model was primarily based on AUC (for DEX data urinary
data were used as AUC data were not available) because achieving equivalent drug exposure in
pregnant and non-pregnant women was our primary focus. The term “verification” is used in
place of “validation” to acknowledge the complexity of PBPK model that requires more than
plasma data to accomplish proper validation. As secondary criteria, prediction of Cpnax and Cpin,
were considered because achieving similar drug Cpnax and Cyin may be important for some drugs
where these measures are related to drug efficacy and/or toxicity. For model verification, 1)
mean AUC, Cnax and Cnin of THEO; 2) average steady-state concentration (Cgs) of PAR; 3)

mean DEX/Dextrorphan (DXO) urinary metabolic ratio (UR); 4) mean steady-state AUC of
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CLO during pregnancy were predicted and compared with published studies in pregnant, P450
2D6 EM subjects. We chose the criterion of PK bioequivalence as the criterion for successful
verification of the model, namely, the predicted mean population PK parameters of the drug (as
described above), should fall within 80% to 125% of the observed value, i.e.

0.80<pred/obs<1.25.

General pregnancy PBPK model structure and key assumptions

The general pregnancy PBPK model structure and key assumptions were described in detail
previously (Ke et al., 2012; Lu et al., 2012a). Briefly, the gestational age dependent changes in
physiological parameters (e.g., cardiac output, glomerular filtrate rate, etc) were incorporated
into an existing PBPK scheme (Jamei et al, 2009). Maternal glomerular filtration rate (GFR)
was assumed to increase during pregnancy by 19%, 40% and 37% during T, T, and T3
respectively (Abduljalil et al., 2012). Renal secretion clearance mediated by organic cation
transporter was assumed to increase by 50% during T3 (metformin CLgecretion) (Eyal et al., 2010).
Fraction reabsorbed was assumed to remain constant through gestation. The change in drug
unbound fraction in plasma (fy ) during pregnancy, as a function of serum albumin or a1-AGP
concentrations, was accounted for in the model as described previously (Ke et al., 2012). The
established PBPK model also assumed that hepatic P450 3A activity increased by 99%

(measured by midazolam CLorar) during T3 (Ke et al., 2012).

The PBPK model was further expanded to incorporate pregnancy-induced P450 1A2 suppression
and P450 2D6 induction as described below. Maternal hepatic P450 1A2 was assumed to

decrease during pregnancy by 33%, 48%, 65% (salivary caffeine clearance) during 1% (T;), 2™
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(Ty), and 3" trimesters respectively (Tracy et al., 2005). Maternal P450 2D6 activity was
assumed to increase by 200% (reported by metoprolol CLorar) during T3 (Hogstedt et al., 1985).
This value of 200% was obtained through sensitivity analysis by varying P450 2D6 activity in
the range of 50%-350% induction to recover the observed metoprolol data. Reliable assessment
of the magnitude of P450 2D6 induction in earlier trimesters has not been conducted. All other
maternal hepatic P450 activities were assumed to remain constant throughout pregnancy. These

changes were accomplished in Matlab v7.10®.

THEO PBPK model construction

THEO physiochemical and protein binding parameters (Log Po.w, pKa, B/P ratio), absorption (F;,
Fg), distribution (K, tissue-to-plasma partition coefficient) were obtained from Simcyp (Version
11.1). Initial scaling of in vitro metabolic data to metabolic clearance (CLy) over-predicted
THEO CLy observed in vivo. Therefore CLin, Was back-calculated from observed CLy using
well-stirred liver model. The contributions from individual P450 to total metabolic clearance of
THEO obtained in vitro were 91.7%, 8% and 0.06% for 1A2, 2E1 and 3A, respectively (Tjia et
al., 1996). However, in vivo DDI studies using diltizem and verapamil as the perpetrator (both
are mechanism-based inactivator of P450 3A) reported AUC % change of 12-18% (Sirmans et
al., 1988; Stringer et al., 1992), suggesting that P450 3A plays a greater role in THEO
metabolism in vivo. Therefore, the in vivo P450 1A2 contribution to total metabolic clearance
was reduced to 80% and in vivo P450 3A contribution was increased to 12%. The drug-

dependent parameters of THEO are listed in Table 1.

MET PBPK model construction
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MET is mainly eliminated via hepatic metabolism (~84% by P450 2D6, ~7% by P450 3A4),
with a minor contribution from renal elimination (~9%) (Brown et al., 2005; Ito et al., 2005).
After administration of a single dose of 100mg in healthy volunteers, there is a 4.5-fold
difference in AUC of poor metabolizers (PMs) and extensive metabolizers (EMs) of P450 2D6
(Hamelin et al., 2000; Sharma et al., 2005). MET physiochemical and protein binding parameters
(Log Pow, pKa, B/P ratio, fy), absorption (F4, Fg Ka), distribution (Kp, tissue-to-plasma partition
coefficient) and elimination (Vmax, Kmu) were obtained from Simcyp (Version 11.1). Initial
scaling using in vitro V. determined in HLM significantly under-predicted CL,y and CLoraL
by a factor of 2.2 and 2.3 in non-pregnant, P450 2D6 EMs. This under-prediction was also
evident in non-pregnant, P450 2D6 PMs (by a factor of 3.2 and 1.4, for CL,y and CLoRraL
respectively). To improve IVIVE prediction of CLy, in vivo Vma for P450 2D6 and P450 3A4
was optimized by multiplying in vitro Vmax by a factor of 2 (Table 2). The optimized drug
model showed comparable AUC, Cpax and Cy,in following 100mg single p.o. dosing in non-
pregnant, 2D6 EM and PM subjects to reported literature values. DDI prediction for the victim-
perpetrator pair MET (100mg single p.o.) and quinidine (100 mg g.d for 6 days) was evaluated to
qualify drug-specific parameters, specifically f2p6. Perpetrator drug model (quinidine, Qd)
readily available in Simcyp was used in all simulations without modifications. The drug-

dependent parameters of MET are listed in Table 2.

PAR PBPK model construction

PAR is extensively metabolized in humans and exhibits nonlinear kinetics during single and
multiple dosing (Kaye et al., 1989). After the administration of a single dose of PAR, there is a

7-fold difference in the median total clearance in PMs and EMs of P450 2D6, which is then
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reduced to 2-fold at steady state (Sindrup et al., 1992a; Sindrup et al., 1992b). The nonlinear PK
of PAR is much more pronounced in EMs than PMs, mainly due to time-dependent inhibition of

the P450 2D6-mediated metabolism (Venkatakrishnan and Obach, 2005).

A previously published PAR PBPK model (Jornil et al., 2010) was modified as described below.
Jornil et al. showed that, in addition to P450 2D6, P450 3A and P450 1A2 are involved in the
metabolism of PAR. The authors then used prior in vitro and in vivo information on the
metabolism of PAR to predict the exposure in EM and PM individuals receiving single and
multiple dosing regimens using SImCYP. However, IVIVE approach significantly under-
predicted single-dose and steady-state median CL, for P450 2D6 PM subjects by a factor of 2.9
and 3.5 respectively (Jornil et al., 2010). It is worth noting that even though PAR has been
identified, in vitro, as a P450 3A mechanism-based inhibitor (MBI) (Venkatakrishnan and
Obach, 2005), the in vivo importance of P450 3A inactivation by PAR may be limited (Jornil et
al., 2010). When such inactivation was considered, the predicted mean percent of active P450
3A enzyme remaining at steady-state, was 97% and 93% in P450 2D6 EMs and PMs,
respectively. In contrast, 34% of P450 2D6 activity was predicted to remain in EMs. Sensitivity
analysis showed that varying maximal inactivation rate constant (Kinact 3a) and inactivation
constant (K, 3a) in the range of 0.1-10 fold of reported values had minimal impact (<10%) on
AUC and Cpax of PAR in PM population, in which P450 3A is expected to be the major
elimination pathway of PAR. Based on these analyses, it has been speculated that, there is a
non-P450 3A, non-renal pathway responsible for PAR elimination in P450 2D6 PMs.

Therefore, we modified the PBPK model established by Jornil et al. by incorporating an un-
identified pathway (CLint,other) (fm.other =9.7 % in 2D6 EMS) into the IVIVE model. The

optimized drug model was verified by comparing the predicted mean AUC, Cpax and Cpin
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following single or chronic p.o. dosing in non-pregnant, P450 2D6 EM and PM subjects to

reported literature values. The drug-dependent parameters of PAR are listed in Table 3.

DEX and DXO PBPK model construction

The DEX/DXO metabolic ratio, such as plasma concentration of the parent/metabolite (Cp/Cpy)
or urinary concentration ratio (UR) is commonly used in drug-drug interaction and
pharmacogenetic studies as an in vivo measure of P450 2D6 activity (Borges et al., 2005; Lutz
and Isoherranen, 2011). DEX is extensively O-demethylated to dextrorphan by P450 2D6. The
formation of dextrorphan (DXO) by P450 2D6 is responsible for approximately 97% of the oral
clearance of dextromethorphan (DEX) in EMs (Capon et al., 1996; Gorski et al., 2004).
Dextrorphan then undergoes glucuronidation mostly by UGT2B7 (Lutz and Isoherranen, 2011) .
N-demethylation to 3-methoxymorphinan also occurs, largely by P450 3A4 (Yu and Haining,
2001). Both dextrorphan and 3-methoxymorphinan are further metabolized to 3-hydroxy-
morphinan, by P450 3A4 and 2D6, respectively (Yu and Haining, 2001; Lutz and Isoherranen,

2011).

DEX physiochemical and protein binding parameters (Log Po.w, pKa, B/P ratio, fy ), absorption
(Fa, Fg), distribution (Kp, tissue-to-plasma partition coefficient) and hepatic elimination (P450
3A-mediated unbound intrinsic clearance, or CLithu3a) Were from Simcyp compound library
(Version 11.1). CLintu2ps Was estimated in Simcyp by simultaneously fitting observed plasma
concentration-time (C-T) profiles extracted from previous publications (Abdul Manap et al.,
1999; Moghadamnia et al., 2003) (see Table 4). Optimization of CLix 206 Was necessary to
match predicted bioavailability (F.*Fn*Fq~7%) to that reported (<5%) (Capon et al., 1996). CL,

of DEX was assumed to approximate f,, *GFR (see footnote to Table 4). The optimized drug
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model was verified by comparing predicted mean AUC, Cnax and Cpin following single p.o.
dosing, or in the presence of quinidine, in non-pregnant 2D6 EM and PM subjects, to reported

literature values.

Then, to predict cumulative amount of DXO in urine, we constructed a semi-PBPK model with
the following assumptions and/or simplifications: 1) we assumed that the metabolite distributed
homogeneously into nonmetabolic tissues/organs and that these tissues can be combined into an
apparent plasma compartment; 2) the metabolite formed in gut and liver was available for further
metabolism by P450 3A; 3) glucuronidation of DXO was not incorporated due to lack of
appropriate scaling factors for UGT enzymes in hepatic and extra-hepatic tissues, therefore
quantitative prediction of plasma concentration-time profiles of free or total DXO was not
possible. DXO physiochemical and protein binding parameters (Log Po.w, pKa, fup) and
elimination (CLinhu3a) Were obtained from the literature (Table 4). Apparent CL, (=5 L/h) of
DXO was determined through sensitivity analysis by comparing simulated Ac pxo 0-24n Values to
those reported (Jones et al., 1996; Abduljalil et al., 2010)(see footnotes to Table 4). Given the
wide range of reported DXO recovery in urine (f.=40-91%), in addition to apparent CL,of DXO
and P450 3A-mediated clearance, biliary excretion of DXO conjugates was incorporated into the
DXO model (see footnote to Table 4). The combination that best recovered the observed A¢ pxo
was used in the final model. In addition, the DXO PBPK model accounted for pregnancy-
induced changes including a decrease in plasma protein binding of DXO, increase in apparent
renal clearance of DXO, and increase in P450 3A-mediated clearance of DXO. The drug-

dependent parameters of DEX and DXO are listed in Table 4.

CLO PBPK model construction
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CLO has dose-proportional kinetics following i.v. administration, single or multiple dosing in the
clinical dose range (Arndts et al., 1983). In nonpregnant subjects, approximately 41-62% of
orally administered CLO is cleared unchanged by the kidney (Frisk-Holmberg et al., 1981;
Arndts et al., 1983), with the remainder undergoing hepatic metabolism to produce inactive
metabolites, mainly 4-hydroxyclonidine. Selective inhibition studies in human liver microsomes
have shown that P450 2D6 plays a major role in clonidine metabolism, followed by P450 3A and

P450 1A2 (Claessens et al., 2010).

Physiochemical and protein binding parameters (Log Po.w, PKa, fup), absorption (F,), distribution
(Kp, tissue-to-plasma partition coefficient), and elimination (CL, CL,, f;) were obtained from
literature. B/P ratio and Fy were predicted in SImCYP (Version 11.1). The contribution from
individual P450 to the metabolic clearance (67%, 22% and 11% for P450 2D6, 3A and 1A2,
respectively) were obtained in HLM (Claessens et al., 2010). Then, CLjnny for P450 2D6, 3A
and 1A2 were back-calculated from hepatic CL (=CL-CL,), f, for individual P450 , and
‘average’ population values for liver weight and hepatic P450 enzyme abundance for P450 3A,

1A2 and 2D6, respectively. The drug-dependent parameters of CLO are listed in Table 5.
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Results

1. Prediction of THEO PK in pregnancy using PBPK model incorporating P450 1A2
suppression based on caffeine data

The disposition of THEO, following multiple p.o. dose during T3 and postpartum (PP) was
predicted (Gardner et al., 1987). Briefly, the disposition of THEO was assessed in ten pregnant,
non-smoking asthmatic women, who had been chronically maintained on sustained release
theophylline. Twenty-four hrs preceding the study, all subjects were switched to immediate
release theophylline tablets and the last dose was given before mid-night of the study day. After
overnight fasting, a single oral dose of theophylline (Somophyllin liquid, 259 mg) was
administered. Compared to PP (range of 14-58 wks PP), THEO CLograL during Ty (13-19 wks)
and T, (23-28 wks) was not significantly altered. THEO CLograr during T3 (range of 34-39 wks)
was reduced and remained suppressed during immediate PP period (9-13 wks PP) (Gardner et
al., 1987). Hence, systemic exposures of THEO obtained during 14-58 wks PP was considered
to represent baseline levels and those obtained during immediate PP period (9-13 wks PP) were
excluded. Predicted mean Theo AUCR (PP:T3), Cmax ratio (PP:T3) and Cpn ratio (PP:T3) were
0.76, 0.95 and 0.66, compared to the observed values of 0.75, 0.89 and 0.72, respectively (Fig. 1
and Supplemental. Table 1). All predictions met verification criterion (i.e. the pred./obs. of mean
AUC, Cnax and Cpin were in the range of 0.9-1.1). Predicted mean Theo AUCR (PP:T;) and
(PP:T2) were 0.79 and 0.77, compared to observed values of 0.99 and 0.95 respectively
(Supplemental. Table 1). THEO plasma unbound fraction was predicted to be modestly
increased from 58% during postpartum to 66% in T, consistent with observed values (59% PP
vs. 68% T3). THEO CL, was predicted to be increased from 0.45 L/hr during postpartum to 0.68
L/hr in T3, a 52% increase that is comparable to the observed 48% reported by Frederiksen et al.,

1986.
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2. Prediction of PK for P450 2D6 substrates in pregnancy

2.1. MET prediction to inform P450 2D6 induction in pregnancy

The mean AUC of MET (100 mg single p.o.) in non-pregnant, P450 2D6 EM and PM subjects,
or in the presence of inhibitor (quinidine) were quantitatively predicted by the modified (see
Methods) MET model (i.e., pred./obs. in the range of 0.9-1.2, Fig. 2 and Supple. Table 2).
Specifically, the predicted AUCpm/AUCey of 4.1 matched well with the observed ratio of 4.5
(Hamelin et al., 2000; Sharma et al., 2005). The predicted mean AUC//AUC for victim-
perpetrator pair MET (100 mg single p.o.) and quinidine (100 mg g.d. for 6 days) is 3.3-fold,
compared to observed AUCR of 3.2-fold (Johnson and Burlew, 1996). The corresponding

pred./obs. of mean Cnax and Cri, Were in the range of 0.7-0.9 and 1.3-1.4, respectively.

MET exposure in pregnant women was assessed (Hogstedt et al., 1985) and the observed
increase in CLorar, during pregnancy, was used to deconvolute the magnitude of increase in
P450 2D6 activity after accounting for other pregnancy related components of MET CLoraL
(P450 3A-mediated CL, CL, and protein binding). In this study, the disposition of MET
following i.v. and oral dosing was studied in five women who developed hypertension during
pregnancy and after delivery. The change in systemic clearance following i.v. dosing of MET
(10 mg) during pregnancy vs. postpartum was insignificant, although there was a trend towards
higher CLy during T3 (T3 vs. PP: 82.8+15.6 L/hr vs. 39+ 4.8 L/hr, n=5). The mean CLoraL
following a single oral dose of 100 mg during pregnancy was almost quadrupled (range 2-13
fold). Although P450 2D6 genotype of the five study subjects was not determined, comparison
of reported individual AUC values following oral dosing to literature values (Johnson and
Burlew, 1996; Hamelin et al., 2000; Sharma et al., 2005) confirmed that the systemic exposures

of all five subjects were comparable to those of EM subjects and were significantly lower than

100



those of PM subjects (Hamelin et al., 2000; Sharma et al., 2005) (Fig. 2A). The PBPK model
incorporating 200% induction of P450 2D6 during T3, predicted mean AUCR (PP:T3) of 3.0,
mean Cpax ratio (PP:T3) of 2.8, mean Cy,i, ratio (PP:Ts3) of 3.5, compared to the observed ratios
of 3.6+2.3, 2.4+1.3 and 2.0+2.5, respectively (Fig. 2B). With the exception of Cp, ratio, the
model-predicted AUCR and Cax ratio met verification criterion (Supple. Table 2). The
predicted MET plasma unbound fraction was 88% during PP vs. 90.7% in T3, consistent with the

observed values (89% + 11% PP vs. 90.7% + 17% T3).

2.2 PAR PK prediction in pregnancy

We modified a previously published PAR PBPK model (see Methods) and predicted single-dose
(30 mg SD) and steady-state (SS, 30 mg QD) PAR AUC in both EM and PM, non-pregnant
individuals. The mean AUCq.inf 0or AUCss 0.ty IN NON-pregnant, P450 2D6 EM and PM subjects,
was quantitatively predicted by the modified PAR model (i.e., pred./obs. in the range of 0.8-1.2,
Fig. 3A and Supple. Table 3). The model-predicted mean SD and SS Cpax and Cpin in EMs met
verification criterion. In PMs, the pred./obs. values of mean SD and SS Cyax and Cpin Were in
the range of 1.0-1.3 (Supple. Table 3). PAR exposure in pregnant women was predicted based
on the study design described by Ververs et al. (Ververs et al., 2009). In this study, subjects
were genotyped and steady-state (Cssave) PAR plasma concentrations were examined in each of
the three trimesters but not during postpartum. Women who were genotyped as EM showed
steadily decreasing plasma paroxetine concentrations during the course of pregnancy. During Ts,
the median Cg ave plasma concentration declined to 5 ng/mL (range 0.6-19.6 ng/mL.) following
the daily dose of 19.94+8.8 mg (range 3-40 mg), compared to median Cs;s ave plasma concentration

of 18.4 ng/mL (range 3.3-66 ng/mL) in historical controls receiving 20 mg daily (Sindrup et al.,
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1992a). These observations correspond to median Cs ave ratio (PP:Ts3) of 3.7 (Fig. 3B). The
PBPK model incorporating 200% induction of 2D6 during Ts, predicted mean PAR Cegs ave ratio
(PP:T3) of 7.1 following 20 mg daily (14 days). Sensitivity analysis suggested that a 100%
induction of P450 2D6 during T3 was required to recover the observed change in PAR Cgs ave
ratio (PP:Ts3) (pred. value 4.1; Fig. 3B and Supple. Table 4). Furthermore, P450 2D6 activity
was induced modestly by 10% and 25% in T, and T, respectively, to recover the observed
changes in median PAR Cg ratio (PP:T;) and C ratio (PP:T,) of 1.6 and 1.9, respectively (data

not shown).

2.3 DEX PBPK model prediction

The modified (see Methods) DEX model-predicted mean AUC in non-pregnant, P450 2D6 EM
and PM subjects following the administration of a single oral dose of 30 mg DEX, met
verification criterion (i.e. pred./obs. values within the range 0.9-1.0, Fig. 4 and Supple. Table
5). Specifically, the predicted AUCpm/AUCg\ of 65.0 was comparable to the observed ratio of
73.5 (pred./obs. ratio of 0.9). In addition, the predicted mean AUC,/AUC for the victim-
perpetrator pair DEX (30 mg single p.o.) and quinidine (50 mg single p.o. given 1-hr prior the
DEX dose) was 15.9-fold, compared to observed mean AUC,/AUC of 20.8-fold (pred./obs. ratio
of 0.8) (Capon et al., 1996; Abdul Manap et al., 1999). The model-predicted mean Cpa in the
presence/absence of quinidine in non-pregnant, P450 2D6 EMs, met verification criterion (i.e.
pred./obs. values within the range 0.9-1.1 (Fig. 4 and Supple. Table 5). Mean Cpax in non-
pregnant, P450 2D6 PMs was slightly over-predicted (pred./obs. of 1.3). Mean Cp, in the
presence and absence of quinidine in non-pregnant, P450 2D6 EMs was under-predicted

(pred./obs. of 0.2 and 0.5, respectively). However model-predicted mean Cp, in non-pregnant,
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P450 2D6 PMs, met verification criterion (pred./obs. of 0.8). Furthermore, the predicted mean
cumulative amount (0.06 mg) of DEX (30 mg p.0.) excreted in urine (Aeo-24n) i EMs was also in
reasonable agreement with the observed data: 0.075+0.167 mg (Abduljalil et al., 2010) and

0.153+0.155 mg (Jones et al., 1996) (Fig. 5A).

Since plasma concentration-time data for DEX are not available in pregnant subjects, a semi-
PBPK model to predict the cumulative amount of DXO excreted in urine was constructed (see
Methods). The model-predicted A¢o-24n Of DXO in EMs, following the administration of a
single oral dose of 30 mg, was within the range of the observed values (9.6 mg pred. vs. 1.3-15.3
mg obs. (Jones et al., 1996; Abduljalil et al., 2010) (Fig. 5A). Further, the predicted PP URg-24n
(DEX/DXO) of 0.0065 in 2D6 EMs matched the reported median PP URg.-241 0f 0.0063 (90% CI:
0.0037-0.027) (n=25) (Tracy et al., 2005) and the reported URg.72n (mean: 0.0082; range 0.0007-
0.028) in non-pregnant, 2D6 EMs (n=11) (Borges et al., 2005). The observed median T3 DEX
URg-24n Was 0.0033 (90% CI: 0.0015-0.0086), compared to median PP DEX URg.24n 0f 0.0063
(90% CI: 0.0037-0.027). These observations correspond to median DEX UR (PP:T3) of 1.9£1.2.
The PBPK model incorporating 200% induction of 2D6 during T3, predicted mean DEX UR
(PP:T3) of 2.9. Sensitivity analysis by varying P450 2D6 activity in the range of 50-250%
suggested that a 100% induction of P450 2D6 during T3 was required to recover the observed
change in DEX UR (pred. value 1.9, Fig. 5B and Supple. Table 6). The reported median DEX
UR (PP:T1) and DEX UR (PP:T,) are 1.6 and 1.9, respectively, suggesting the magnitude of

P450 2D6 induction during Ty and T, are similar to that of Ts.

2.4 CLO PBPK model prediction
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The constructed CLO PBPK model was first verified by comparing the predicted vs. the
observed disposition kinetics of an i.v. dose of 1.79-2.35 ug/Kg to non-pregnant healthy
volunteers (Frisk-Holmberg et al., 1981). The pred./obs. AUCy.ins Was in the range of 1.1-1.2
(Supple. Table 7). The pred./obs. Cpin, 24n Was 0.4 (2.35 pg/Kg) and 1.0 (1.79 g/Kg). The PBPK
model was also verified against the disposition kinetics following the administration of a single
oral dose of 0.1-0.3 mg to non-pregnant healthy volunteers. Model-predicted AUCq.inf, Crmax
and Cpin, 24n all met verification criterion (Fig. 6A and Supple. Table 7). The PBPK model
incorporating 200% induction of 2D6 during T, predicted mean AUCR (PP:T3) of 2.2 (observed
value 1.7) (Buchanan et al., 2009). Sensitivity analysis suggested that a 100% induction of P450
2D6 during T3 better recovered the observed AUCR (PP:T3) (pred. value 1.8, Fig. 6B and
Supple. Table 8). Because clonidine is a substrate of renal transporter OCT, the current PBPK
model accounted for pregnancy-induced increase in GFR and OCT-mediated secretion
(measured by metformin CLsecretion) (Eyal et al., 2010), and predicted that CLO CL, increased
from 116.8 mL/min to 182.7 mL/min. If CL,was kept constant during T3 both 100% and 200%
induction of P450 2D6 during T3 could recover (1.48 and 1.84, respectively, Supple. Table 8) the

observed AUCR (PP:T3) of 1.7.
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Discussion

The pregnancy PBPK model populated with P450 1A2 activity change based on caffeine salivary
clearance, quantitatively predicted THEO disposition during T3. The pregnancy effect on
THEO is smaller than the decrease in P450 1A2 activity (reported by caffeine) as THEO has
significant renal clearance (15%) and minor P450 3A-mediated clearance (7%), both of which
increase during T3 and counteracts the decrease in 1A2 activity. Based on the 1A2 decrease
during Ty and T, reported by the caffeine data, a modest increase (<23%) in THEO AUC during
Ty and T, was predicted. Such a modest decrease may not be detectable in the clinic or be
clinically significant. Indeed, the observed data shows a lack of pregnancy effect on THEO
disposition during these periods. Additional pregnancy PK data on other 1A2 substrates are
needed to confirm or refute whether the assumed 1A2 activity suppression based on caffeine data

during Ty and T, can recover the disposition of other 1A2 substrates (such as clozapine).

The increase in P450 2D6 activity during pregnancy is intriguing because 2D6 is not inducible
by xenobiotics, and only HNF4a has been shown to have a role in regulating 2D6 transcription
(Corchero et al., 2001). Given that MET has linear PK and is a well-accepted 2D6 probe drug
(fm206 =84 %) with minor involvement from other clearance pathways (P450 3A-mediated CL
and CL,), the pregnancy PBPK model was populated with 2D6 activity change based on CLoraL
of MET. The lack of significant pregnancy-induced effect following i.v. dosing is not
surprising. MET is an intermediate-to-high ER drug, and CL,y is reflective of both the
magnitude of hepatic blood flow and 2D6-mediated intrinsic clearance. The lack of pregnancy-

induced effect on CLy suggests that hepatic blood flow does not increase significantly during Ts.
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This is consistent with the conclusion drawn from meta-analysis of literature data on the direct

assessment of hepatic blood flow in pregnant women (Abduljalil et al., 2012).

Because in vitro PAR metabolic data did not recover observed metabolic clearance in non-
pregnant EM and PM individuals, we modified a published PAR model by incorporating an un-
identified pathway (CLint,other) iNto the IVIVE model. At steady-state (20 mg QD), this CLint,other
contributes <10% of PAR clearance in EMs and ~50% in PMs (see Table 3). CLint,other Was
assumed not to be affected by pregnancy. Under this assumption, the magnitude of 2D6
induction would be slightly over-estimated by assuming this CLint,other pathway is not induced .
However, if the contrary is true and CLint,otmer 1S SUppressed (more likely, see below), the impact
of this minor pathway on estimating the magnitude of 2D6 induction would be minimal in 2D6
EMs ( <10%). 2D6 induction of 100% as opposed to 200%, recovered the observed Css (PP:T3)
in EMs. Interestingly, in PMs, the median PAR Cg was 48, 65, and 71 pg/L during Ty, T, and
Ts, respectively (n=2) (Ververs et al., 2009). In comparison, the reported Cg in non-pregnant
PMs is 80+16 pg/L (n=3) (Sindrup et al., 1992a). From this very limited data set, we speculate
that in PMs where CLint,other and P450 3A contribute equally to PAR clearance, CLintother 1S
suppressed during pregnancy, similar to 1A2. This suppression counteracts the effect of P450

3A induction.

DEX is the most sensitive P450 2D6 probe substrate with the highest fi, .06 amongst all the drugs
included in the model verification set. Therefore, we would expect that the systemic exposure
of DEX to be reduced substantially in pregnant women. However, such evaluation of DEX

plasma concentration-time profiles in pregnant women is not available in literature.
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Nonetheless, Wadelius et al. reported a change in DEX plasma concentration (2 hrs post dose, ~
Tmax) Of 2.3-fold (PP:T3, range 1.5 to 4.9-fold ) in 2D6 EMs (n=13) (Wadelius et al., 1997).
Despite the expected variability associated with Cax, this change in DEX concentration is in line
with ~100% induction of 2D6: model-predicted DEX AUCR (PP:T3) and Cpax (PP:T3) were 2.4
and 3.0 in 2D6 EMs (data not shown). Two-hundred percent induction of 2D6 would over-

predict Cpax (PP:T3) by 91%.

Since the pregnancy effect on DEX URy.24n Was evaluated, we developed a semi-PBPK model of
DXO to predict this UR. Construction of a fully-mechanistic DXO model is not possible, mainly
because once DXO is formed by 2D6, significant glucuronidation of DXO in hepatic and extra-
hepatic tissues occurs, and the appropriate scaler for IVIVE of this clearance is not available
(Lutz and Isoherranen, 2011). However, this limitation is not expected to impact our ability to
predict DEX URg-24n, as the latter is based on total DXO amount excreted in urine, and free and
conjugated DXO are mostly recovered in urine (range of recovery 40.2-85%) (Rostami-
Hodjegan et al., 1999). The developed model quantitatively predicted mean Ac pex, Aepxo and
mean DEX URg.24n , in NON-pregnant, 2D6 EMs. It is important to note that the inter-
individual and inter-study variability in observed Ae pex and Ac pxo in non-pregnant, 2D6 EMs
is substantial, possibly due to the heterogeneity of 2D6 EM population (i.e. allelic variant-
specific 2D6 activity) and urine pH-dependency of DEX CL, (Abduljalil et al., 2010). The
PBPK model incorporating 200% induction of 2D6 during T3, over-predicted mean DEX UR
(PP:T3) by 50%. To recover the observed change, 2D6 activity would need to be induced less
than 200% or the CL, of DEX would need to be increased by 2.5-fold. In the current PBPK

model, DEX CL,is assumed to be mainly filtration clearance as DEX has not been identified as a
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substrate of major renal transporters. Recent evidence suggests DEX may be secreted by the
kidneys (unpublished data, Lutz and Isoherranen). Nevertheless, until confirmed, we concluded

that 100% induction of 2D6 during Tz was required to recover the observed change in DEX UR.

In pregnant women, CL, (=153£67 ml/min) of CLO (Buchanan et al., 2009) did not deviate
significantly , from that obtained in Japanese male population (18355 ml/min) (Fujimura et al.,
1994). Therefore, the authors attributed the increase in apparent oral clearance of clonidine
during pregnancy to a change in its nonrenal clearance (i.e. 2D6). On closer examination, the
reported CL, in pregnant women is higher than calculated CL, (= f:*CL,y) based on mean f, and
mean CL,y in literature (116.8 ml/min, see Table 5).  Nevertheless, if CL,was kept constant
during T3, both 100% and 200% induction of 2D6 during T3 could recover the observed AUCR
(PP:T3). This finding is not surprising, because CLO AUCR (PP:Ts) is not a sensitive reporter of
changes in 2D6 activity (fm206=30%) when the latter is masked by a change or lack of change in

CL,, the major elimination pathway of CLO (f. =41-62%).

The above analyses suggest that P450 2D6 induction during pregnancy could range from 100%
to 200%. To determine if this range could be narrowed, we expanded our sensitivity analysis to
recover possible range of 2D6 induction that bracket 80%-125% of the observed MET, PAR,
DEX and CLO data in pregnancy. We found these ranges did not overlap, indicating the drugs
evaluated reported different magnitude of P450 2D6 induction, even after accounting for inter-
study variability. The reason for these discrepancies is not clear, although we suspect it may be

related to the study design being less than optimal. For e.g., the MET study has limited sample
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size, and the inter-individual variability of the observed data is large; the PAR dose used varied
from 3-40 mg in the PAR study, and the reported PAR concentrations normalized to the mean
dose of 20 mg can be misleading for a drug with non-linear kinetics. Additional limitations
include the lack of concentration-time profile (PAR and DEX) or the use of urinary metabolic
ratio as an index of enzyme activity (DEX) in the published reports. Therefore, to definitively
assess the magntidue of CYP2D6 induction during pregnancy, we propose that a PK study with
the most sensitive 2D6 probe DEX, where the plasma concentration-time profile of DEX is
measured, be conducted during various stages of pregnancy and postpartum. In the absence of
such data, we can only conclude that the P450 2D6 induction during the 3™ trimester ranges from

100% to 200%.

The underlying mechanism for the hepatic isoform-specific and gestational state specific
induction during pregnancy is not fully understood. Data from human hepatocyte incubation
with pregnancy-related hormones suggest that the rising concentrations of various hormones in
maternal blood, including placental growth hormone (PGH), progesterone, corticosteroids and
estrogens, contribute to induction of some of these isoforms (Jeong, 2010; Papageorgiou and
Unadkat, 2011; Dickmann and Isoherranen, 2012). In contrast, suppression of 1A2 activity
during pregnancy may be due to the increase in circulating concentration of cytokines (e.g. IL-113
and IL-6) which suppress 1A2 mRNA expression in human hepatocytes (Dickmann et al., 2011).
However, the mechanisms for P450 2D6 induction during pregnancy still remains unknown and

further mechanistic studies are warranted to fill this knowledge gap.
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In summary, we have shown that our PBPK model: 1) can quantitatively predict the disposition
of P450 1A2 drug, THEO, during Ts; 2) defined the range of 2D6 induction during T3 to be
100% to 200% through modeling MET, PAR, DEX and CLO disposition during pregnancy; 3)
allows extrapolation beyond model drugs studied (e.g. caffeine and metoprolol) to other drugs
with well-characterized ADME characteristics (e.g. THEO, PAR). Previously, we have shown
that such extrapolation can also be made for P450 3A metabolized drugs (Ke et al., 2012). Our
study also highlights the importance of further mechanistic and probe drug studies pertaining to
P450 2D6 induction during pregnancy. Since conducting PK studies in pregnant women is
challenging, we propose that this refined PBPK model be used to evaluate different dosing

regimens of P450 3A4, 1A2 and 2D6-metabolized drugs during pregnancy.
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Figure Legends

Figure 1. Predicted and observed plasma concentration-time profiles of theophylline (THEO)
following multiple p.o. dose during during 3" trimester (T5) and postpartum (PP). The solid line
represents predicted mean postpartum profile. The dashed line represents predicted mean Ts
profile. Mean observed data are overlaid (e: postpartum profile; o: T3 profile) (Gardner et al.,

1987). Error bars represent standard deviations.

Figure 2. A) Predicted and observed plasma concentration-time profiles of metoprolol (MET)
after administration of a single oral dose of 100 mg to non-pregnant, P450 2D6 EMs and PMs.
The solid line represents predicted mean profile in EMs. The dashed line represents predicted
mean profile in PMs. Mean observed data in non-pregnant EMs (e and m) and PMs (A and ¢)
(Hamelin et al., 2000; Sharma et al., 2005) are overlaid, as are mean observed data in postpartum

women (o) (Hogstedt et al., 1985).

B) Predicted and observed plasma concentration-time profiles of MET (100 mg p.o.) during 3™
trimester (T3) and postpartum (PP). The solid line represents predicted mean postpartum profile.
The dashed line represents predicted mean Tj profile. Mean observed data are overlaid (e:
postpartum profile; o: T3 profile) (Hogstedt et al., 1985).  Error bars represent standard

deviations.

Figure 3 A) Predicted and observed plasma concentration-time profiles of paroxetine (PAR)

following single and chronic dosing of 30 mg (p.0.) to non-pregnant, P450 2D6 EMs and PMs.
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Mean observed data in non-pregnant EMs (o and @) and PMs (o and m) are overlaid (e and m:
steady-state or SS; o and o: single-dose or SD) (Sindrup et al., 1992b).

B) Predicted and observed steady-state (Css) PAR plasma concentrations following 20 mg Q.D.
during 3" trimester (T3) and postpartum (PP). The grey bars represent predicted Cg and Cgs
ratio (PP:T3) assuming 200% induction of P450 2D6, and the black bars represent predicted Cg
and Cg ratio (PP:T3) assuming 100% induction of P450 2D6. The white bars represent observed
median Css in non-pregnant historical controls (Sindrup et al., 1992b), in pregnant women during

T3 (Ververs et al., 2009), and calculated Cg ratio (PP:T3) based on observed median Cg;,

Figure 4. A) Predicted and observed plasma concentration-time profiles of dextromethorphan
(DEX) after administration of a single oral dose of 30 mg to non-pregnant, P450 2D6 EMs and
PMs, or in the presence of a strong P450 2D6 inhibitor quinidine (Qd, 50 mg g.d.). The black
and grey solid line represents predicted mean profile in EMs and in PMs, respectively. The
dashed line represents predicted mean profiles in EMs in the presence of quinidine. Mean
observed data in non-pregnant EMs (m: Abdul Manap et al., 1999; ¢: Gorski et al., 2004; A:
Abduljalil et al., 2010) and PMs (o: Capon et al., 1996; 0: Gorski et al., 2004) are overlaid.
Mean observed data (+, X) in non-pregnant EMs in the presence of quinidine (Qd) are overlaid

(+: Abdul Manap et al., 1999; X: Capon et al., 1996).
Figure 5. A) Predicted mean time course of the amount (mg) of A) DEX (solid line) and

dextrorphan (DXO) (dashed line) excreted in urine after administration of a single oral dose of

30 mg to to non-pregnant, P450 2D6 EMs. Average observed DEX (o: Jones et al., 1996; e:
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Abduljalil et al., 2010) and DXO (©: Jones et al., 1996; ¢: Abduljalil et al., 2010) data in non-
pregnant EMs are overlaid. Error bars represent standard deviations.

B) Predicted and observed UR (DEX/DXO) (PP:Ts) following 30 mg (p.o.). The black bar
represent predicted UR (PP:T3) assuming 200% induction of P450 2D6, and the grey bar
represent predicted UR (PP:T3) assuming 100% induction of P450 2D6. The white bars

represent observed UR (PP:Ts) (Tracy et al., 2005).

Figure 6. A) Observed (symbols) and predicted (lines) plasma concentration-time profiles of
clonidine after administration of a single oral dose of 0.1, 0.2 and 0.3 mg to non-pregnant, P450
2D6 EMs. Grey filled circles: observed data (0.1 mg); open symbols: observed data (0.2 mg)
(Porchet et al., 1992); Black filled circles: observed data (0.3 mg) (Cunningham et al., 1994).
B) Observed and/or simulated and plasma concentration-time profiles of clonidine 0.15 mg (p.o.)
during 3" trimester (T3) and postpartum (PP). The black solid line represents predicted mean
postpartum profile. The grey dashed lines represents predicted mean T3 profile assuming 200%
induction of P450 2D6, and the black dashed line represents predicted mean T3 profile assuming
100% induction of P450 2D6. Observed (dose-normalized to 0.15 mg) mean T3 profile

(symbols) is overlaid (Buchanan et al., 2009). Error bars represent standard deviations.
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List of Tables

Table 1: Summary of theophylline (THEO) drug-dependent parameters

Methods/referen
Parameter Value ce
Molecular 180.2 Library®
Weight
Log Po:w -0.02 Library
pKa 8.8,0.99 Library
B/P Ratio 0.815 Library
furp 0.58 b
Fa 0.97 Predicted ©
ka (h™) 0.154(SR), Predicted ¢
1.98(IR)
Fq 1 Predicted by Qgut
e
Vss (L/KQ) 0.39 Predicted
CLuv (L/h) 3.0 g
CL,(L/h) 0.45 h
CI—int,u 46 |
(L/hr)
fm and fe fm,1A2 :68%, J
fmsa =7%,
fim,2e1 =10%,
fe =15%,

[@: refers to Simeyp compound library (version 11.1).

) reported value is in the range of 0.56-0.60 (Hendeles et al., 1985; St-Pierre et al., 1985) and
mean value was used.

[¥l: predicted from Caco-2 permeability of 2510 cm/s (library) in Simcyp (version 11.1).

[9): |R: predicted from Caco-2 permeability of 25*10° cm/s (library) in Simcyp (version 11.1).
SR: estimated from reported ty;,a (Hendeles and Weinberger, 1983).

fe]. Qgut model is provided in Simcyp simulator. It retains the form of the “well-stirred” liver
model, but the flow term (Qgu) is a hybrid of both permeability through the enterocyte
membrane and villous blood flow (Yang et al., 2007).

[%: predicted according to Rodgers & Rowland (Rodgers and Rowland, 2007);

[9): Reported CL,y in non-pregnant, non-smokers is 3.0+0.7 L/hr (no. of studies=26) (University
of Washington DiDB, http://www.druginteractioninfo.org/).

("] calculated by taking the product of CL,v and reported mean f. . Reported f. ranges in 13-18%
(n=22) in non-pregnant, non-smoking healthy volunteers (Tang-Liu et al., 1982; St-Pierre et al.,
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1985) and 16.0 + 3.3% (n=5) in postpartum women (Frederiksen et al., 1986) following i.v.
dosing. Weighted mean f, was used.

(- back-calculation from well-stirred liver model using Qug of 90L/hr.

M- The contribution from individual P450 obtained in vitro is 91.7%, 8% and 0.06% for 1A2
2E1 and 3A, respectively (Tjia et al., 1996). However, in vivo DDI studies using diltizem and
verapamil as the perpetrators (both are P450 3A MBI) reported AUC % change of 12-18%
(Sirmans et al., 1988; Stringer et al., 1992), suggesting that P450 3A played a greater role in
THEO metabolism in vivo. Therefore, the contribution from individual P450 (80%, 8% and
12% for 1A2, 2E1 and 3A, respectively) was adjusted accordingly. In vivo fy, for individual
P450 was calculated by taking the product of f,, (=1-f.) and the contribution from individual
P450 .
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Table 2: Summary of metoprolol (MET) drug-dependent parameters

Parameter Value Methods/reference
Molecular Weight 267.4 Library?
Log Po:w 1.88 Library
pKa 9.75 Library
B/P Ratio 1.15 Library
fup 0.88 Library
Fa 0.81 Predicted”
ka (h™) 0.58 Predicted”
Fq 0.97 Predicted by Qgu: model
Vs (L/KQ) 3.1 Predicted ¢
CL (L/h) 55.8 Predicted via IVIVE®
CL,(L/n) 4.27 e
Vmax (ML/min/mg)  O-demethylation: Optimized '
Vmax,206=300
Vimax,3a4=1164
Alpha-OH:
Vmax,206=75.9
Vmax,3a4=96
Km,unbound (M) O-demethylation: Library
Km,2D6:28.3
KmygA421162
Alpha-OH:
Km,2p6=31
Km,3A4:874

fnand f. (2D6 EM)  fi,2p6 =84 %, Predicted via IVIVE °
fin3a =7 %,
fe =9 %,

- refers to Simeyp compound library (version 11.1).

) predicted from human jejunum permeability (10* cm/s) (Library data) in Simcyp (version
11.1).

[l: not reported in literature , predicted according to Rodgers & Rowland (Rodgers and Rowland,
2007).

[9: In-vitro to in-vivo extrapolation using in Vvitro Ve and K, and ‘average’ population values
for liver weight and microsomal protein of 1618 g and 38.9 (mg/g liver), respectively. Reported
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CLyv in non-pregnant, P450 2D6 EMs and PMs is 72.5+32.2 L/hr (range 48.6-93.2 L/h) (no. of
studies=3, no. of subjects=28, male only) and 30.1+8.4 L/hr (no. of studies=1, no. of subjects=3,
male only) (University of Washington DiDB, http://www.druginteractioninfo.org/). Reported
CL,v in postpartum women is 39 £4.8 L/hr (n=5) (Hogstedt et al., 1985).

2. Reported mean value in non-pregnant, P450 2D6 EMs and PMs is 4.27 L/hr (range 3.24-6.0
L/h) (no. of studies=6, no. of subjects=67) (University of Washington DiDB,
http://www.druginteractioninfo.org/).

[M: IVIVE approach using in vitro Vs determined in HLM (provided in Library) significantly
under-predicted CL;y and CLoraL by a factor of 2.2 and 2.3 in non-pregnant, P450 2D6 EMs.
This under-prediction was also evident in non-pregnant, P450 2D6 PMs (by a factor of 3.2 and
1.4, respectively). To improve IVIVE prediction of CL, in vivo V.« for P450 2D6 and P450
3A4 was optimized by multiplying in vitro Vmax by a factor of 2.

[9): Literature 205 =69.5-82.8% (Brown et al., 2005; Ito et al., 2005).
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Table 3: Summary of Paroxetine (PAR) drug-dependent parameters

Parameter Value Methods/reference
Molecular Weight 329.3 Jornil
Log Pow 3.55 Martin et al. 2008
pKa 9.66 Martin et al. 2008
B/P Ratio 1.25 Jornil et al., 2010
fup 0.05 Kaye et al., 1989
Fa 0.94 Predicted®
ka (™) 1.14 Predicted®
Fg 0.92 Predicted by Qg,: model
Vs (L/KQ) 12.95 Optimized”
CLops Em (L/h) 80.7 Predicted®
CL;(L/h) 0.5 Sindrup et al., 1992
Vmax (ML/min/pmaol) Vmax,206=9.7 Jornil et al., 2010
Vmax,3a4=9.3
Vmax,3a5=1.6

Vmax,1A220-63
Vmax,2c10=2.4

Km,unbound (}J.M) Km,2D6:0-O3 Jornil et aI., 2010
Km3as=13.3
Km,3a5=108
Km,142=8.8
Km,2co=26
CLintother (UL/min/mg protein) 55.2 Optimized"
Kinact (2D6) (min™) 0.17 Bertelsen et al., 2003
K\, unbound (2D6) (LM) 0.315 Bertelsen et al., 2003;
Venkatakrishnan and Obach, 2005
Kinact (3A4) (min™) 0.011 Obach et al., 2007
K\, unbound (3A4) (LM) 4.03 Obach et al., 2007
fo at steady-state fim,206 =79.9 %, Predicted via IVIVE ®
(2D6 EM) fman =9.6 %,

fm,other =9.7 %,

[ predicted from Caco-2 permeability of 17*10° cm/s (Jornil et al., 2010) in Simcyp (version
11.1).

). /¢ was not reported in literature. The predicted Vs according to Rodgers & Rowland is 7.5
L/Kg (Rodgers and Rowland, 2007). This value was further optimized to 12.95 L/kg by
applying a global K, scalar of 1.7, in order to improve prediction of Cnax. Reported Vq
following i.v. infusion is 17.2+9.9 L/Kg (range 8.0-28.0) (Kaye et al., 1989).
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[l Simcyp-predicted CL in P450 2D6 EM individuals via IVIVE is 80.7+13.8 L/hr (n=100).
Reported CL is 74.9£14 L/hr (range 63-91.7, n=4) following 23-28 mg IV over 30mins (Kaye
1989). The genotype of these subjects was not determined.

[91: 1n P450 2D6 PM subjects, both single-dose and steady-state median CLors Were significantly
under-predicted by a factor of 2.9 and 3.5 respectively, using the IVIVE approach (Jornil 2010).
To match single-dose and steady-state CL in P450 2D6 PMs, an un-identified pathway
(CLint,other) Was incorporated into the IVIVE model.

- £, is dose- and time-dependent. Following 20 mg SD (n=100 subjects), the predicted time-
averaged mean f,is 94.3% (2D6), 2.8% (3A4), 0.1% (1A2), 0.1% (2C19) and 2.7% (un-
identified CL), respectively, in EMs. Following 20 mg QD (n=100 subjects), the predicted time-
averaged mean f,, at steady-state is 80% (2D6), 9.6% (3A4), 0.5% (1A2), 0.2 % (2C19) and
9.7% ((un-identified CL), respectively, in EMs. In P450 2D6 PMs, the predicted time-averaged
mean fy, is similar following 20 mg SD vs. 20 mg QD: 48.5% (3A4), 2.6% (1A2), 1.1% (2C19)
and 47.5% (un-identified CL), vs. 46.9% (3A4), 2.7% (1A2), 1.1% (2C19) and 49.0% (un-
identified CL).
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Table 4: Summary

of dextromethorphan (DEX) and dextrorphan (DXO) drug-dependent

parameters
Methods/referen Methods/referen
Parameter DEX Value ce DXO Value ce
Molecular : a
Weight 271.4 Library 257.4 f
Log Pow 3.8 Library 3.46 f
pKa 8.3 Library 9.2 g
B/P Ratio 1.32 Library 1 Assumed
fup 0.5 Library 0.55 h
Fa 1.0 Library _ _
ka (h™) 0.3 Library _ B
F 0.80 Predicted by Qgut 10 Predicted by Qqut
9 ' model ' model
Vs (L/KQ) 14.45 Predicted " 6.78 i
Apparent CL,
CL (L/h) 103.2 Predicted 125 Calculated’
Assumed ~ Apparent CL,
CL: (L/h) 36 fup*GFR > Optimized*
CLintu CLintu206=760.6 Parameter _ _
(ML/min/mg) CLintu3a=4.3 Estimation ¢ Clint34=0.95 !
Biliary CL inty
(UL/min/1076) - - 0.9 m
fm,2D6 :953%,
fmand f. (2D6 i 5 =0.86%, e

EM)

fe =3.8%,

@ refers to Simeyp compound library (version 10).

) not reported in literature , predicted according to Rodgers & Rowland (Rodgers and Rowland,

2007).

[l reported medians and ranges for CL, of DEX: 9.0 L/hr (1.4 to 37 L/hr) for extensive
metabolizers (Capon et al., 1996). Model-estimated CL; were 6.5 L/hr (Abduljalil et al., 2010)
and 3 L/hr (Moghadamnia et al., 2003). Given the substantial variability in literature value, CL,
of DEX was assumed to approximate f,,, *GFR.

[9: CLintu 206 Was estimated in Simcyp by simultaneously fitting observed C-T profiles extracted
from (Abdul Manap et al., 1999; Moghadamnia et al., 2003) using an initial estimate of 253.0
(UL/min/mg) provided in compound library. CLinu3a Was provided in compound library.
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[€1: reported 206 = 97% (Capon et al., 1996; Gorski et al., 2004).

7. http://www.chemspider.com/

9] reported (Kanaan et al., 2008).
[": reported (Lutz and Isoherranen, 2011).

[ calculated mean value of reported Vyq in literature: range of 300 to 650 L or 4.3 to 9.3 L/Kg
(assumed BW= 70 Kg) (Albers et al., 1995).

U calculated mean DXO CLgpp (= Dose*fr 06 /AUCDx0) Was 12.5 L/hr. Dose and AUCpxo
(free+conjugated drug) were taken from (Capon et al., 1996; Abdul Manap et al., 1999; Gorski et
al., 2004).

[M: calculated CL, = Ae,pxo /AUCpxo Was in the range of 5-12 L/hr. Aepxo (free+conjugated
drug) was calculated by Dose * % urinary recovery (reported range 40-91%) and AUCpxo
(free+conjugated drug) was taken from (Capon et al., 1996; Abdul Manap et al., 1999; Gorski et
al., 2004). A sensitivity analysis on apparent CL, of DXO in the range of 5-12 L/hr was
conducted, and the final value (5 L/hr) was selected based on predicted Acpxo,0-24n being the
closest match to observed Aepxo in literature (Abduljalil et al., 2010) (Fig. 5A). This CL,
corresponds to urinary recovery of 40%. A higher % urinary recovery over-predicted A¢ pxo.

M: taken from (Lutz and Isoherranen, 2011).

(M- Back-calculation from Biliary CL (= CLapp-CLm3a-CL;) and ‘average’ population values for
liver weight and hepatocellularity of 1618 g and 117.5 (millions of cells/g liver), respectively.
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Table 5: Summary of clonidine drug-dependent parameters

Methods/referen
Parameter Value ce
Molecular
Weight 230.1 a
Log Po:w 1.57 b
pKa 8.05 c
B/P Ratio 1.012 d
fup 0.48 e
Fa 0.98 Calculated |
1 Optimized in the
Ka (1) 10 range of 1.0-2.3 ¢
Fq 0.99 Predicted by Qgut
Vs (L/Kg) 2.55 Predicted "
CLv (L/h) 13.6 i
CL,(L/h) 7.0 j
CLintu CLintu,2p6= 0.32
(uL/min/pmol of  CLjntu3a=0.006 k
isoform) CLintu1a2= 0.008
fm,206 =33%,
fmand fe (2D6 fm,3A =11%, e
EM) fm,1A2 :5%, !
fe =51%,

[3: Goodman & Gilman 10th Edition 2001.
) reported (Ghasemi and Saaidpour, 2007).
[ reported (Cody and DeTitta, 1979).

[9:predicted using physicochemical parameters in Simcyp. Reported B/P ratio in rodents is 1.07
(Yamahata 1996).

[l reported (Vanholder et al., 1988Product label for CATAPRES®).

[: mean reported bioavailability is 92% (range 88-96%) following a single oral dose of
clonidine (Frisk-Holmberg et al., 1981; Arndts et al., 1983). Simcyp-predicted Fy is 0.95 and Fy
is 0.99, therefore calculated F, is 0.98.

[9): reported (Frisk-Holmberg et al., 1981; Anavekar et al., 1982; Porchet et al., 1992).

(M- predicted according to Rodgers & Rowland (Rodgers and Rowland, 2007); estimated Vi
value from i.v. dosing profiles is ~ 3 L/kg (Frisk-Holmberg et al., 1981). Mean K, values
determined in rodents (Conway and Jarrott, 1980; Yamahata et al., 1996) were used, as opposed
to predicted K, values, because these values were found to better characterize the biphasic
distribution of clonidine in plasma following either i.v. or p.o. dosing.

(- mean of reported values (Frisk-Holmberg et al., 1981; Arndts et al., 1983).

123



il calculated by taking the product of CLy and reported mean f. (Frisk-Holmberg et al., 1981;
Arndts et al., 1983; Buchanan et al., 2009).

. pack-calculation from hepatic CL (=CL-CL,), fn for individual P450 (see below), and
‘average’ population values for liver weight and hepatic P450 enzyme abundance of 137, 52 and
8 pmol/mg protein for P450 3A, 1A2 and 2D6, respectively.

M reported f,, for individual P450 was calculated by taking the product of fr, (i.e. 1-f.) and the
contribution from individual P450 (67%, 22% and 11% for 2D6, 3A and 1A2, respectively)
obtained in HLM (Claessens et al., 2010).
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Supplemental Materials

Supple. Table 1 Theophylline PK Parameters (259 mg p.0.) during T3 and Postpartum
Observed Predicted Predicted/Observed
AUC.g (mg/Lehr)
Pregnancy (T1) 946" 109.9 1.2
Pregnancy (T,) 98.8% 113.8 1.2
Pregnancy (Ts) 125,50 114.3 0.9
Postpartum (PP) 93.6" 87.1 0.9
AUCpp/AUCT; 0.99 0.79 0.8
AUCpp/AUCT, 0.95 0.77 0.8
AUCpp/AUCT3 0.75 0.76 1.0
Cmax (Mg/L)
Pregnancy (T1) 12.9 14.6 1.1
Pregnancy (T>,) 13.0 14.7 1.1
Pregnancy (Ts3) 14.0 143 1.0
Postpartum (PP) 12.4 13.6 1.1
Crmax,PP/Cmax,T1 0.96 0.93 1.0
Crnax;Pp/Cmax, T2 0.95 0.92 1.0
Crmax:Pp/Cmax, T3 0.89 0.95 1.1
Cmin,Sh (mg/L)
Pregnancy (T1) 7.4 7.5 1.0
Pregnancy (T>) 7.6 8.0 1.0
Pregnancy (Ts3) 9.4 8.1 0.9
Postpartum (PP) 6.8 5.4 0.8
Cmin,PP/Cmin,Tl 0.91 0.71 0.8
Cmin,pp/Cnin, T2 0.89 0.67 0.8
Crnin,pp/Cmin.T3 0.72 0.66 0.9

8l AUC estimates based on observed concentration data (Gardner et al., 1987) were generated
using linear trapezoidal rule

[™l: Oral clearance (CLorac) Was found to remain suppressed during immediate postpartum

period (9-13 wks PP).  Therefore, AUC,.g obtained during 14-58 wks postpartum was
considered to represent pre-pregnancy levels.
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Supple. Table 2 Metoprolol PK Parameters (100 mg p.o.)

Non-pregnant Population

Obs. Pred. Pred./Obs.

AUC.inf (ug/L-h)
EM 895.8%  1087.1 1.2
PM 4062.8"¥  4507.8 1.1
AUCpm/AUCewm 45 4.1 0.9
AUCem+qd/ AUCewm 3.2 3.3 1.0

Crnax (Mg/L)
EM 170.9@ 158.7 0.9
PM 427.6 313.7 0.7
Cmax,PM/Cmax,EM 2.5 2.0 0.8
Crnin,12n (Mg/L)

EM 19.2 26.7 1.4
PM 133.71 177.6 1.3
Cmin,PM/Cmin,EM 7-0 6.7 1.0

During T3 and Postpartum

Obs. [ Pred. Pred./Obs.
(200% P450 2D6 Ind) I
AUC.ins (ug/L-h)

Pregnancy (Ts3) 266.9 302.6 1.1
Postpartum (PP) 952.5 906.3 1.0

AUCpp/AUCT3 3.6 3.0 0.8

Crmax (Hg/L)

Pregnancy (Ts) 49 51.8 1.1
Postpartum (PP) 168 142.7 0.8

Cmax,PP/Cmax,T3 2.4 2.8 0.8

Cmini2h (Ug”—)

Pregnancy (Ts) 9.8 5.9 0.6
Postpartum (PP) 19.5 21.3 1.1

Cmin1PP/Cmax,T3 2.0 3.6 1.8

[@: arithmetic mean of reported values following administration of 100mg single p.o. dose in
healthy volunteers extracted from University of Washington, Metabolism & Transport Drug
Interaction Database (no. of subjects =166, no. of studies=8 for the EM group and no. of subjects

=20, no. of studies=3 for the PM group).

[™): reported (Johnson and Burlew, 1996)
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[l arithmetic mean of reported values (Hogstedt et al., 1985; Hamelin et al., 2000; Sharma et
al., 2005).

[9: arithmetic mean of reported values (Hamelin et al., 2000; Sharma et al., 2005).

[¢1: arithmetic mean values reported by Hogstedt et al. (Hogstedt et al., 1985).

7l refers to 200% induction of P450 2D6

138



Supple. Table 3 Paroxetine PK Parameters in Non-pregnant Population

Parameters 30 mg SD 30mg QD
Pred./ Pred./
AUCq.int O AUCqo. | Obs.!  Pred. Obs. Obs.  Pred. Obs.
tau
pg/Leh
EM 187.3 154.8 0.8 893.1 884.2 1.0
PM 1321.7 16279 1.2 |1536.6 1703.2 1.1
AUCpM/AUCEM 7.1 10.5 15 1.7 1.9 1.1
Cmax (Hg/L)
EM 7.9 9.1 1.2 52.4 46.9 0.9
PM 22.7 28.8 1.3 775 83.2 1.1
Cmax,PM/Cmax,EM 2.9 3.2 1.1 1.5 1.8 1.2
Cmin,24h (Ug”—)
EM 2.7 2.1 0.8 26.5 25.7 1.0
PM 145 18.9 1.3 54.2 56.5 1.0
Cmin,PM/Cmin,EM 54 91 17 20 22 11

[@: arithmetic mean of reported values (Sindrup et al., 1992b)
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Supple. Table 4 Paroxetine Css average (20mg QD) in P450 2D6 EMs during T3 and PP
Css, average Obs. Pred.l  Pred./Obs.  Pred.  Pred. /Obs.
(ng/mL) Median  (200% P450 2D6 Ind) [  (100% P450 2D6 Ind) !

Non-pregnant 18.41 18.1 1.0 18.1 1.0
Pregnancy (T3) 5.01"] 2.5 0.5 4.4 0.9
Css ratio (PP:Ts) 3.7 7.1 1.9 4.1 1.1

@ The concentrations measured 12 hours (t/2) after dosing were taken as an approximation to

mean Cs (Sindrup et al., 1992a).

] Reported median values (Ververs et al., 2009). Time between drug intake and sample

collection varied.
[l predicted concentration at t/2 was taken as an approximation to mean Cgs.

[91 Refers to 200% induction and 100% induction of P450 2D6.
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Supple. Table 5 Dextromethorphan PK Parameters (30 mg p.o.)
in Non-pregnant Population
Pred./
Obs. Pred. Obs.
AUCq.int (Hg/Leh)
EM 16.90 16.3 1.0
PM 12416 1058.8 0.9
EM+Qd 350.8[ 258.7 0.7
AUCpm/AUCey 735 65.0 0.9
AUCem+ad/ AUCeMm 20.8 15.9 0.8
Crmax (Mg/L)
EM 2.0 1.8 0.9
PM 23.1[°] 29.7 1.29
EM+Qd 19.5 21.0 1.1
CrmaxpM/Cmax,EM 12.1 16.5 1.4
CrmaxEM+0d/ CrmaxsEM 10.2 11.6 1.1
Cmin,48h (U-gll—)
EM 0.21 0.04 0.2
PM 10.7! 8.94 0.8
EM+Qd 2.0[ 0.9 0.5
CrminpM/CrninyeM 58.9 223.5 3.8
Crmin,eM+0d/ CrminsEM 11.0 22.5 2.0

8 Weighted arithmetic mean of reported values following administration of 30 mg single p.o.
dose (Capon et al., 1996; Abdul Manap et al., 1999; Gorski et al., 2004; Abduljalil et al., 2010)

). Weighted arithmetic mean of reported values following administration of 30 mg single p.o.
dose (Capon et al., 1996; Gorski et al., 2004)

[ Weighted arithmetic mean of reported values following administration of 30 mg single p.o.
dose (Capon et al., 1996; Abdul Manap et al., 1999)
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Supple. Table 6

DEX UR in 2D6 EMs during T3 and Postpartum

URo-24n
(DEX/DXO)
Pregnancy (Ts)

Postpartum (PP)

URpp/URT3

Obs. Pred.  Pred./Obs.  Pred.  Pred./Obs.
> (200% P450 2D6 Ind) (100% P450 2D6 Ind)
0.0033 0.0023 0.7 0.0034 1.0
(0.00147-0.0086) - i
0.0063 0.0065 1.0 0.0065 1.0
(0.0037-0.026) : :
1.9 2.9 15 1.9 1.0

[8: Reported median (90% CI) following the administration of 30 mg single p.o. dose (Tracy et

al., 2005)
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Supple. Table 7 Clonidine PK Parameters in Non-pregnant Population

Pred./
Obs. Pred. Obs.
AUC.inf (ng/l_'h)
2.35 ug/Kg i.v. 11.3M 12.5 1.1
1.79 ug/Kg i.v. 8.11 9.5 1.2
Cmin, 24h (Hg”—)
2.35 ug/Kg i.v. 0.35% 0.156 0.4
1.79 pg/Kg i.v. 0.12% 0.12 1.0
AUC.int (Hg/Leh)
0.1 mg p.o. 7.3 6.3 0.9
0.2 mg p.o. 14.3 12.5 0.9
0.3mg p.o. 215 18.8 0.9
Crmax (Mg/L)
0.1 mg p.o. 0.44"] 0.44 1.0
0.2 mg p.o. 0.88! 0.88 1.0
0.3mg p.o. 1.4 1.32 0.9
Cmin, 24h (Ug“—)
0.1 mg p.o. 0.1 0.08 0.8
0.2mg p.o. - 0.16 -
0.3mg p.o. 0.3 0.25 0.8

@ reported mean values (Frisk-Holmberg et al., 1981)

). reported mean values extracted from product label for CATAPRES® (Clonidine

Hydrochloride) oral tablet.

[!: reported mean values(Porchet et al., 1992)

[9: reported mean values (Cunningham et al., 1994)
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Supple. Table 8 Clonidine PK Parameters during T3 and Postpartum

Pred. Pred./Obs. Pred. Pred./Obs.

Obs. @
(200% P450 2D6 Ind) (100% P450 2D6 Ind)
AUC.tau (Ug/Lehr)
Pregnancy (Ts) 5.7 4.8 0.8 5.8 1.0
Postpartum (PP) 9.6 104 1.1 104 1.1
AUCpp/AUCT3 1.7 2.2 1.3 1.8 1.1
Crax (Hg/L)

Pregnancy (Ts) 0.57 0.61 1.1 0.7 1.2
Postpartum (PP) - 1.18 - 1.18 -
Cmax,PP/CmaxJB - 1.9 - 1.7 -

@ Observed value calculated based on reported CLoga. and assumed mean dose of 0.15 mg

(dose range: 0.15-0.3 mg per day) (Buchanan et al., 2009).
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Chapter Three

Expansion of a PBPK Model to Predict Disposition in Pregnant Women of Drugs Cleared

via Multiple CYP Enzymes, Including CYP2B6, CYP2C9 and CYP2C19

* This chapter has been submitted to the journal titled “British Journal of Clinical

Pharmacology”, and is formatted according to the requirements of the journal.
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STRUCTURED SUMMARY

Aim

Conducting PK studies in pregnant women is challenging. Therefore, we asked if a
physiologically-based pharmacokinetic (PBPK) model could be used to predict the disposition in
pregnant women of drugs cleared by multiple CYP enzymes.

Methods

We expanded and verified our previously published pregnancy PBPK model by incorporating
hepatic CYP2B6 induction (based on in vitro data), CYP2C9 induction (based on phenytoin PK),
and CYP2C19 suppression (based on proguanil PK), into the model. This model accounted for
gestational age-dependent changes in maternal physiology and hepatic CYP3A, CYP1A2 and
CYP2D6 activity. For verification, the pregnancy-related changes in the disposition of
methadone (cleared by CYP2B6, 3A and 2C19), and glyburide (cleared by CYP3A, 2C9 and
2C19) were predicted.

Results

Predicted mean postpartum to second trimester (PP:T,) ratios of methadone AUC, Cpnax and Cpin
were 1.9, 1.7 and 2.0, vs. observed values 2.0, 2.0 and 2.6, respectively (Pond et al.,1985).
Predicted mean postpartum to third trimester (PP:T3) ratios of methadone AUC, Cpax and Cin
were 2.1, 2.0 and 2.4, vs. observed values 1.7, 1.7 and 1.8, respectively. Predicted PP:Tj ratios
of glyburide AUC, Cpax and Cpin Were 2.6, 2.2 and 7.0, vs. observed values 2.1, 2.2 and 3.2,
respectively (Hebert et al., 2009).

Conclusions

Our PBPK model integrating prior physiological knowledge, in vitro and in vivo data, allowed

successful
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prediction of methadone and glyburide disposition during pregnancy. We propose this
expanded PBPK model can be used to evaluate different dosing scenarios, during pregnancy, of

drugs cleared by single or multiple CYP enzymes.

What is already known about this subject (<50 words):

e During pregnancy, changes in physiology and ADME processes can significantly affect the
disposition of drugs. Such changes may require adjustments in the dosing regimen of the
drug.

e Since conducting PK studies in pregnant women is challenging, alternative approaches that
can predict adjustment of drug dosing regimens (if any) are highly desirable.

What this study adds (<50 words):

e We expanded and verified a novel physiologically based pharmacokinetic model, which
incorporates gestational age-dependent changes in maternal physiology and major hepatic
CYP enzyme activity, to predict disposition during pregnancy of drugs cleared by multiple

CYP enzymes (e.g. glyburide and methadone).
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Introduction

Considerable literature data demonstrate that the PK of drugs can be significantly affected by
pregnancy. Such changes may lead to either under-dosing or overdosing of medication with the
standard adult dose, with varying consequences for safety and efficacy [1]. For example, in
pregnant opioid-dependent women, the oral clearance (CLograr) Of methadone (METH), is
induced by ~105% during the second trimester (T) vs. postpartum (PP), and ~65% during third
trimester (T3) vs. PP [2]. Given the established link between plasma methadone concentration
and the pharmacological effects [3], these changes during pregnancy may require careful
evaluation of patient complaints of a dose ‘‘not holding’”. Similarly, in gestational diabetic
subjects, the steady-state AUCy.12 and Cax 0f glyburide (GLB), a drug with established plasma
concentration-effect relationship at therapeutic doses [4], are 53% and 55% lower during T3 vs.
non-pregnant type 2 diabetic subjects [5]. These results suggest that patients with inadequate
glucose control might benefit from increased GLB dosage. Obviously, for drugs operating at the
plateau phase of the plasma concentration-effect curve, the pregnancy-induced change in their

pharmacokinetics would be of less concern.

Altered drug disposition can be attributed to pregnancy-induced changes in drug absorption (e.g.,
gastric pH, transporters), distribution (e.g., plasma protein binding and transporters), metabolism
(e.g. cytochrome P450 (CYP) metabolism) and excretion (e.g., renal secretion via transporters)
(ADME). Further, data in the literature suggests that the magnitude of change in maternal
hepatic enzyme activity is CYP isoform specific and gestational age dependent [6]. The
underlying mechanism for the hepatic isoform-specific and gestational state specific induction

during pregnancy is not fully understood. It has been postulated that the rising concentrations of
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various hormones in maternal blood, including placental growth hormone, progesterone,

corticosteroids and estrogens, are responsible for induction of hepatic enzyme activity [7].

Since it is logistically impossible to delineate the changes in PK of all drugs administered to
pregnant women, alternative approaches such as mechanistic modeling, to predict drug
disposition and adjustment of drug dosing regimens (if any) are highly desirable. These
approaches, in conjunction with opportunistic PK studies in pregnant women of drugs
administered for therapeutic purposes, should improve our ability to adjust drug dosing regimens
for pregnant women. To this end, we have focused on a systems pharmacology approach, i.e.
physiologically-based pharmacokinetic (PBPK) modeling. PBPK modeling has the advantage of
incorporating both physiological parameters that are important for ADME processes and drug-
specific parameters (e.g. physico-chemical and drug disposition characteristics) into a
quantitative predictive model [8, 9]. A maternal PBPK model, incorporating prior physiological
parameters as well as maternal hepatic CYP activity in each trimester was recently developed
[10, 11]. We refined this PBPK model and showed that the PBPK model populated with
CYP3A, 1A2 and 2D6 activity change, based on CLoraL Of midazolam, caffeine and metoprolol,
respectively, could accurately predict the disposition during pregnancy of other drugs cleared
primarily by the same CYP enzyme, namely CYP3A-metabolized drug nifedipine and indinavir
(CYP3A) [12], CYP1A2-metabolized drug theophylline, and CYP2D6-metabolized drug
paroxetine, dextromethorphan and clonidine[13]. In the current study, we expanded and verified
the established PBPK model, by incorporating CYP2B6 induction (based on in vitro data),
CYP2C9 induction (based on phenytoin PK), and CYP2C19 suppression (based on proguanil

PK). For model verification, the PBPK model was used to predict the disposition during
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pregnancy of drugs cleared via these multiple CYP pathways including methadone (METH) and

glyburide (GLB).

Methods

General workflow of PBPK model development and verification criterion

A general workflow of PBPK modeling and simulation of test compounds in non-pregnant
subjects consisted of the following steps: 1) comparison of mean plasma concentration-time (C-
T) profiles simulated using a 13-compartment full-PBPK model (Simcyp® Population-based
Simulator Version 12.1, Simcyp Limited, Sheffield, UK) with those obtained from in vivo
studies including i.v. dosing, single and multiple oral dosing (to qualify the drug-specific
parameters); 2) refinement (hence referred to as modified model) of the drug-specific
parameters (e.g. f) if the prediction in (1) above deviates significantly (<0.8-fold or >1.25-fold)
from that observed. Such refinements were often based on changes in mean AUC and mean
concentration-time profiles in the presence of inhibitors or genetic polymorphism of the enzymes
clearing the drug; 3) populating the time-varying full PBPK model constructed in Matlab v.
7.10® (2010, Mathworks®, Natick, MA) with these qualified drug-specific parameters and
pregnancy-induced CYP activity changes (see below).

Verification of the established PBPK model was primarily based on AUC because achieving
equivalent drug exposure in pregnant and non-pregnant women was our primary focus. The term
“verification” is used in place of “validation” to acknowledge the complexity of PBPK model
that requires more than plasma data to accomplish proper validation. In addition, prediction of
Cmax and Cpin was considered because achieving similar drug Cpax and Cp,in may be important for

some drugs where these measures are related to drug efficacy and/or toxicity. For model
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verification, mean AUC, Cyax and Cpin of METH and GLB during pregnancy were predicted and
compared with published studies in pregnant subjects. We chose the criterion of PK
bioequivalence as the criterion for successful verification of the model, namely, the predicted
mean population PK parameters of the drug (as described above), should fall within 80% to

125% of the observed value, i.e. 0.80<pred/obs<1.25.

General pregnancy PBPK model structure and key assumptions

The general pregnancy PBPK model structure and key assumptions were described in detail
previously [10, 12]. Briefly, the gestational age dependent changes in physiological parameters
(e.g., cardiac output, glomerular filtrate rate, etc) were incorporated into an existing PBPK model
(Jamei et al, 2009). Maternal glomerular filtration rate (GFR) was assumed to increase during
pregnancy by 19%, 40% and 37% during T1, T, and T3 respectively [11]. The change in drug
unbound fraction in plasma (fyp) during pregnancy, as a function of serum albumin or a1-AGP
concentrations, was accounted for in the model as described previously [12]. The established
PBPK model also assumed that hepatic CYP3A activity increased by 2.0-fold (measured by
midazolam CLorar) during T3 [12]. The magnitude of CYP3A during T, was assumed to be the
same as that of Tj, as suggested by similar T, vs. Tz effect on indinavir CLorar [14] . The PBPK
model was further expanded to incorporate pregnancy-induced induction of CYP2B6 and
CYP2C9, as well as suppression of CYP2C19 as described below. Maternal hepatic CYP2B6
was assumed to increase during pregnancy by 1.1-fold, 1.4-fold and 1.9-fold (based on in vitro to
in vivo extrapolation, see results) during Ti, T, and T3 respectively. Maternal CYP2C9 activity
was assumed to increase by 1.4-fold, 1.5-fold and 1.6-fold (reported by phenytoin PK) during Tj,

T,and T3[15, 16] (see results). Maternal CYP2C19 activity, as reported by CLorar Of the anti-
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malarial agent proguanil [17, 18], was assumed to decrease by 62% and 68% during Toand Ts,
respectively (see below). Hepatic OATP1B1 or 2B1 activity was assumed to remain constant

throughout pregnancy. These changes were accomplished in Matlab v7.10®.

The mass balance differential equations (except for permeability-limited liver model) used in the
model have been described previously [10, 12]. Briefly, all tissues except maternal liver were
considered to be well-stirred compartments, i.e. that the unbound tissue concentration is at
equilibrium with the unbound concentration in the emergent blood. The maternal liver was
modeled as a permeability-limited tissue, incorporating scaled active uptake (PSin.oaTr) and
scaled passive diffusion clearances (CL,q) of unbound drug at the sinusoidal membrane, and
scaled metabolic clearance (CLintupn) Of unbound drug (Eq.1-2). The liver compartment was
subdivided into extracellular (EC) and intracellular compartments (IC). The EC combined
tissue blood (11.5% of liver volume) and interstitial fluid (16.3% of liver volume). Biliary
excretion of unchanged drug is negligible for the tested drugs and was therefore not considered

in the current model.

dc
EC d—EtCh = QhaCab + Qngbg + QS|CVbS| - QhCEC - CLpd(CEC,h,u - CIC,h,u) - PSint, OATPCEC,h,u Eq 1
dc
V. d'tcvh = PSint,0a1rCec p, y + CLpd(Cecpy — Cienu) — CLintu,nCic Eq. 2

For drugs that are not actively transported into the hepatocytes (such as METH and PHT), Eq.3
was used. EQ.4 was used to describe the apparent intrinsic clearance. Eq.5 was used to describe

the dynamic change of the enzyme amount as a result of auto-induction by drugs such as PHT.

dc c
V, _dth =(Qy - Q, ~Q4)C. + Q,Csy + QuCutst —~ QuCuty — CLinuny K_h Eq. 3
p
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V max* ACYP

cL,.,=———
MY K 4 fu,n * Ch Eq. 4

cYP E max*f C
dA = K deg Acvp,0 — K deg Acyp + K deg Acypo—— 2"
ECso.u+f,,C,,

Eq.5

where Cap, Ch, Cubsi, Cubg and Cypn represent the concentrations in the arterial blood, liver, spleen-
blood, gut-blood and hepatic outlet (or liver-blood), respectively; Qn, Qg and Qg represent the
blood flows of the liver, gut and spleen respectively; Vi, Vec and V| represent the volume of the
liver, extracellular compartment and intracellular compartment of the liver, respectively; f, and
fun represents the fractions unbound in plasma and liver (fys=f./Kp for drugs with no active
uptake or efflux). CLintun, Vmax and Kp, represent the unbound hepatic intrinsic clearance,
maximum velocity and the Michaelis-Menten constant for metabolism, respectively; Acypand
Acve represents the total hepatic amount of CYP isoform at a given time and at baseline. Kgeg
represents the apparent first order degradation rate constant of the CYP enzyme; ECspy and Emax
represent the unbound concentration at which 50% of maximum induction is reached, and the
maximum induction potential, respectively. Pregnancy-induced change, either induction or
suppression of CYP enzyme activity was reflected in unbound hepatic intrinsic clearance CLintyp

for drugs with linear kinetics, or Acypo for drugs associated with saturable hepatic metabolism.

METH PBPK model construction

Methadone (METH), a drug used to treat opiate addiction, is mainly eliminated via hepatic
metabolism by CYP2B6, CYP3A and CYP2C19, with a significant contribution from renal

elimination (16-27%) [19, 20]. A number of studies have shown that methadone distribution
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and disposition are influenced by its chirality: R-METH has lower plasma protein binding level
(binding to a1-AGP), a larger volume of distribution, and higher total body clearance [21, 22].
Therefore, PBPK models for R-METH and S-METH were constructed respectively to account
for the differential disposition of each enantiomer.  Physiochemical and protein binding
parameters (Log Pow, pKa, B/P ratio, fyp), absorption (Fa Ka, Tiag), distribution (Vss), elimination
(CL)v) and excretion (CL,) were obtained from literature (see Table 1). Initial scaling of in vitro
metabolic data [19, 23] did not fully recover the observed R and S-METH metabolic clearance,
CLuy. Therefore hepatic unbound intrinsic clearance CL;n, Was back-calculated from observed
CLy (=CLv-CL,) using well-stirred liver model. Because in vitro K, for CYP2B6, CYP3A and
CYP2C19 [23] is significantly greater than the therapeutic METH concentration of 1-2 pM,
saturation of hepatic CYP enzymes in the clinically used dose range is unlikely.  This
speculation is also supported by comparable mean CLoraL following chronic dosing vs. single
dosing of the racemate [20, 21, 24-26]. For these reasons saturable metabolism was not
incorporated into the model. The contribution from individual CYP to total metabolic clearance
obtained in vitro is 43.4%, 45.3% and 9.1% (R-METH), and 69.2%, 37.1% and 10.4% (S-
METH), for CYP2B6, 3A and 2C19, respectively [19]. In vivo f, for individual CYP was
calculated by taking the product of f,, (=1-f;) and the fractional contribution of individual CYP.
Urine pH has a significant effect on renal clearance. When urine pH is below 6, the contribution
of renal clearance becomes significant, accounting for around 16-27% of total body clearance
[20, 27]. The average literature values for CL, and f, of the R-METH and S-METH were used in
the final model [20, 21, 28]. The constructed drug model was verified by comparing predicted

mean AUC, Cyax and Cpin of R-METH and S-METH following single and multiple p.o. dosing
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of the racemate in non-pregnant subjects to reported literature values. The drug-dependent

parameters of METH are listed in Table 1.

In vitro to in vivo extrapolation (IVIVE) of CYP2B6 induction during pregnancy

Hepatic CYP2B6 mRNA expression and enzyme activity, was shown to be induced by estradiol
in a concentration-dependent manner in human hepatocytes, with ECsp,u of 1.9+£0.5 uM and Epax
(fold-increase) of 34+22 (based on CYP2B6 mRNA expression), respectively [29]. The
corresponding values based on CYP2B6 activity data are 4.1+4.1 uM and 20£21, respectively
[29]. Because estradiol depletion in human hepatocytes is significant with a reported half-life of
0.57 £ 0.12 hr [30], the reported ECs , was corrected for estradiol depletion by calculating the
average concentration (AUCy.i,y/tau) during an incubation period of 24 hr. In the same
experiment, rifampin and carbamazepine were included as positive controls. Rifampin’s in vitro
Emax (=9.1-fold) of CYP2B6 induction was greater than the in vivo Enax (=4 fold) as measured by
hydroxybupropion formation clearance [31] . While carbamazepine’s in vitro Emax (=2.2-fold)
was much less than the in vivo Emax (=11.5 fold) reported by hydroxybupropion to bupropion
AUC ratio [32]. IVIVE based on CYP2B6 activity data yielded similar conclusions. Given
these observations, Ema for estradiol-mediated CYP2B6 induction was not calibrated. Based on
meta-analysis of literature data, average estradiol concentration in plasmais 9.3, 33.3 and 59.6
nM during Ty, T, and T3[11]. The reported mean unbound fraction in plasma of estradiol is 2%
(range 1-3% ) in the non-pregnant population [33]. Estradiol mainly binds to albumin [33] and
its unbound fraction in plasma is predicted to increase from the average pre-pregnancy level of

2% 10 2.1%, 2.3% and 2.9% during Ty, T2 and T3. These correspond to unbound estradiol
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concentration of 0.20, 0.76 and 1.72 nM, respectively. The magnitude of CYP2B6 induction

based on CYP2B6 mRNA data was predicted using the equation 6.

fold induction =1+ L1* > Emec Eq. 6
[1]u + ECso

Glyburide (GLB) PBPK model construction

GLB has dose-proportional kinetics following single and multiple p.o dosing in the clinical dose
range [34]. GLB is almost exclusively cleared via hepatic metabolism (fe<0.1%) [35]. Data in
literature regarding the contribution from individual CYP, particularly CYP2C9, to the metabolic
clearance of GLB are inconsistent. In one study, selective inhibition studies in human liver
microsomes showed that CYP3A plays a major role in GLB metabolism (~53%), followed by
CYP2C9 (~28%) and CYP2C19 (<20%) [36]. In another study, using similar experimental
approach, the individual CYP contribution to GLB metabolism was as follows: CYP3A
(~50%)> CYP2C8 (~33%)> CYP2C19 (~17%) [37]. In vivo studies, on the other hand,
suggested a significant role for CYP2C9 in the clearance of GLB. Single and multiple
coadministration of fluvastatin (40 mg), a CYP2C9 inhibitor, increased the plasma AUC of GLB
by 23% [38]. CYP2C9 is a highly polymorphic enzyme. Kirchheiner et al. showed that the
total oral clearance of GLB in the CYP2C9 *3/*3 subjects (n=3) was approximately 40% of that
in the CYP2C9*1/*1 subjects (n=4) [4] . Niemi et al. reported that the oral clearance of GLB in
individuals heterozygous for the CYP2C9*3 allele (n=2) was 35.7% of the respective value in
the CYP2C9*1/*1 subjects [39].  These clinical studies suggest the contribution of CYP2C9 to
GLB metabolism in vivo (fi 2co) falls in the range of 18.6% to 63%. Considering all the in vitro
and in vivo evidence, in the final GLB model, the assigned contribution from individual CYP to

total GLB metabolic clearance was 50%, 30% and 20% for CYP3A, 2C9 and 2C19, respectively.
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GLB has also been identified in vitro as a substrate of OTAP2B1 [40] and an inhibitor of
OATP1B1 [41]. Itis likely that GLB is also a substrate of OATP1B1, although this has not been
shown in literature as of date. In vivo, 600-mg IV rifampin (RIF) over 30 min immediately
followed by 1.25-mg oral GLB increased GLB plasma AUC by 118% and Cpax by 81% [35].
Because RIF is a potent pan OATP inhibitor, this significant drug-drug interaction could be
attributed to the inhibition of OATP2B1 and/or OATP1B1-mediated hepatic uptake clearance of
GLB. These results also indicate the fraction of transport-mediated clearance towards total

hepatic uptake clearance is at least 54.5%, assuming completing inhibition of OATPs by RIF.

The PBPK modeling strategy for GLB was as follows: First, the metabolic clearance of GLB
(=3.6 L/hr) was predicted via IVIVE from two independent in vitro studies [36, 42] and similar
clearance values were obtained. Definitive in vitro transport studies of GLB are not available,
therefore the following parameters were estimated simultaneously using mean glyburide plasma
pharmacokinetic data reported in subjects taking a single oral dose of 1.75-5 mg glyburide:
hepatic bidirectional permeability clearance (CLq4), and hepatic intrinsic uptake clearance by
OATP (or the permeability surface area product, PSin.oatp). As discussed above, both
OATP2B1 and 1B1 could be important in mediating the uptake of the drug into the hepatocytes,
therefore a lumped clearance PSin.oatp, Was used. Two automated sensitivity analyses were
conducted to identify the initial estimates for fitting PSinoate and CLyq (Supplemental Fig.1).
There are many combinations of PS;noate and CL g values that can result in AUC within the
range of 0.46-0.73 ng*h/mL following 1.75 mg p.o., which is 80-125% of the mean AUC
observed in vivo (0.58 ng*h/mL). Consequently the combination with PS;n0ate > CLpg
(PSintoate: 50 pL/min/10° cells; CLpg: 30 uL/min/10° cells) were selected and used as initial

estimates for data fitting, as the fraction of transport-mediated clearance towards total hepatic
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uptake clearance is at least 54.5% as discussed earlier. Other drug-specific parameters, including
physiochemical and protein binding parameters (Log Po.w, PKa, fup), absorption (Fa Ka, Tiag),
distribution (V) and excretion (CL,) were obtained from literature. The drug-dependent
parameters of GLB are listed in Table 3. To predict the DDI between GLB and RIF, a RIF
drug model provided in Simcyp simulator was updated with in vitro Ki of RIF against hepatic
OATP2B1 or 1B1. In vitro Ki sourced from the online database UCSF-FDATransPortal

(http://bts.ucsf.edu/fdatransportal/#content) ranged from 0.41-17 uM. Varma et al. showed using

PBPK modeling, the in vivo Ki of rifampin as 0.41-0.6 uM, essentially the most potent in vitro
Ki values reported, best recovered the DDI between RIF and pravastatin, a well-established

substrate drug of hepatic OATP1B1[43]. Hence we used in vivo Ki of 0.41 uM in our prediction.

Deconvolution of the magnitude of CYP2C19 suppression during pregnancy based on proguanil

PK

CYP2C19 mediates the biotransformation of the anti-malarial agent, proguanil to its active
metabolite cycloguanil. Proguanil is also excreted as unchanged drug in urine (f. = 32%) [44].
Proguanil is extensively absorbed from the gastrointestinal tract and exhibits linear
pharmacokinetics over the dose range 100 mg to 400 mg [45]. The drug is 75% bound to plasma
proteins and highly partitions into the red blood cells (blood to plasma concentration ratio or B/P
= ~b) [46]. The CLoraL of proguanil decreases by 60% during T, and T3 in patients with
uncomplicated P. falciparum malaria, as compared to non-pregnant healthy subjects [17].
Possible disease effect on CLorar Of proguanil cannot be completely ruled out. In another study,
where the plasma metabolic ratio of proguanil/cycloguanil was used as CYP2C19 marker, this

metabolic ratio was 62% higher during T3 vs. postpartum in subjects phenotyped as CYP2C19
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extensive metabolizers [18]. The observed decrease in proguanil CLoraL during pregnancy, was
then used to deconvolute the magnitude of decrease in 2C19 activity after accounting for other
pregnancy related components of proguanil CLoraL (CL;, B/P ratio and plasma protein binding).
Specifically, F;*Fg was assumed to be equal to unity and remain unchanged during pregnancy.
The CL, of proguanil greatly exceeds (> 11-fold) the renal filtration clearance (=f,,*GFR),
suggesting proguanil is actively transported in the kidney. Because the renal transport
mechanism of proguanil is unknown and because CL, has not been assessed in pregnant women,
we assumed that only the filtration clearance was increased during pregnancy. B/P ratio was
predicted to decrease from baseline value of 5.0 to 4.4 during T3 following a decrease in
hematocrit value. Lastly, f,, was predicted to increase from baseline value of 0.25 to 0.33
during T3 as a function of plasma albumin concentration. Using the well-stirred liver model
shown below, the deconvoluted CLjnhy, 1.6. CYP2C19 activity, is decreased by 62% in T, and

68% inTs.

B CLoraLFaFc —CL¢ Eq 7
inthu — CLI'

fu,p 1+ B:P
Qn

CL
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Results
In vitro to in vivo extrapolation (IVIVE) of CYP2B6 induction during pregnancy

Using human hepatocytes, it was recently shown hepatic CYP2B6 mRNA expression and
enzyme activity, can be induced by estradiol following a 48-hr incubation period, with ECsp,u of
1.9+0.5 pM and Epmax (fold-increase) of 3422 (based on CYP2B6 mRNA expression),
respectively [29]. The average ECs, was 61.4 nM after correcting for estradiol depletion (see
Methods). For reasons outlined in Methods, the Emax for estradiol-mediated CYP2B6 induction
was not calibrated based on positive controls data including rifampin and carbamazepine. At the
unbound estradiol concentration in plasma of 0.20, 0.76 and 1.72 nM, during Ty, T» and Tj,
respectively, the predicted magnitude of CYP2B6 induction based on CYP2B6 mRNA data was
1.1-, 1.4- and 1.9-fold, respectively. The predicted magnitude based on CYP2B6 activity data
was 1.0-, 1.1- and 1.3-fold, respectively. Because the increase in the rate of enzyme translation
following administration of an inducer is secondary to its effect on the rate of transcription, there
may be a delay, for e.g., due to turnover rate of nuclear receptors mediating the increased level of
protein synthesis, between the manifestation of these two processes [47]. Considering these
factors, the predicted magnitude of CYP2B6 induction based on CYP2B6 mRNA data, was used

in subsequent PBPK modeling of methadone disposition.

Methadone (METH) PK Prediction in pregnancy using PBPK model incorporating CYP2B6

induction based on in vitro data

The mean AUC, Cpax and Cpin of R-METH and S-METH following a single p.o. dose of the

racemic METH of 9.9 mg in non-pregnant subjects were quantitatively predicted by the
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constructed R-METH and S-METH models (i.e., pred./obs. in the range of 0.8-1.2, Figure 1A
and Table 4). At steady-state, the mean AUC, Cnax and Cpin of R-METH and S-METH
following chronic dosing of racemic METH of 70mg Q.D. or 100 mg Q.D. were also
quantitatively predicted, with the exception of AUCy.tauss (70 mg Q.D.) of S-METH and Cyin, ss
(70 mg Q.D.) of R-METH (Figure 1B and Table 4). Nevertheless, the predictions of those were
border-line acceptable with the corresponding pred./obs. of 1.26 and 0.75, respectively. Then,
METH exposure in pregnant women was predicted based on the study design described [2]. In
this study, the disposition of the racemic METH was studied in nine pregnant subjects who had
been on METH maintenance therapy. R-METH and S-METH plasma concentrations following
an average dose of 30 mg Q.D. of the racemic METH were predicted respectively, and the
summed concentrations of each enantiomer were compared with the observed data (Figure 2 and
Table 5). The model predicted mean AUCR (PP:T,) of 1.9, mean Cp ratio (PP:T,) of 1.8 and
mean Cpi, ratio (PP:T,) of 2.1, compared to observed mean ratios 2.0, 2.0 and 2.6, respectively.
The model predicted mean AUCR (PP:T3) of 2.1, mean Cnax ratio (PP:T3) of 2.0 and mean Cpin
ratio (PP:T3) of 2.4, compared to observed mean ratios 1.7, 1.7 and 1.8, respectively. PBPK
model successfully predicted racemic methadone PK during T, i.e. pred/obs of mean AUC, Cpax
and Cpin in the range of 0.80-1.11 (Table 5). T3 AUC and Cpin were slightly under-predicted,
with pred./obs. of 0.79 and 0.73, respectively. R-METH and S-METH plasma unbound
fraction was predicted to increase by 23% and 25% during T, and 27% and 29% during T3 vs.
postpartum, as a result of reduced plasma level of AAG, the major binding protein. The
reported pregnancy effect on racemic METH plasma unbound fraction was not significant,
although there was a trend towards increased unbound fraction by 19-31% during pregnancy vs.

postpartum. The predicted R-METH and S-METH CL, was 1.7-fold and 1.8-fold higher
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during T3 vs. PP, as a result of increased GFR and plasma unbound fraction, comparable to the

reported value of 2-fold of the racemate.

Phenytoin (PHT) prediction to inform CYP2C9 induction during pregnancy

The PHT model provided in Simcyp simulator was used without modification. The major 4-
hydroxy metabolite was attributed to CYP2C9 (fi 2c0=72%) and CYP2C19 (f 2c10=8%)
mediated clearance, whereas the non 4-hydroxy (fm oter=15-20%) clearance was unassigned.
Furthermore, the model also accounted for saturable metabolism by CYP2C9 and 2C19, as well
as auto-induction of CYP2C9 (see Table 2). To confirm in vivo fy2co, We predicted the effect of
fluconazole inhibition (200 mg/day p.o. for 14 days) on PHT PK (250 mg/day p.o. for 4 days).
The fluconazole model provided in Simcyp simulator was used without modification. The
predicted PHT AUCR (AUC;nhibited! AUCcontrot) OF 2.15 (data not shown) was comparable to the
observed AUCR of 1.75 [48]. Furthermore, the mean AUC, Cax, Cmin and Cpre-dose OFf PHT (300
mg Q.D.) in non-pregnant subjects were quantitatively predicted by the PHT model (i.e.,
pred./obs. in the range of 0.83-1.02, Figure 3A and Table 6). In studies conducted in the
pregnant subjects, PHT plasma trough concentration (i.€. Cpre-gose) IS invariably used as a marker
of CYP2C9 activity. Hence the change in PHT Cpre-dose Was used here to deconvolute the
magnitude of increase CYP2C9 activity. In pregnant epileptic patients receiving a fixed PHT
dose of 300mg daily, PHT Cpre-dose IS decreased by 43%, 51% and 61% during Ty, Toand Tj,
respectively[15, 16]. Through sensitivity analysis, CYP2C9 fold-induction was 1.4-, 1.5-, and
1.6-fold, during T4, T2 and Ts, respectively, to recover the reported changes in PHT Cpre-dose
(Figure 3B). The predicted PHT plasma unbound fraction was 15%, 26% and 30% during Ty,

T, and T3, compared to the reported values of 14%, 16-38% and 26-40%, respectively [16, 49].
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Glyburide (GLB) PBPK model prediction incorporating OATP uptake

The constructed GLB model, accounting for metabolism by CYP3A, CYP2C9 and 2C19, as well
as hepatic OATP-mediated uptake, was verified against the disposition kinetics following the
administration of a single oral dose of 1.75-5 mg to non-pregnant healthy volunteers.  Model-
predicted AUCo.int, Cmax and Cnin, 12n all met verification criterion, with pred./obs. in the range
of 0.87-1.25 (Fig. 4A and Table 7). Chin, 24n 0f GLB (5 mg p.0.) was under-predicted, with
pred./obs. of 0.21. Following RIF treatment (600 mg i.v. over 30 min), the predicted GLB (1.25
mg p.o.) plasma AUCR and Cyax Ratio were 1.88 and 1.47, respectively, compared to the
observed ratios of 2.2 + 0.51 and 1.8 + 0.28, respectively[35] (Supplemental Fig. 2A). RIF
plasma concentration-time profile is also in reasonable agreement with the observed data [50]

(Supplemental Fig. 2B).

GLB plasma concentration-time profile following a fixed dose of 1 mg Q.D. in pregnant women
was predicted based on the study design described [5]. In this study, the steady-state GLB
disposition was evaluated in gestational diabetic subjects (n=40) during T3 and compared with
non-pregnant type 2 diabetic subjects (n=26). Predicted mean GLB AUCR (PP:T3), Cnax ratio
(PP:T3) and Cpin ratio (PP:T3) were 2.6, 2.2 and 7.0, compared to the observed value of 2.1, 2.2
and 3.2. Model-predicted AUC.;,y and Crax during T3 and postpartum met verification
criterion, with pred./obs. in the range of 0.87-1.05 (Fig. 4B and Table 7). Cpin, 12n 0f GLB
during T3 and postpartum was under-predicted, with pred./obs. of 0.23 and 0.49, respectively.
The GLB plasma unbound fraction was predicted to increase from 1.5% to 2.1% during T3. In
comparison, the reported GLB plasma unbound fraction in gestational diabetic subjects during T3
subjects (=1.6 + 0.1%) is not different from that of the non-pregnant type 2 diabetic subjects

(=1.5 + 0.1%).
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Discussion

Many studies in literature have utilized model (probe) drugs that report CYP enzyme activities to
delineate the magnitude of change in activity of major CYP enzymes, mostly during the third
trimester (e.g. caffeine for CYP1A2, metoprolol for CYP2D6, midazolam for CYP3A, phenytoin
for CYP2C9) [51]. However, for hepatic CYP2B6 enzyme, such a probe drug study (e.g.
bupropion) to delineate in vivo CYP2B6 activity during pregnancy has not been reported.
Therefore, we utilized a bottom-up approach based on mechanistic studies (i.e. IVIVE). Based
on gradually rising concentration of estradiol in plasma, we predicted that hepatic CYP2B6
induction during pregnancy increased gradually and peaked during Ts at 1.9-fold of the PP value.
It is noteworthy that estradiol concentrations vary considerably between individuals during
pregnancy [52], and, as such, the magnitude of CYP2B6 induction could vary between women
during pregnancy. For example, at the highest reported estradiol plasma concentration of
~140nM, the predicted fold-induction of CYP2B6 is 3.1-fold. We then confirmed the predicted
magnitude of CYP2B6 induction in vivo by predicting METH disposition during pregnancy. To
do so, respective METH PBPK model accounting for stereo-selective disposition of R-METH
and S-METH was constructed and verified against observed PK data following single or multiple
p.o. dosing of the racemate to the non-pregnant population. The PBPK model accounting for
CYP2B6 induction, as well as known pregnancy effect on other clearance pathways including
CYP3A, CYP2C19, and CL,, successfully predicted METH disposition during T, as compared
to the observed data [2]. Model prediction of METH disposition during T3z was less robust yet
border-line acceptable. We suspect this is due to that the reported mean T, CLorar 1S 21%
higher than mean T3 CLorar. This observed trend in vivo in METH CLograr during T, vs. Tg,

although not statistically significant, is opposite to what we predicted based on IVIVE approach.
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Other clinical studies conducted in pregnant subjects on METH maintenance therapy showed a
similar or greater magnitude of increment in METH CLograc during pregnancy vs. postpartum
(2.9- 3.6 fold) [53], or vs. historical controls (~1.6 fold) [54]. However because plasma
concentration-time profiles were not reported in those studies, and limited sample size, these data
were not used for model verification.  One limitation of our study is that because METH
CLoraL reports the change in multiple clearance pathways, it might not be a sensitive reporter of
CYP2B6 activity. As suspected, sensitivity analysis showed CYP2B6 fold-induction in the
range of 1.0-3.0 fold and 1.0-2.0 fold during T, and Ts, respectively, could recover the observed
plasma AUC of METH during pregnancy (i.e. pred/obs within 0.80-1.25). These results also
indicate that IVIVE based on CYP2B6 activity data, which predicted a smaller induction
potential vs. that of MRNA data, could also recover the observed pregnancy effect on METH
disposition. Future studies with probe drug bupropion during various stages of pregnancy and
postpartum are highly desirable to further confirm the in vivo fold-induction of CYP2B6
predicted from in vitro data. Nevertheless, the above successful prediction of METH
disposition during pregnancy shows for the first time that quantitative PK predictions of drugs
cleared by multiple CYP enzymes is possible, through a PBPK model that integrates

physiological changes in system dependent parameters such as CYP activity.

CYP2B6 is also an important clearance pathway for HIV drug efavirenz. In vitro, CYP2B6 has
been identified as the main isoform metabolizing efavirenz, with smaller contributions from
CYP2A6, CYP3A and UGT2B7. Invivo, CYP2B6 genetic variations are one of the main
sources of efavirenz PK variability [55]. Interestingly, the AUC and Cyax 0f efavirenz did not

differ during pregnancy and postpartum in Thai population, and only Cpin 24n Was lower during
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the T3[56]. A possible explanation for the lack of pregnancy effect on efavirenz PK, at least in
the Thai population, could be that the PK variability introduced by CYP2B6 genotype reduced
the power of the study to detect the pregnancy effect. Auto-induction of CYP2B6 and CYP3A4
is another potential explanation. For CYP3A4, in vitro and in vivo data supports an inverse
correlation between the baseline enzyme activity and the fold induction of enzyme activity, that
is, the magnitude of induction depends on the baseline enzyme activity [47]. If the same holds
true for CYP2BS6, for an individual with high 2B6 activity pre-pregnancy (due to auto-induction),

pregnancy-related increase in CYP2B6 activity may be smaller.

Estradiol (~157 nM) enhanced activities of CYP2C9 (diclofenac 4’-hydroxylation) by 1.3-2.0
fold in human hepatocytes, a magnitude comparable to that by known inducers of CYP2C9 such
as phenobarbital [30]. Estradiol (100 nM) was shown to down-regulate CYP2C19 mRNA
expression by ~ 30% in human hepatocytes via activation of ER [57].  These mechanistic
studies provide a potential explanation for the mechanisms by which CYP2C9 is increased and
CYP2C19 activity is decreased during pregnancy. However, a concentration-dependent
induction or suppression relationship (i.e. ECso and Emax) has not been established for these CYP
isoforms, therefore IVIVE of the magnitude of CYP2C9 and 2C19 induction or suppression in

each trimester is not possible.

To model the PK changes of CYP2C9 substrate drug GLB during pregnancy, we used probe
drug PHT as the model training drug. PHT PK is complicated by two balancing factors:
saturable metabolism by CYP2C9 and CYP2C19 reducing its metabolic clearance at higher

concentration, and auto-induction of CYP2C9 increasing its metabolic clearance at higher
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concentration. The established PHT drug model accounting for these mechanisms quantitatively
predicted PHT PK, including Cpre-dose, following chronic dosing in the non-pregnant population.
Numerous studies have assessed PHT Cpre-gose IN epileptic patients during pregnancy [15, 16, 49].
Although the overall trend of the change in PHT Cpyre-dose during each trimester was consistent
across various studies, the exact magnitude differed. For example, Yerby et al. reported that the
drop in PHT total and free concentration was 37%, 49%, 49% and 32%, 41% ,38%, respectively,
during Ty, Toand T3 [49]. PHT dose used during pregnancy was increased (453 mg/day)
compared to postpartum (333 mg/day). We selected Tomson et al’s study as the model training
set because of its superior study design: a large sample size (n=29), fixed PHT dose,
monotherapy, and trough sampling. Interestingly, following the same fixed dose of 300
mg/day, PHT mean Cpyre.dose during postpartum period (10.27+5.25 pg/L) reported in this study is
41% higher than the reported mean Cpre-dose 1N the non-pregnant, healthy population (~7.3 pg/L,
n=31) [58-60]. The difference in Cpyre-dose DEtWEEN €Pileptic patients and healthy subjects may be
reflective of disease-related factors on PHT disposition. As a result of this difference, the PHT
model quantitatively predicted Cpre-dose iN the non-pregnant healthy population (Table 6), but
under-predicted Cpre-dose IN the pregnant epileptic patients (data not shown). However, it is
expected that at steady-state, CYP2C9 activity change is proportional to the percent change in
PHT Cpre-dose.  Therefore, the difference in the absolute value of baseline Cpyre-dose (Pred. vs. obs.)
should not affect the capacity of the model to recover the change in CYP2C9 activity. The
modest induction of CYP2C9 recovered from in vivo data is also comparable to the magnitude

observed in in vitro studies, of 1.3-2.0 fold in human hepatocytes [30].
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The commonly used proton pump inhibitors including omeprazole, lansoprazole and
pantoprazole, are primarily metabolized by CYP2C19. The effect of pregnancy on the PK of
these drugs has not been studied. Pregnancy-induced suppression of CYP2C19 activity was
deconvoluted from the magnitude of decrease in CLoraL Of proguanil after accounting for other
pregnancy related components of proguanil CLoraL (See Methods). One caveat of this approach,
however, is that renal clearance is a significant clearance pathway of proguanil, especially during
pregnancy when CYP2C19 activity is suppressed. The pregnancy effect on CL, of proguanil is
unknown, therefore we assumed that only the filtration clearance (~10% of renal clearance) was
increased during pregnancy. To definitively assess the magnitude of CYP2C19 induction during
pregnancy, we propose that a PK study with the 2C19 probe omeprazole be conducted during

various stages of pregnancy and postpartum in the future.

GLB has long been considered as primarily metabolized by CYP2C9. Pharmacogenetic studies
appear to support this and suggest that in vivo CYP2C9 contributes significantly (up to 63%) to
GLB metabolism, based on limited number of subjects with reduced catalytic activity of
CYP2C9 [39]. However, recent in vitro studies [36, 42], including from our laboratory [37],
suggest that CYP3A is the major isoform metabolizing GLB, contributing ~50% to GLB
metabolism, followed by ~30% contribution from CYP2C9 and ~20% contribution from
CYP2C19. The constructed GLB model, accounting for metabolism by these multiple CYPs,
also incorporated hepatic OATP-mediated uptake in order to explain a significant DDI caused by
rifampin treatment. Hepatic OATP-mediated uptake of the drug into hepatocytes is not likely to
be the sole rate-limiting step of drug clearance from the body, since GLB IV clearance of 4.4

L/hr [61] can be well-estimated by metabolic clearance. Consistent with this speculation, the
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estimated mean GLB sinusoidal uptake clearance of 572 L/hr (Supplemental Fig. 2C) is greater
than the hepatic intrinsic metabolic clearance of 252.9 L/hr (see footnotes to Table 3).

Following RIF treatment (600 mg i.v. over 30 min), GLB plasma AUCR and C,x ratio were
well predicted by the constructed PBPK model. It is not known whether pregnancy affects
hepatic OATP expression or activity, therefore no change in OATP activity was assumed in the
current model. However, we conducted a sensitivity analysis to assess the impact of hepatic
OATP activity on GLB plasma AUC during Ts. The latter was shown to be sensitive to change
in hepatic OATP activity, when no pregnancy-related CYP induction or suppression was
assumed (Supplemental Fig. 2D). Therefore, we cannot rule out the possibility that hepatic
OATP activity is affected during pregnancy. GLB plasma concentration-time profile following
a fixed dose of 1 mg Q.D. in pregnant women was quantitatively predicted. Because Cpmax
prediction met verification criterion, the under-prediction of GLB steady-state Cyin, 12n during T3
and postpartum could possibly be due to inadequate prediction of tissue distribution (hence the
t1» of drugs) which could result in inadequate prediction of Cnin.  The absorption of GLB was
assumed to follow first-order kinetics with a lag time. Under this assumption, the absorption
phase of GLB plasma profile following single p.o. dose in non-pregnant subjects (Fig. 4A) was
adequately described. However this was not the case in pregnant subjects following multiple
doses (Fig. 4B). Other absorption models, such as an inverse Gaussian density function has been
used to describe GLB absorption [5]. As to what factors contribute to the apparent non-linear
absorption of GLB are not clear. Saturation of intestinal transporters such as P-glycoprotein and
the breast cancer resistance protein are possible explanations because GLB has been identified as
a substrate for both transporters [62]. However, when evaluating GLB Cp.x in the dose range

from 0.875 mg-10 mg p.o. dose in literature (University of Washington DIDB,

171



http://www.druginteractioninfo.org/), we did not observe dose-dependent change in Cpax With

increasing dose. Similar to METH CLoRraL, because GLB CLoraL reports the change in
multiple clearance pathways, it will not be a sensitive reporter of CYP2C9 activity. CYP2C9
and CYP2C19 together contribute ~50% of GLB metabolic clearance. We performed a
sensitivity analysis by simultaneously varying CYP2C9 activity in the range of 1.0-fold to 3.0-
fold induction, and a reduction in CYP2C19 activity of 0% to 80%, respectively. Multiple
combinations of CYP2C9 and 2C19 activity change, for example, 2.7-fold induction of CYP2C9
activity coupled with 80% reduction of CYP2C19 activity, could recover the observed plasma
AUC of GLB during Ts (i.e. pred/obs within 0.80-0.93).  This highlights the importance of
conducting PK studies in pregnant women with well-established probe drug, to definitively
delineate the change in hepatic enzyme activity during pregnancy. Nevertheless, our successful
prediction of GLB AUCR (PP:Ts) during pregnancy illustrates the utility of using a PBPK
model, incorporating pregnancy-dependent changes in CYP activities, to predict the disposition

of a drug cleared by multiple pathways.

Conclusions

In summary, we have shown for the first time that our PBPK model: 1) can quantitatively predict
the disposition of drugs during pregnancy when they are cleared via multiple CYP pathways
using prior knowledge of pregnancy effect on various clearance pathways; 2) extrapolates in
vitro data on estradiol-mediated CYP2B6 induction to its in vivo effect on CYP2B6 substrate
drug METH; 3) allows generalization beyond model drugs studied (e.g. phenytoin, proguanil) to
other drugs with well-characterized ADME characteristics (e.g. GLB). Previously, we have

shown that such extrapolation can also be made for CYP3A [12], 1A2 and 2D6-metabolized
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drugs [13]. Nevertheless, the magnitude of in vivo induction of hepatic CYP2B6 and
suppression of hepatic CYP2C19 activity in pregnant women needs to be confirmed. Since
conducting PK studies in pregnant women is challenging, our expanded PBPK model provides a
valuable tool to evaluate different dosing regimens of drugs cleared primarily by single or
multiple CYP enzymes during pregnancy. While achieving equivalent drug (total or unbound)
exposure in pregnant and non-pregnant women is often the primary focus of maternal
pharmacotherapy, it is equally important to carefully evaluate fetal and neonatal safety,
especially for drugs such as GLB that can cross the placenta. A comprehensive fetal model
could be incorporated into this PBPK model in the future to predict fetal exposure to drugs.
Using such systems pharmacology approach can potentially allow us to identify drugs whose
maternal-fetal PK, and therefore their efficacy and toxicity for the mother and/or the fetus, are
likely to be affected by pregnancy. Conducting the trial in silico before its execution in vivo can
be helpful in optimizing design of “first in pregnancy” PK study including prioritizing study
period (1%, 2" or 3" trimester), sample size and dosage selection. The generated information or
hypotheses can be rigorously tested, and the model can be further refined as data become
available from such PK studies. Ultimately, the proposed approach may help support the design

of rational dosing regimen for pregnant women and their offspring.
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List of Tables

Table 1: Summary of Methadone (MET) drug-dependent parameters

Parameter Value Methods/reference
Molecular Weight 309.4 a
Log Po-w 3.93 b
pKa 9.2 a
B/P Ratio 0.75 c
fup R=0.16; S=0.12 d
Fa 0.88 e
ka (h™) 0.59 f
Fo R=0.98; S=0.99  Predicted by Qg. model °
Tiag (D) 0.295 f
Vs (L/KQ) R=6.2; S=4.7 Predicted "
CLv (L/h) R=8.6; S=6.8 i
CL, (L/h) R=1.8; S=1.1 j
R: CLint,u,286:0-306 k

CLintu (ML/min/ pmol)  CLjyu34=0.039
CLintu,2c19=0.078

S: CLint,u,286:0-427
CLint’u’3A:0.028
CLint,u,2c19=0.078

fnand fe N
R: meZBG :35.1%,

f1n3n =36.6%,
fm2c10 =7.3%,
fe =21%,
S: i ans =49.8%,
Frsn =26.7%,

fm2c19 =7.5%,
f. =16%,

@ reported [63]
™l http:/www.chemspider.com/Chemical-Structure.3953.html

[l: reported value [27]
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[9): average value for R-methadone (R) and S-methadone (S) in literature [64, 65].

[l pack-calculated from mean reported F.*Fg (=0.78-0.79) [26] and predicted Fy (=0.98-0.99).
Reported mean F is 0.82 (range 0.41-0.99) [20, 26, 66]

[%: mean reported values [21, 67]

[al: Qgut model is provided in Simcyp simulator. It retains the form of the “well-stirred” liver
model, but the flow term (Qgcu) iS a hybrid of both permeability through the enterocyte
membrane and villous blood flow [68].

[M: predicted according to Rodgers & Rowland [69]. Reported Vs following i.v. dosing is
5.9+1.4 (R-METH) and 3.4+0.9 (R-METH) [20], or 4.74 +1.94 L/kg (racemic METH) [26].

[: reported [20].

B urine pH has a significant effect on renal clearance. When urine pH is below 6, the
contribution of renal clearance becomes significant, accounting for around 16-30% of total body
clearance [27]. Average of literature values was used [20, 21, 28].

[: In vitro HLM or recombinant CYP data [19, 23] did not fully recover observed metabolic
clearance. Therefore, CLjnny for CYP2B6, 3A and 2C19 were back-calculated from hepatic CL
(=CL-CL,), f, for individual CYP (see below), and ‘average’ population values for liver weight
and hepatic CYP enzyme abundance of 17, 137 and 14 pmol/mg protein for CYP2B6, 3A and
2C19, respectively.

M- The contribution from individual CYP to total metabolic clearance obtained in vitro is 43.4%,
45.3% and 9.1% (R-METH), and 69.2%, 37.1% and 10.4% (S-METH), for CYP2B6, 3A and
2C19, respectively [19]. In vivo f, for individual CYP was calculated by taking the product of f
(=1-f¢) and the percent contribution from individual CYP.
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Table 2: Summary of Phenytoin (PHT) drug-dependent parameters

Parameter
Molecular Weight
Log Pow
pKa
B/P Ratio
fup
Fa

ka (h™)
Fy
Ve (L/Kg)
CLv (L/h)
CL,(L/h)
Vimax (LL/min/pmol)

K (1M)
CLint, other
(uL/min/mg)
Emax (CYP2C9)
ECso

(LM)(CYP2C9)

f, and £,

Value
252.28
2.47
8.15
0.61
0.1
0.9
0.53
1.0
0.573
2.07
0.015
Vmax,2C9=0~24
Vmax2c19=1.53

Km, 2cg:4. 1
Km,2c19=3 6.8

0.97

1.9
15.3

fin2c0 =72%

fn2019=8%

fm,other:1 9%
f=1%
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Table 3: Summary of Glyburide (GLB) drug-dependent parameters

Parameter Value Methods/referen
ce
Molecular Weight 494.0 a
Log Po-w 4.79 b
pKa 5.3 c
B/P Ratio 0.55 Assumed ¢
fusp 0.015 e
Fa 0.84 a
ka (h™) 0.756 f
Tiag (D) 0.39-0.46 f
Fq 0.91 Predicted by Qgut
model
Vs (L/KQ) 0.1 Predicted ¢
CLv (L/h) 4.4 h
CL(L/n) 0.001 i
CLintcyp CLint,cyr3as=0.23 J
(UL/min/pmol) 8

CLintyzcg:0.268
CLint,cyr2c19=0.9

31
CLpg (UL/min/10° 24 Parameter
cells) Estimation®
PSint, OATP2B1 43.5 Parameter
(ML/min/10° cells) Estimation®
fm fm’3A:50%, I

fim,2co =30%,
fm2c10=20%,

[: reported [34]

. hitp://www.drugbank.ca/drugs/DB01016

(). literature value [70]
[9]: there is no evidence in literature that glyburide partitions into erythrocytes. Therefore B/P
was calculated from the equation: E:P=[B:P-(1-Hct)]/Hct, where E:P refers to erythrocyte

partition coefficient and Hct refers to hematocrit value (mean value of 0.45 used).

<] "average of reported value in literature [5, 71] .
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1. optimized in the range of 0.39-0.46 h. The reported value is 0.46 h [72]

el predicted Vi according to Rodgers & Rowland is 0.61 L/Kg [69]. This value was further
optimized by applying a global K, scalar of 0.1, in order to match the reported Vi of 0.077 +
0.013 L/Kg following i.v. infusion [61].

(b reported value is 4.4 + 0.56 L/h (n=8) [61].
[, reported value [35].

U back-calculation from hepatic clearance, f,, for individual CYP (see below), and ‘average’
population values for liver weight and hepatic CYP enzyme abundance of 137, 73 and 14
pmol/mg protein for CYP3A, 2C9 and 2C19, respectively. Hepatic intrinsic metabolic clearance
(= 252.9 L/hr) was predicted using in-vitro to in-vivo extrapolation. Briefly, in vitro CLjyy
determined in HLM [42] was scaled by ‘average’ population values for liver weight and
microsomal protein of 1618 g and 38.9 (mg/g liver), respectively. Alternatively, in vitro Vmax
and K,, determined in recombinant CYP enzyme system [36] was scaled by ‘average’ population
values for liver weight and respective hepatic CYP enzyme abundance as described above. Both
approaches yielded similar values and the mean hepatic intrinsic clearance was used.

(K] hepatic bidirectional permeability clearance (CL,q), and hepatic intrinsic uptake clearance by
OATP (or the permeability surface area product, PSiy oaTp), were estimated simultaneously using
mean glyburide plasma pharmacokinetic data reported in subjects taking a single oral dose of
1.75-5 mg glyburide.

"; the contribution from individual CYP obtained using HLM with selective chemical inhibitors
is 53%, 28% and 19% for 3A, 2C9 and 2C19, respectively [36]. In another study, the
contribution from CYP3A is approximately 50%, whereas 2C8 and 2C19 combined contribute
50% [37]. However, in vivo DDI studies using fluvastatin as the perpetrator (a 2C9 inhibitor)
reported AUC % change of 23% [38]. In addition, 2.7-fold higher glyburide AUC in subjects
with CYP2C9*1/*3 and CYP2C9*2/*3 vs. CYP2C9*1/*] was observed [39]. These evidences
suggest that CYP2C9 plays a significant role in glyburide metabolism in vivo. Therefore, the in
vitro contribution from individual CYP was adjusted accordingly, and 50%, 30% and 20% for
3A, 2C9 and 2C19, respectively, was assigned in the final model.
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Table 4: Methadone PK Parameters in Non-pregnant Healthy Volunteers

R-Methadone S-Methadone
AUC.inf Pred./ AUC.inf Pred./
Obs.  Pred. Obs. Pred.
ng/mL*h Obs. ng/mL*h Obs.
9.9 mg ™ 512.0 463.0 0.90 9.9 mg 639.0 591.7 0.93
Cmax ( ng/mL) Cmax ( ng/mL)
9.9 mg 13.0 158 1.22 9.9 mg 23.1 195 0.85
Cmin, 96h (ng/ml—) Cmin, 96h (ng/ml—)

9.9 mg 191 163 0.85 9.9 mg 173 208 121

AUCO-tau,ss AUCO-tau,ss

70 mg Q.D. ™ 3484 3777 1.08 | 70mgQ.D." 3797 4767 1.26
100mg Q.D. 5540 5305 0.96 | 100mgQ.D.! 5730 6740 1.18

Craxss ( ng/mL) Craxss ( ng/mL)
70 mg Q.D. 251 217 0.86 70 mg Q.D. 303 299.1 0.99
100 mg Q.D. 322 299 0.93 100 mg Q.D. 366 4026 1.10
Chin, ss (ng/mL) Chin, ss (ng/mL)
70 mg Q.D. 148.0 1105 0.75 70 mg Q.D. 146.0 1404 0.96

100 mg Q.D. 1845 163.1 0.88 100 mg Q.D. 177.0 2152 1.22

[8: reported mean values in subjects receiving a single oral dose of 9.9 mg racemic methadone
(n=12) [20]

] reported mean values normalized to a 70 mg racemic methadone daily dose (n=18) [21].

[9): reported mean values normalized to a 100 mg racemic methadone daily dose (n=16) [25].
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Table 5: Methadone PK Parameters (30 mg q.d.)
during T3 and Postpartum
AUCy.tau Obs.™  Pred. Pred./Obs.
ng/mL*h

Pregnancy(T>) 1607.7 1778.7 1.11
Pregnancy(T53) 1953.1 1539.0 0.79
Postpartum(PP) 3225.8 3298.1 1.02
AUCpp/AUCT, 2.0 1.9 0.92
AUCpp/AUCT3 1.7 2.1 1.30

Cmax (ng/mL)
Pregnancy(T) 104.3 108.9 1.04
Pregnancy(Ts) 117.7 945 0.80
Postpartum(PP) 204.4 190.2 0.93
Crmax:Pp/Cmax, T2 2.0 1.7 0.89
Crmax:Pp/Cmax, T3 1.7 2.0 1.16
Chrin,2an (NG/ML)
Pregnancy(T>) 42.2 51.6 1.04
Pregnancy(Ts) 60.1 43.9 0.73
Postpartum(PP) 108.3 105.6 0.98
Crnin,PP/Crmax, T2 2.6 2.0 0.94
Crnin:PP/Crmax, T3 1.8 2.4 1.33

8l AUC was calculated based on reported mean CLoga. and mean dose of 30 mg (n=9) [2]

Cmax and Cpin24n Were extracted from published dose-adjusted mean concentration-time profiles.
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Table 6: Phenytoin (300 mg Q.D.) PK Parameters in Non-pregnant
Subjects
[l Pred./
Obs. Pred. Obs.
AUCO-tau,ss

(ng/mL*h) 207.6 201.6 0.97
Craxss ( ng/mL) 10.3 10.58 1.02
Cmin, sS (ng/ml—) 7.58 6.27 0.83
Cpre-dose (ng/ml_) 7.25 6.31 0.87

- arithmetic mean of reported values in non-pregnant, healthy subjects (n=31 total) receiving
chronic administration of 300 mg/day [58-60]. Cminss refers to the last plasma sample taken
during the dosing interval and Cpre-qose refers to the plasma trough concentration before the daily
dose.
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Table 7: Glyburide (p.o) PK Parameters in Non-pregnant
Subjects
Pred./
[a]
1.75mg Obs. Pred. Obs.
AUC.ins (ng/mL*h) 273.9 2810 1.03
Cmax ( ng/mL) 85.8 75.0 0.87
Crin,2n (ng/mL) 2.6 3.2 1.25
5 mg
AUC,.ins (ng/mL*h) 809 800.8 0.99
Chmax ( ng/mL) 109 104.8 0.96
Chrnin, 2an (Ng/ML) 5.02 1.03 0.21
Glyburide PK Parameters (1 mg b.i.d.) during T3 and
Postpartum
AUC,.
O-tau Obs.'  Pred. Pred./Obs.
ng/mL*h
Pregnancy(Ts) 72 62.4 0.87
Postpartum(PP) 153 161.1 1.05
AUCpp/AUCT3 2.1 2.6 1.21
Cmax (ng/mL)
Pregnancy(Ts) 15 14.2 0.95
Postpartum(PP) 33 30.8 0.93
Cmax,PP/Cmax,Ta 2.2 2.2 0.99
Crin,24n (Ng/ML)
Pregnancy(Ts) 1.82 0.41 0.23
Postpartum(PP) 5.85 2.87 0.49
Cmin,PP/Cmax,T3 32 70 217

[@): reported mean values in non-pregnant, healthy subjects with CYP2C9*1/*1 or *1/*2 genotype
(n=18 total) [39, 73]

] reported mean values (n=24). The genotype of the subjects is unknown [74]
[ reported mean values normalized to a 1 mg b.i.d. in gestational diabetic subjects during 3"

trimester (n=40) and non-pregnant type 2 diabetic subjects (n=26) [5]. CYP2C9 genotype had no
impact on GLB disposition in this study.
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Legends to Figures

Figure 1. Predicted and observed plasma concentration-time profiles of methadone (METH)
enantiomer R-METH and S-METH following the administration of single p.o. dose of 9.9 mg
(A) and multiple p.o. dose of 70 mg/day (B) to non-pregnant subjects. The solid and dashed
lines represent predicted mean R-METH and S-METH profile, respectively. Mean observed data
are overlaid (e: R-METH profile; o: S-METH profile) [20, 21]. Error bars represent standard

deviations.

Figure 2. Predicted and observed plasma concentration-time profiles of racemic methadone
(METH) in pregnant subjects on METH maintenance therapy of 30 mg/day. A) The solid and
dashed lines represent predicted mean METH profile during postpartum (PP) and during 2™
trimester (T,), respectively. B) The solid and dashed lines represent predicted mean METH
profile during postpartum and during 3 trimester (Ts), respectively. Mean observed data are

overlaid (e: postpartum profile; o: T, or Tz profile)[2]. Error bars represent standard deviations.

Figure 3 Predicted and observed phenytoin (PHT) plasma concentration following multiple p.o.
dose of 300 mg/day. A) Predicted (solid line) and observed (symbols) [58, 60, 75] PHT plasma
concentration-time profiles following chronic dosing of 300 mg/day (p.0.) in non-pregnant
healthy subjects. B) The grey bars represent predicted percent decrease in PHT trough
concentration (Cpre-dose), and the white bars represent observed mean percent decrease in PHT

Core-dose IN pregnant women during pregnancy (T4, T2 and T3) vs. postpartum [16].
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Figure 4. A) Predicted and observed plasma concentration-time profiles of glyburide (GLB)
after administration of a single oral dose of 1.75-5 mg to non-pregnant subjects. The black and
grey solid lines represent predicted mean profile in subjects receiving 1.75 mg and 5 mg,
respectively. Mean observed data after the administration of 1.75 mg GLB (e and o) [39, 73]
and 5 mg GLB (#) [74] are overlaid. B) Predicted and observed plasma concentration-time
profiles of glyburide (GLB) following chronic dosing of 1 mg/day (p.0.) during 3" trimester (Ty)
and postpartum. The solid and dashed lines represent predicted mean GLB profile during
postpartum and during T, respectively. Mean observed data [5] are overlaid (e: non-pregnant
type 2 diabetic subjects profile or T2DM; o: gestational diabetic subjects T3 profile or GDM).

Error bars represent standard deviations.
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Supplemental Figure 1. Changes in glyburide AUC (1.75 mg p.o.) as a function of hepatic bidirectional
permeability clearance (CL,q), and hepatic intrinsic uptake clearance by OATP (PSiyoate). There are
many combinations of PS;,oate and CL,4 values that can result in AUC within the range of 0.46-0.73
ng*h/mL following 1.75 mg p.o., which is 80-125% of the mean AUC observed in vivo (0.58 ng*h/mL).
Consequently, PSiyoate > CLpg (PSinoate: 50 HL/min/10° cells; CL,q. 30 pL/min/10° cells) were selected

and used as initial estimates for data fitting.

Supplemental Figure 2. A) Predicted plasma concentration-time profiles of GLB after administration of
a single oral dose of 1.25 mg to non-pregnant subjects, in the presence and absence of rifampin (RIF)
treatment (600 mg i.v.) (control: solid line; RIF treatment: dashed line). B) Predicted (solid line) and
observed (e) [50] plasma concentration-time profiles of rifampin (600 mg i.v. over 30-min infusion). C)
Predicted time course of GLB hepatic sinusoidal uptake clearance in the presence and absence of RIF
treatment (control: solid line; RIF treatment: dashed line). D) Change in GLB AUC (1 mg/day p.0.)
during Ts as a function of hepatic OATP activity. While hepatic OATP activity was increased up to 10-
fold of the value used in the final GLB model, pregnancy-induced changes in CYP activities were

ignored. The dashed line represents the mean observed value.
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Chapter Four

Modeling the Cyclosporine A inhibition of Distribution of the P-glycoprotein PET
ligand, [**C]-Verapamil, into the Maternal Brain and Fetal Liver of the Pregnant

Non-Human Primate: Impact of Tissue Blood Flow and Site of Inhibition

*This chapter has been accepted for publication in the journal titled “Journal of Nuclear

Medicine”, and is formatted according to the requirements of the journal.
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ABSTRACT

Through PET imaging, our laboratory has studied the dynamic biodistribution of [*'C]-
verapamil, a P-gp substrate, in the pregnant non-human primate, M. nemestrina. To gain
detailed insight into the kinetics of verapamil transport across the blood-brain barrier
(BBB) and the blood-placenta barrier (BPB), we analyzed these dynamic biodistribution
data by compartmental modeling.

Methods Thirteen pregnant macaques (gestational age, 71-159 d; term, 172 d)
underwent PET imaging with [**C]-verapamil before and during cyclosporine (CsA; a P-
gp inhibitor) infusion (6, 12 or 24 mg/kg/h).  Dynamic [*'C]-verapamil brain or fetal
liver (reporter of placental P-gp function) activity were assessed by a one-tissue (1C) or
two-tissue compartment (2C) model.

Results The 1C model best explained the observed brain and fetal liver distribution of
[*'C]-radioactivity. When P-gp was completely inhibited, the brain and fetal liver
distribution clearance (K1) approximated tissue blood flow (Q), i.e. extraction ratio, ER =
(K1/Q) was ~1, indicating that in the absence of P-gp function, the distribution of [*'C]-
verapamil radioactivity into these compartments is limited by blood-flow. The potency
of CsA to inhibit P-gp was tissue independent (maternal BBB ICs: 5.67 £ 1.07 UM vs.
BPB ICso: 7.63 + 3.16 UM).

Conclusions We propose that on deliberate or inadvertent P-gp inhibition, the upper
boundary of increase in human brain (or fetal) distribution of lipophilic drugs such as
verapamil will be limited by tissue blood flow. This finding provides a means to predict
the magnitude of P-gp based drug interactions at the BBB and BPB when only the drug’s

baseline (i.e in the absence of P-gp inhibition) distribution across these barriers is
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available through PET imaging. Our data suggest that P-gp based drug interactions at the
human BBB and BPB can be clinically significant, particularly for those P-gp substrate
drugs where P-gp plays a significant role in excluding the drug from these privileged
compartments.

Key Words: P-glycoprotein; blood-brain barrier; blood-placenta barrier; PET imaging.
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INTRODUCTION

Based on rodent studies, the multidrug-resistance protein, P-glycoprotein (P-gp) is
considered to be the most important efflux transporter at the blood-brain barrier (BBB),
because of its high level of expression at the luminal membrane in brain capillary
endothelial cells and its ability to exclude a wide variety of drugs and endogenous
substances from the central nervous system (CNS) (1). Drug removal protects the CNS
from potential neurotoxic effects, but also prevents effective pharmacotherapy of
neurological diseases. These rodent studies have also shown that P-gp is highly
expressed at the blood-placenta barrier (BPB), where it limits drug delivery to the fetus
(e.g. HIV protease inhibitors) (2). Alternatively, the barrier may protect the fetus from

toxicity of maternal cancer chemotherapy (3).

While these rodent studies have demonstrated significant P-gp activity at the BBB and
BPB, it is not clear whether the same magnitude of activity is present at the human BBB
and BPB. We and others have begun to address this question through measurement of P-
gp activity at the human BBB, in the presence and absence of P-gp inhibitors, using
various P-gp PET ligands (e.g. [*'C]-verapamil), and inhibitors (e.g. cyclosporine A -
CsA, tariquidar) (4-7). However, for ethical reasons it is not possible to conduct such
studies to determine the magnitude of P-gp activity at the human BPB. Moreover,
complete inhibition of P-gp at the human BBB (and possibly BPB) with the prototypic P-
gp inhibitor, CsA, is not possible due to potential toxicity of this inhibitor when
administered at doses necessary to produce such an effect (8). Therefore, we conducted

['C]-verapamil dynamic biodistribution studies in a representative animal model, the
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pregnant non-human primate, M. nemestrina, where it is possible to administer doses of
CsA that can completely inhibit P-gp. We published the non-parametric analysis of the
results of these whole-body PET imaging studies and showed an increased distribution
(as measured by AUCiissue/ AUC,1asma) Of [M'C]-radioactivity across the BBB and the BPB,
with minimal or no changes in distribution of [**C]-radioactivity into other organs such as
the maternal liver, spleen and kidneys (9, 10). To gain detailed insight into the transport
kinetics of [*'C]-verapamil radioactivity into macaque tissues with and without P-gp

modulation, we analyzed these macaque data using compartmental modeling.

Our human PET study examining inhibition of P-gp at the BBB using [*'C]-verapamil as
a model P-gp substrate and CsA as a model P-gp inhibitor showed that inhibition of P-gp
increased the plasma (or blood) to brain distribution clearance (K1) of [**C]-verapamil
radioactivity rather than the efflux rate constant k, (6). Moreover, by examining regional
P-gp activity at the BBB with [**C]-verapamil and CsA we showed that in the absence of
functional P-gp activity (e.g. pituitary), the distributional clearance (K;) of lipophilic P-
gp ligands (such as verapamil) into the brain is limited by delivery (i.e., by regional
cerebral blood flow or rCBF) (Q) (7). Hence, we proposed that the extraction ratio
(ER= K1 /Q) is a better index, compared with K;, of P-gp activity. In the presence of P-
gp, the brain ER of lipophilic ligands like [**C]-verapamil can be low and therefore the
blood-flow dependence of tracer distribution (K;) into the tissue may not be apparent.
However, ER of these tracers can increase substantially once P-gp activity is inhibited
and consequently, the delivery of P-gp substrates can become perfusion-dependent (11).

Our ability to completely inhibit P-gp by CsA in the macaque provided us an opportunity
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to test the hypothesis that, as is the case in humans, inhibition of P-gp at both the BBB
and BPB in the macaque is reported by [**C]-verapamil K; (and ER) and not k,. And,
that the upper boundary of K, of a lipophilic P-gp ligand (e.g. [*'C]-verapamil) is limited
by tissue blood flow. Several groups have shown that inhibition of P-gp may be tissue-
dependent (12). Based on these data, we also asked if CsA inhibition of P-gp at the BBB

and the BPB in the macaque is tissue-dependent.

Therefore, the goals of our investigation were three-fold: First, to confirm, through
compartmental modeling, that inhibition of P-gp at both the BBB and BPB in the
macaque is reported by [*'C]-verapamil K; and ER and not k,. Second, to address
whether the magnitude of K; of a lipophilic drug (e.g. verapamil), in the absence of P-gp
function, is limited by tissue blood flow. Third, to determine if the in vivo potency (ICsp)

of P-gp inhibition by CsA at both the BBB and BPB is tissue-dependent.
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MATERIALS AND METHODS

PET Imaging

All experimental procedures were approved by the University of Washington Animal
Care Committee. The study design (Fig. 1) has been previously published (9, 10) and is
briefly summarized in Supplemental Methods. Blood and plasma radioactivity from
[*°0]-water, [*'C]-verapamil and [**C]-CO substudies, was measured by a gamma
counter (Cobra Counter; Packard Corporation, Meriden, Conn). Plasma [*'C]-verapamil
and metabolite concentrations were determined by solid phase extraction/HPLC analysis

as previously described (13).
Model Input Function

Briefly, metabolite assays of plasma after ['C]-verapamil administration resulted in 3
fractions: unchanged verapamil, D617/D717 (formed by dealkylation, henceforth referred
to as D617), and other metabolites (formed by N-demethylation, referred to as polar
metabolites) (13). An exponential function was fitted to these metabolite analysis data to
derive the fraction of verapamil, D617 and polar metabolites in arterial plasma
(Supplemental Fig. 1A), as described previously (6). These analyses were used to
provide a metabolite-corrected input function (Cyer, unchanged verapamil; Cyp,
combined activity of verapamil and D617) used for compartmental modeling
(Supplemental Fig. 1B). For animals (macaque 4, 5 and 15) where plasma verapamil
and metabolites profiles were not determined, a population (mean) metabolite fraction
curve, generated from the animals where these curves were available, was used. In pilot

studies, the blood:plasma ratio of [**C]-verapamil radioactivity was found to be 1.0.
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Hence, input function based on plasma concentration measurements were considered to

be equivalent to those based on blood concentration measurements.
Verapamil Compartmental Modeling

Either a 1-compartment (1C) or 2-compartment model (2C) was fitted to the [*'C]-
verapamil data (6). The estimated model parameters included delay, Ki, ko in a 1C model
and Ky, ko ks and ks in @ 2C model. The correction for vascular space activity in brain
tissue ROIs and fetal liver ROIs was done by fixing V,, to values measured directly from
the tissue blood volume analysis from [*'C]-CO PET study, similar to that described
previously (6). The average Vy, for maternal brain was 0.044 ml/g and for fetal liver was

0.10 mi/g.

The time delay between the plasma input function and the tissue activity curve were
estimated as part of model optimization. Model parameters were estimated by
minimizing the weighted residual sum of the square error (WRRS) between the model
solution and the PET measurements, where the residuals were weighted by the best
possible weighting scheme, i.e. inverse of constant variance of the tissue activity (i.e.,
uniform weighting, standard deviation was equal to 5% of average tissue activity) over
time (14). Goodness of fit of the models to the data was evaluated using the Akaike
information criterion (AIC) and Schwarz Criterion (SC), and visual inspection of the

model fits and residual plots.

Tissue and plasma area under the concentration-time curves (AUC) of total [*'C]-
radioactivity were previously reported (9). The ratio of the vascular volume-corrected
tissue AUC and plasma AUC, designated as AUCR was calculated and used as an

additional index of P-gp activity.
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Tissue Blood Flow Estimation

Cerebral and placental blood flow rates were estimated using a one-compartment model
as previously described (6). Unlike humans, macaques have bidiscoidal placenta
composed of primary and secondary discs. Due to limited resolution of the MRI images
obtained in the current study, it was not possible to identify both primary and secondary
discs on these images. Therefore, placental blood flow was estimated following a manual
adjustment of [*°O]-water radioactivity in the placenta by a factor of 2, on the basis that

primary and secondary discs have similar size and perfusion level (15).
Estimation of the Potency of CsA to Inhibit P-gp

Using nonlinear regression (WinNonlin 5.2; Pharsight Corporation, Mountain View,
CA), sigmoidal Enax model was fitted to the percentage change in ER as a function of

increasing inhibitor concentration to estimate the Enax, the 1Cso, and the Hill coefficient
)

Statistical Analysis

Data are expressed as mean £ SD. Statistical analysis was performed using GraphPad
Prism 5.0 (GraphPad software, La Jolla, CA). Either repeated-measures analysis of
variance, followed by Bonferroni’s test for multiple comparisons, or the paired t test was
used for statistical comparison between different kinetic models whenever appropriate.
CsA-induced changes in kinetic parameters were evaluated using the paired t test. The

significance level was set at P < .05.
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RESULTS

Animals

The demographics of animals are summarized in Table 1 and previously (9, 10). In this
data set, we included one animal (macaque 4) which was not previously reported that
received a lower CsA infusion rate (6 mg/kg/h). The average CsA blood concentration
achieved in this animal was 2.9 pM. In the animals administered 12 mg/kg/h and 24
mg/kg/h, the average CsA blood concentrations achieved were 7.0+2.0 uM (range 4.7-
10.0 uM) and 21.6+3.3 uM (range 17.9-25.8 uM) respectively. Of the thirteen pregnant
macaques, data from one animal (macaque 10) were excluded from subsequent kinetic
analysis due to unusually low arterial blood tracer concentrations but expected tissues
concentrations resulting in [**C]-verapamil K estimates that were physiologically
unrealistic. For another animal (macaque 12), only maternal brain image data were used
because image artifacts due to retained radioactivity in the maternal bladder, did not
allow quantification of radioactivity in the fetal liver. Therefore, maternal brain uptake
was evaluated in twelve animals and fetal liver radioactivity uptake was evaluated in

eleven animals.

Distribution of [*'C]-verapamil into maternal brain

We evaluated the performance of 1C and 2C models with respect to their ability to fit
[*C]-verapamil radioactivity distribution into the brain before and during inhibition of
macaque BBB P-gp with CsA (Fig. 2A shows the profiles for macaque 7), in order to
arrive at the most appropriate model to estimate the distribution of [**C]-verapamil

radioactivity across the macaque BBB as opposed to the human BBB.
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To determine the influence of tracer metabolism on the estimation of kinetic parameters,
several arterial input functions including or excluding metabolites were evaluated (see
Methods). Based on the comparison of AIC values and visual inspection of the model
fit, the 2C model using Cyer as the input function with the lowest AIC values was
considered to be most appropriate for describing 0-45 min brain dynamic data in
macaques (see Supplemental Results). Although the 2C model has the advantage of
separating initial transport rates (K, k) from the rate constants associated with tissue
binding (Ks,ks), the latter were estimated with poor confidence (COV% of the estimates
of 30-200%). Therefore, we investigated the 1C model. Similar to our previous kinetic
analysis with human [**C]-verapamil brain dynamic data (6), we found that a 1C model
showed a poor model fit for during-CsA brain time-activity curve from 0 to 45 min (Fig.
2B, the 1C45 model fit with Cygr as the input function is shown). However, 1C model
using only the first 9 min of the data yielded good model fits (Fig. 2B, 1Cg). The COV%
of the parameter estimates for 1Cy model was 1-5% for K; and 4-18% for k,.  Lastly,
estimates of K; were highly correlated between the 1Cq and 2C45 models (r = 0.96, n =

12, p<0.0001).

Since 1C model appeared to be adequate to assess K using only the first 9 min of the
brain uptake curve, we also evaluated the goodness of fit when different input functions
were used for this model (Fig. 2D). Arterial input functions including or excluding
metabolites had negligible impact on model fits for pre-CsA tissue time-activity curves
(Table 2: p=0.149 for Cygr Vvs. Cyp, p=0.131 for CroraL VS. Cver, N=12). However,

during P-gp inhibition by CsA, models using Cyp or CroraL as the input function
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performed slightly (but significantly) better than Cyer (Table 2), as assessed by goodness
of fit (p=0.002 for Cyer Vs. Cyp, p=0.02 for CrotaL VS. Cver). However, neither Ky
values (pre and during-CsA) nor the percentage change in K; differed significantly when

different input functions were used (p>0.22 in all comparisons).

Based on the results of model characterization, as in humans, the 1C model applied to the
first 9 min of brain dynamic data using Cyver as the input function was the simplest and
most parsimonious model to estimate K; and k; for the distribution of [**C]-verapamil
radioactivity across the macaque BBB. As expected, P-gp inhibition during CsA
treatment (CsA concentration: 14.3+6.4 pM, range 7.8-21.0 pM) increased K; of [*'C]-
verapamil radioactivity into the brain by 372+£193% (range 170-645%, n=6, data from
two animals were excluded from this comparison, see below), and K; approached rCBF
(Q) at maximal inhibition (Table 3). At a lower CsA blood concentration (4.7+1.4 uM,
range 2.9-6.2 uM), the observed increase in K; was smaller (120+£110%, range 28-270%,
Table 3). Estimates of cerebral blood flow were 0.92+0.30 and 0.90+0.24 ml/min/g with
and without CsA treatment respectively, in animals with higher CsA concentrations (n=6,
Table 3). The extraction ratio (i.e. Ki/Q or ER) increased from 0.23+0.05 (n=6) and
approached unity (1.0£0.19, n=6) in animals with higher CsA blood concentrations
(Table 3). The percentage change in ER of [*'C]-verapamil radioactivity into the brain
was linearly correlated with percentage change in flow-normalized AUCR (i.e. AUCR/Q)
(r=0.80, p=0.002, Fig. 3A), whereas the correlation between k, and AUCR was much

weaker (r=0.14, p=0.29, Fig. 3B). In addition, the change in k, (-7 + 33%, data not
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shown) was much less than the ~300% observed in AUCR and was not statistically

significant (P>0.05, pre-CsA vs. during-CsA).

Distribution of [**C]-verapamil into fetal liver

In contrast to maternal brain, a shorter duration of the tissue scans up to 9 min for fetal
liver was not considered because it failed to estimate the efflux rate constant k, with
acceptable precision (COV% > 200%). Representative fetal liver time-activity curves for
[*C]-verapamil before and during CsA treatment are shown in Fig. 4A. An example of
the fit of the 1C model up to 20 min and 45 min of during-CsA dynamic data is shown in

Fig. 4B and 4C (also see Supplemental Results).

Despite the difference in the extent of verapamil metabolism at 20 min (~70%) versus 45
min (~85%), the model using Cyer as the input function consistently yielded lower AIC
values than that of Cyp and Crotac in describing both pre and during-CsA dynamic feta
liver curves (Table 2), and the difference was supported by visual inspection of the model
fit (Fig. 4B and 4C). Similar to the brain model, the input function did not impact K
estimations. Although truncated fetal liver data set from 0 to 20 min seemed to be
adequate to estimate K, the estimates for k, were associated with a much larger
variability (COV% of 20-80%) compared to that of the full-duration data (COV%<20%).
Therefore, a 1C model was fitted to the fetal liver data up to 45 min using Cyer as the
input function to estimate K; and k; for each animal. P-gp inhibition during CsA
treatment (CsA blood concentration: 14.3+£6.4 uM, range 7.8-21.0 uM) increased the

fetal liver K, of [**C]-verapamil radioactivity by 174+75% (range 79%-259%, n=4, data
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from three animals were excluded from this comparison, see below) (Table 3).

Placental blood flow estimates were 0.84+0.20 and 0.68+0.21 ml/min/g with and without
CsA treatment respectively, in animals with higher CsA concentrations (n=4, Table 3).
The ER increased from 0.20+0.10 to 0.68+0.36 in animals with higher CsA blood
concentrations (n=4, data from three animals were excluded from this comparison, see
below) (Table 3). Similar to maternal brain, the change in k; (-2 £ 32%, data not shown)
was much less than the ~120% difference in fetal liver uptake of radioactivity expressed
as AUCR and was not significantly different (p = 0.32) pre-CsA vs. during-CsA. Five
out of eleven animals had a negative percentage change in k. The percentage change in
the ER of [*'C]-verapamil radioactivity by the fetal liver was highly correlated with the
percentage change in AUCR/Q (r=0.92, p<0.0001, Fig. 3C), whereas the correlation

between k; and AUCR was weaker (r=0.56, p=0.25, Fig. 3D).

The potency of CsA to inhibit P-gp at the maternal BBB and the BPB

ER was used as a measure of P-gp activity at the BBB and BPB. We observed a bimodal
relation in maternal brain and placental P-gp inhibition by CsA. After an initial increase
in the ER as the blood CsA concentration increased, further increase in CsA blood
concentrations (> 20 uM), resulted in a decrease in the ER (Fig. 5A and 5B). The
animals showing this behavior at the higher CsA blood concentrations (> 20 uM), were
excluded when estimating the potency of CsA to inhibit P-gp (I1Csp) using the sigmoidal
Emax model. Similar CsA 1Csq values were obtained in different tissues (ICso geg = 5.67 +
1.07 pM  versus ICspppg = 7.63 % 316 pM). The  Emax

and Hill coefficient (y) for P-gp inhibition at the BBB (Emax = 386 = 79%; vy = 4.01+
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2.09) and BPB (Emax = 387 + 119%; v = 1.73% 0.74) was not significantly different (p >

0.05; Fig. 5A and 5B).
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DISCUSSION

We report here for the first time a detailed kinetic analysis of the distribution of
verapamil, a P-gp substrate, into the maternal brain and fetal compartment of the
pregnant non-human primate, M. nemestrina. We and others have previously shown that
inhibition of P-gp at the BBB results in increased distributional clearance (K;) across the
human BBB, with little or no change in the efflux rate constant k; (6, 16). Here we asked

if this was true for inhibition of P-gp at the macaque BBB and BPB.

As we have reported before, the vast majority of radioactivity in the fetal compartment
was concentrated in the fetal liver, with trace amount in the extrahepatic fetal tissues (9).
Hence, the fetal liver served as a readily identifiable reporter of placental transfer of
[*'C]-radioactivity and therefore placental P-gp activity. In contrast, the shape and
location of the placenta makes it difficult to reliably identify and quantify tissue
radioactivity. Given the high blood content of the placenta (~ 50% of placenta is
maternal or fetal blood), reliable estimate of P-gp activity by measuring changes in
placental radioactivity was not possible. This limitation may also impact accurate
determination of placental blood flow. Nonetheless, our estimates of placental blood
flow were comparable to placental perfusion rates obtained by contrast-enhanced

ultrasound technique in pregnant macaques (15).

As in humans, verapamil is metabolized in macaques and the rate of metabolism is faster
but unaffected by gestational age or CsA administration (9, 10). To determine the

influence of tracer metabolism on kinetic parameter estimation, we compared three
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different input functions including CroraL (total plasma activity), Cver (unchanged
verapamil) and Cyp (combined activity of verapamil and D617) for modeling analysis.
The rationale for this comparison was that D617 is a P-gp substrate (17) and therefore its
transport might be kinetically indistinguishable from the transport of verapamil; and at
the end of 40 min, a large fraction of the circulating total radioactivity (~35%) is
composed of polar metabolites (likely not P-gp substrates) which could diffuse across the
BBB (or BPB) as they do in rodents (18). We note that significant plasma
concentrations of both D617 and polar metabolites are present late after tracer
administration and therefore had minimal influence on K; estimated using 1Cq 0r 2Cys
models, because K; is most influenced by initial tissue concentrations. In contrast, these
metabolites could affect estimates of k, and tissue binding (ks and k4), which is exactly
what we observed (see Table 2). To our surprise, including D617 into the input function
did not markedly improve goodness of fit (i.e. AIC and SC) of either 1Cq model or 2Cys
model (or 1C4s for fetal liver), to the pre-CsA and during-CsA brain or fetal time-activity
curves. We speculate that in macaques, D617 (or a different metabolite that elutes in the
same fractions as D617) does not enter the brain in significant quantity in the presence or
absence of P-gp activity. Interestingly, Verbeek et al. have shown that in rodents, [*'C]-
D617 has lower affinity to P-gp than verapamil (19). Taken together, the 1C model with
Cver as the input function was identified to be the most appropriate model to explain the
observed maternal brain and fetal distribution of [*'C]-radioactivity data up to 9 min and
45 min, respectively. In the presence of CsA, consistent with the change in AUCR, K; of
['C]-verapamil radioactivity into the maternal brain and the fetal liver was significantly

increased while k; was not. Based on the above kinetic analyses we conclude that, as is
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the case at the human BBB, inhibition of P-gp at the BBB and the BPB in the macaque is

reported by an increase in [*'C]-verapamil K; and not k.

The ER provides a measure of the ability of each tissue/organ to extract the tracer and
serves as an overall measure of the permeability of the BBB and BPB.  The excellent
correspondence of the change in verapamil ER following P-gp inhibition to flow-
normalized AUCR of maternal brain and fetal liver supports the above argument. As per
our hypothesis, when P-gp was completely inhibited by CsA, the ER of [*'C]-
radioactivity by both the brain and the placenta approximated unity (i.e., K; approximated
blood flow).

The concept that for lipophilic drugs the upper boundary of Kj is perfusion is important
to allow estimation of the dynamic range in brain exposure following maximal P-gp
inhibition at the human BBB. Estimating this dynamic range is important to allow
prediction of the magnitude of drug interaction likely to occur at the BBB when P-gp is
deliberately or inadvertently inhibited. This can be done only when the upper boundary
for the brain distribution of the drug is known. However, currently this upper boundary
is not possible to obtain as approved drugs (e.g. CsA) that are P-gp inhibitors cannot be
safely administered to completely inhibit P-gp at the human BBB. More selective and
potent 2" and 3" generation inhibitors of P-gp have been developed (e.g. tariquidar) but
are not approved as drugs. Since the lower boundary of brain penetration is dictated by
the net permeability of the compound, and the upper boundary dictated by tissue
perfusion, probes associated with a higher baseline brain distribution (in the absence of P-

gp inhibition) would be expected to be associated with a smaller increase in brain
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distribution when P-gp is maximally inhibited compared with drugs with lower baseline
brain distribution. For example, the PET ligands, verapamil and N-desmethyl-
loperamide (dLOP) are both lipophilic compounds (20, 21). However, the differential
permeability of these two P-gp probes is evident in the 4-6 fold difference in mean
baseline K; values (0.035-0.06 ml/min/g for verapamil vs. 0.015 ml/min/g for dLOP in
humans; 0.26 ml/min/g for verapamil vs. 0.04 ml/min/g for dLOP in macaques) (5, 7, 11,
22). The higher baseline ER in the macaques as compared to that in humans is consistent
with the observation that P-gp expression in the macaques is lower (macaque vs. human:
4.71 +1.30 vs. 6.06 + 1.69 fmol/ug protein) (23, 24) and rCBF in the pregnant macaques
is higher (macaque vs. human: 0.5-1.2 ml/min/g (from this study) vs. 0.3-0.5 ml/min/g (7,
11)). Therefore, we predict that dLOP is excluded from the brain by P-gp to a greater
extent than verapamil and as a result the increase in brain exposure of dLOP on complete
P-gp inhibition would be greater than that of verapamil. Data in the literature support
this speculation. Following P-gp inhibition by tariquidar (6 mg/kg), the increase (though
not necessarily the maximal increase) in the brain distribution of [*'C]-verapamil

(reported by K;) was 2.5-fold, while it was 4-fold for [**C]-dLOP (5, 11).

Our previous analysis of these pregnant macaque data using AUCR as an index of P-gp
activity concluded that P-gp activity in maternal brain and in the placenta increases with
gestational age (10). In the present study, using ER as an index of P-gp activity,
although there was a similar trend of greater change in brain and placental ER as
gestational age increased , none of these between-group differences were statistically

significant (for the brain, p=0.178 or the fetal liver, p=0.548). This difference is likely
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due to the fact that the ER takes into account the variation in tissue blood flow, whereas
the AUCR does not. The concentration-dependent inhibition of P-gp (i.e. increase in
[*'C]-verapamil ER) by CsA in the brain and the placenta was bimodal. In the lower
range of CsA blood concentrations, as expected, the brain and placental ER increased
with increase in CsA concentration. However, in the higher range of CsA blood
concentrations (> 20 uM), there was a decrease in ER. This bi-modality in CsA
inhibition in both tissues suggests that, at the higher CsA blood concentrations,
mechanisms other than inhibition of P-gp (e.g. inhibition of influx transporters) are
responsible for [**C]-verapamil distribution into these tissues. At the BBB, our
assumption of P-gp specificity of verapamil and CsA is not unreasonable given the
known functional efflux transporters expressed at this location. In-vitro cellular uptake
experiments have shown that verapamil is not a substrate for organic anion transporting
polypeptide (OATP) brain isoforms 1A2 and 2B1 (personal communication, Dr. Yurong
Lai, Pfizer). However, we cannot rule out the possibility that in the placenta, verapamil

and CsA could interact through other transporters present there (25).

There is increasing evidence that P-gp inhibition appears to be tissue- and species-
specific. For example, peripheral P-gp activities in the rodents or humans, such as those
in testes and lymphocytes, have different sensitivity to P-gp inhibitors than does P-gp at
the BBB (12, 26). Although the mechanisms underlying this differential sensitivity are
not yet fully understood, the higher expression of P-gp at the BBB compared with other
tissues (27) is thought to lower the competitive inhibitor concentration at the site of

inhibition relative to that in the plasma. As a result higher plasma concentrations are

219



required to inhibit P-gp at the BBB resulting in higher ICsy value. However, in the
current study, a more specific measure of P-gp inhibition, namely ER, suggested no
distinctive difference in the potency of CsA inhibiton (ICs) of P-gp expressed at the
BBB and BPB. When corrected for protein binding, the in vivo unbound ICs at the
macaque BBB or BPB was in reasonable agreement with in vitro 1Cs (8). In addition,
the potency of CsA to inhibit macaque P-gp (ICs of 5.67% 1.07 M) at the BBB is
similar to that at the rat BBB (7.2 £ 0.5 uM), suggesting no marked species differences in
the ability of CsA to inhibit BBB P-gp in rats and humans. This finding supports our
contention that the rat serves as an excellent model to predict P-gp based interactions
provided the differences in cerebral blood flow are taken into consideration. On
complete inhibition of P-gp, a much more profound increase in brain exposure (~12.9
fold) of verapamil at the rodent BBB (8, 18) is likely due to the greater cerebral blood
flow in rodents. In small animals, using [**C]-iodoantipyrine autoradiography (28, 29),
CBF was estimated at 0.5-2.4 ml/min/g across different brain regions. The CBF
measured by PET in non-pregnant macaques ranged between 0.3-0.6 ml/min/g (22). The
mean value of CBF in rodents is almost twice as high as that in macaques, which could
explain a 2.5-fold greater effect in the rat in the brain distribution of verapamil as a result
of complete P-gp inhibition. Therefore, the rodent P-gp knockout models can
overestimate the maximum potential for P-gp-mediated drug interactions at the human

BBB.
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CONCLUSION

Our results support the hypothesis that, in the absence of functional P-gp, tissue blood
flow limits the distributional clearance of [*'C]-verapamil across the macaque BBB and
BPB. Our results also highlight the importance of utilizing flow-normalized K; or ER as
a measure of P-gp activity at the BBB and BPB. And, the measure can provide a means
to predict the magnitude of P-gp based drug interactions at the BBB and BPB when only
the baseline (i.e. in the absence of P-gp inhibition) distribution across these barriers is
available through PET imaging. In addition, the in vivo potency (I1Csp) of P-gp inhibition
by CsA at both the BBB and BPB is not tissue-dependent. Given that the non-human
primate is probably the most relevant model for predicting likely tissue exposure levels in
humans, it is reasonable to speculate that P-gp based drug interactions at the human BBB
and BPB can be clinically significant, particularly for those P-gp substrate drugs where P-
gp plays a significant role in excluding the drug from these privileged compartments.
Deliberate circumvention of P-gp (by selective non-toxic inhibitors) at the BBB and BPB
could increase drug delivery to the CNS and the fetus, for example in the treatment of

brain tumors and fetal arrhythmia (30).
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TABLE 1 Demographics of Pregnant, Non-human Primates at Time of PET Study
CsA dose 12 mg/kg/h 24 mg/kg/h
. . Body
Gestational Body Gestational .

Study No. Age (days) Age(y) weight (kg) Study No. Age (days) Age(y) w(eklg)ht
5 81 14.5 7.4 6 71 9.7 1.7
14 66 9 7.3 8 72 12.5 9.1
15 55 7.02 7.2 10 96 9.5 8.7
7 159 14.5 10.3 12 85 8 6.8
17 138 8 9.3 11 155 12.5 8.2
19 145 8.7 7.6 13 155 8 7.6
4* 122 7.3 9.8

Full term for M. nemestrina is ~172 days.

CsA, cyclosporine A. * CsA dose for this animal was 6 mg/kg/h.
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TABLE 2 Parameter Estimates and AIC Values When a One-Tissue (1C) Model was Fitted to the [*'C]-verapamil Dynamic
Biodistribution Data

Maternal Brain* (n=12)

paired t-test comparisons of

Ky (mL - min™ - g) ke (min) AlC AIC values (p-value) **
er?gLiJ;n Pre CsA During CsA  Pre CsA  During CsA  Pre CsA  During CsA gsrz Dgggg Comparisons
L L T R
o B O Olme M g D0 o oo Cgaw

Fetal Liver® (n=11)
Cuer e DdlsE 0L 0SSt LSS 15301368 0035 041 Cuevs.Cwo
o R DU 0gus OMEs WIS gy op ops Qo

Data are given as mean + SD. *9 min tissue-activity data 45 min tissue-activity data

**Comparison of the SC values resulted in similar p values.
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TABLE 3 ["'C]-Verapamil radioactivity K, Q and ER Estimates Grouped by CsA Blood Concentration

i [0)
CsA Conc. (uM)  No. of Before CsA During CsA Yo Change due to CsA
Mean = SD Animal K; Q ER Ky Q ER K1 Q ER
(Range) S
Maternal brain
47414(2962) 4 8.3510.1 2.7410.1 2.4910.2 3.6410.1 (1).8310.2 8.8410.4 L}/501110 12+48%  99+98%
14.3+6.4 (7.8- 0.20+0.0 0.92+0.3 0.23+0.0 0.87+0.2 0.90+0.2 3724193 0 361+123
21.0) 6 7 0 5 0 4 1.0+£0.19 % 0+20% %
Fetal Liver
47414(2962) 4 8.17100 (2).6710.2 8.2810.1 g.3610.1 g.72¢0.2 2.5510.3 115428% 9+17%  102+54%
14.3+6.4 (7.8- 0.15+0.0 0.84+0.2 0.20+0.1 0.43+0.1 0.68+0.2 0.68+0.3 on " 0
21.0) 4 3 0 0 7 1 6 174+75% 18+22% 238+61%

Data are given as mean + SD.

Kiand Q are in unitsof mL - min ™" - g~

1
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FIGURE LEGENDS

FIGURE 1. Schematic of the PET protocol.

FIGURE 2. Brain time-activity curves for [*'C]-verapamil before and during CsA
treatment. A) Representative curves illustrate the difference in brain uptake of [*!C]-
radioactivity before and during administration of CsA in non-human primates (macaque 7
as an example). B) A one-tissue compartment (1C) or a two-tissue compartment (2C)
model was fitted to 45 min (1Cysand 2Cys) or the initial 9 min (1Cy) of during-CsA brain
time-activity curve (Ct). Cyver Was used as the arterial input function. C) A 1C model
was fitted to the initial 9 min of during-CsA brain time-activity curve (Ct). Cyer, Cvp Or

CroraL Were used as the arterial input functions.

FIGURE 3. The percentage change in the brain ER of [*'C]-verapamil radioactivity A)
was linearly correlated with percentage change in flow-normalized brain AUCR
(AUCR/Q) (r=0.80, p=0.002), whereas B) the correlation between brain k, and AUCR
was much weaker (r=0.14, p=0.29). Similarly, the percentage change in fetal liver ER of
[*'C]-verapamil radioactivity C) was highly correlated with percentage change in fetal
liver AUCR/Q (r=0.92, p<0.0001), whereas D) the correlation between fetal liver k, and

AUCR was weaker (r=0.56, p=0.25).

FIGURE 4. Fetal liver time-activity curves for [*'C]-verapamil before and during CsA

treatment. A) Representative curves illustrate the difference in fetal liver uptake of [*'C]-

229



radioactivity before and during the administration of CsA in non-human primates
(macaque 13 is shown as an example). B) A 1C model was fitted to during-CsA time-
activity curve (Ct) up to 20 min. Cygr, Cvp or CroraL Were used as the model input
functions. C) A 1C model was fitted to during-CsA time-activity curve (Cr) up to 45

min. Model input functions used were similar to those in panel B.

FIGURE 5. Inhibition of P-gp (as measured by ER) at the BBB (A) and BPB (B)
increased as CsA blood concentration increased up to ~20 uM. Future increases in CsA
blood concentration resulted in a decrease in ER. Therefore, when estimating the
potency of CsA to inhibit P-gp (ICsp) using the sigmoidal Ena.x model, data points shown
as open circles were excluded. The potency (ICsq) for P-gp inhibition at the BBB and
BPB were similar (ICso ggg= 5.67 + 1.07 uM versus ICsy gpe= 7.63 = 3.16 pM), as was
the Emax for P-gp inhibition (Emax_ses= 386 + 79% versus Emax_grs= 387 + 119%).
Estimated Hill coefficient (y) for P-gp inhibition at the BBB and BPB were y =4.01+ 2.09
and 1.73+ 0.74 respectively. Filled circles: observed data points; Open circles: data

points excluded from this analysis; Solid line: predicted values.
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FIGURE 1.
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FIGURE 4.
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Conclusion Chapter

238



Conclusion

Modeling and simulation of PK and PD of drugs in pregnancy is well recognized as an unmet
need in the scientific community. The long-term objective of my research proposal was to
quantitatively predict maternal-fetal drug disposition during pregnancy, utilizing PBPK modeling
and simulation based on mechanistic studies. There have been significant developments in
PBPK models for the average or special populations over the past decade, as well as our
understanding of the profound physiological and metabolic changes which occur during
pregnancy. The interdisciplinary collaboration between the University of Washington, the Food
and Drug Administration and Simcyp Limited has presented me a unique opportunity to integrate
available knowledge and prior information together with experimental data into a generic and
flexible PBPK model to predict maternal exposure to drugs (and their metabolites) during the
course of pregnancy. To the best of our knowledge, the proposed PBPK model for the pregnant
population is the first generic (not drug or gestational-age specific) PBPK model to allow
evaluation of different dosing regimens of drugs, cleared via a single or multiple P450 enzyme(s),
throughout pregnancy. To date, we have expanded, refined and validated an established PBPK
model by predicting the disposition of drugs cleared primarily by CYP3A (midazolam, nifedipine,
indianvir), CYP1A2 (theophylline), CYP2D6 (metoprolol, paroxetine, dextromethorphan,
clonidine), CYP2C9 (phenytoin), or those cleared by multiple CYP enzymes (glyburide,
methadone). As described in great detail in chapters 1-3, we populated the PBPK model with
probe drug data delineating the hepatic CYP enzyme activity during pregnancy, and validated the
model performance for non-probe drugs associated with well-characterized ADME characteristics

and cleared primarily by the same CYP enzyme as the probe drug. The refined PBPK model
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assuming 99% induction of hepatic CYP3A during the third trimester (T3) based on midazolam
data, quantitatively predicted Ts- induced change in the disposition of other CYP3A-metabolized
drugs, nifedipine and indinavir (chapter 1). The PBPK model assuming 65% suppression of
hepatic CYP1A2 during T3 based on caffeine data, successfully predicted theophylline disposition
during T3 (chapter 2). We defined the range of CYP2D6 induction during T3 to be 100% to 200%
through modeling metoprolol, paroxetine and dextromethorphan disposition during pregnancy.
(chapter 2). Due to lack of probe drug study for CYP2B6, we incorporated CYP2B6 induction
by estradiol based on in vitro to in vivo extrapolation. The expanded PBPK model assumed 1)
hepatic CYP2B6 induction of 40% and 90% during T, and T3 respectively; 2) hepatic CYP2C9
(based on phenytoin data) induction of 50% and 60% during T, and Ts, respectively; 3) hepatic
CYP2C19 (based on proguanil data) suppression of 62% and 68% during T, and T3, respectively.
Based on the expanded model, the disposition of methadone (cleared by CYP3A, 2B6 and 2C19)
and glyburide (cleared by CYP3A, 2C9 and 2C19) during T, and/or T3 was successfully predicted

(chapter 3).

Moreover, our PBPK approach to modeling drug disposition in pregnancy allowed us to bridge
knowledge gaps that are not currently addressed or are difficult to test through clinical studies in
this special population. For example, discerning the site (hepatic, intestinal, or both) of CYP3A
induction in pregnancy. For drugs predominantly cleared by CYP3A, the site of CYP3A induction
during pregnancy is expected to have differential impact on pregnancy induced change in AUC.
Our sensitivity analysis suggests that the observed change in systemic exposure to midazolam,
nifedipine and indinavir was mostly driven by an induction of hepatic 3A activity, with modest to

little contribution from intestinal 3A induction. Based on this finding, and our observation that
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hepatic, but not intestinal, luciferase activity is increased by pregnancy in the CYP3A4-promoter-
luciferase transgenic mice, we propose that human pregnancy induces hepatic, and not intestinal,
CYP3A activity. Further, this research helps shed light on knowledge gaps that warrant further
studies. For example, there are certain limitations of published CYP2D6 probe drug studies
including limited sample size, lack of concentration-time profile, or the use of urinary metabolic
ratio as an index of enzyme activity. To definitively assess the magnitude of CYP2D6 induction
during pregnancy, we propose that a PK study with the most sensitive 2D6 probe
dextromethorphan, where the plasma concentration-time profile of dextromethorphan as opposed
to single time-point concentration is measured, be conducted during various stages of pregnancy
and postpartum.  In the absence of such data, we can only conclude that the CYP2D6 induction
during Tsranges from 100% to 200%. Because methadone CLograL reports the change in
multiple clearance pathways, it might not be a sensitive reporter of in vivo CYP2B6 activity.
Future studies with CYP2B6 probe drug bupropion during various stages of pregnancy and
postpartum are highly desirable to further refine the in vivo fold-induction of CYP2B6 predicted

from in vitro data.

To fully populate the PBPK model, more probe drug studies to delineate the longitudinal changes
of other CYPs and UGTs are warranted. Examples may include omeprazole, repaglinide and
chlorzoxazone PK studies to assess the effect of pregnancy on CYP2C19, 2C8 and CYP2E1
activity in vivo.  For the majority of the probe drug studies conducted in pregnant women, data
are obtained only in the third trimester. This issue stems from the limitation that some probe
drugs cannot be safely administered to pregnant women during early gestation if they are not used

for therapeutic purposes. We have proposed an alternative approach to predict the magnitude of
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enzyme induction or suppression in earlier trimesters, through mechanistic studies with human
hepatocytes incubated with corresponding concentration of specific hormones in plasma observed
during each trimester. This approach has been shown to successfully predict CYP3A and
CYP2B6 induction in the third trimester, and can be expanded to study other CYP isoforms.
Currently, we have incorporated into the PBPK model known knowledge of pregnancy effect on
renal transporter organic cation transporter 2 and renal P-glycoprotein, based on metformin and
digoxin data.  Future studies should extend to other important renal transporters such as organic
anion transporters. Understanding the effect of pregnancy on the expression/activity of hepatic
transporters, organic anion-transporting polypeptide 1B1 and 1B3 (OATP), is important when
uptake of the drug into hepatocytes is the rate-limiting step of its clearance. Statins are probe
drugs for OATPs but they are contraindicated in pregnant women. In future, newly-identified

probe drugs for OATPs that are not contraindicated in pregnancy should be evaluated.

Further expansion of the established PBPK model for the pregnant population can consist of the
following aspects. First, the pregnancy effect on UGT1AL, 1A4 and 2B7 can be incorporated
into the existing model, when appropriate scaling factors for UGT enzymes in hepatic and extra-
hepatic tissues becomes available. Population variability in the predicted drug exposure
measures can also be incorporated, when necessary data on the variability (and covariance) in the
system- and drug-dependent parameters are better defined. Eventually, the creation and
validation of a “virtual pregnant population” integrated into a predictive PBPK platform can be
used, prior to clinical investigations, to evaluate different dosing regimens in pregnant women for

drugs (and their metabolites) cleared primarily via single or mixed CYP or UGT metabolism.
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The coupled maternal-fetal physiology imposes additional concerns for both efficacy and safety
of treatment. Recommendation of dose adjustment in this population should also be carefully
evaluated in terms of assessing the risk of fetal exposure to drugs administered to the mother.
Fetal exposure to drugs not only depends on maternal pharmacokinetics, but also depends on
placental passage of drugs. My research focused on understanding the contribution of the
placental efflux transporter, P-glycoprotein (P-gp), to drug distribution into the fetus in vivo, as a
first step towards quantitative prediction of fetal-to-maternal drug concentration ratios. Only
recently it has become possible to evaluate P-gp activity in vivo when positron emission
tomography (PET) imaging probe [*'C]-verapamil was developed. Although the noninvasive
measurement by PET of placental P-gp function in humans is not possible due to fetal radiation
exposure, the pregnant macaque provides a physiologically relevant model for studying the
contribution of P-gp to drug distribution into the fetus. We applied compartmental modeling to
analyze the dynamic whole-body biodistribution data obtained in pregnant macaques (chapter 4).
Our results support the hypothesis that, in the absence of functional P-gp, tissue blood flow limits
the distributional clearance of [**C]-verapamil across the macaque blood-brain barrier and blood-
placental barrier. Our results also highlight the importance of utilizing flow-normalized K; or
extraction ratio as a measure of P-gp activity expressed in the brain and the placenta. Using this
index of P-gp activity, although we observed a trend of greater change in brain and placental
extraction ratio as gestational age increased from mid-gestation to late-gestation , the differences
were not statistically significant. This indicates P-gp activity in maternal brain and in the
placenta does not appear to increase with gestational age in pregnant macaques. The implication
of this work is that when modeling maternal-to-fetal transfer of drugs, P-gp mediated efflux

clearance of drugs can be considered to be independent of gestational age, provided that macaque
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data is representative of human data. The latter can be confirmed in the near future, by
quantifying the absolute quantity of P-gp in human placental tissue of various gestational ages,

owing to the recent advancement in LC-MS methods for protein quantification.

Increasing knowledge base of placental transport of drugs would be especially helpful in the
utility of PBPK models in further exploration of fetal exposure in silico. Specifically, we have
proposed to estimate the net in vivo maternal-fetal placental clearance of the drug via placental
transporters involved by scaling in vitro transport data to the whole organ level. The current
maternal PBPK model includes a simple fetal distribution model with no fetal elimination. It can
be extended to a more comprehensive fetal model populated with literature values of fetal
physiological parameters. The initial goal of fetal model assessment can be modest, that is, to
accurately classify drugs into three categories: low (<0.2), intermediate (0.2-0.6) or high (>0.6)

fetal-to-maternal concentration ratios at steady-state.

In conclusion, we demonstrated through this research, that by integrating prior physiological
knowledge, preclinical data and clinical data to quantify anticipated PK changes of drugs during
pregnancy, the PBPK approach allows extrapolation beyond model drugs studied to other drugs
with well-characterized ADME characteristics. Conducting the trial in silico before its execution
in vivo can also be helpful in optimizing design of “first in pregnancy” PK study including
prioritizing study period (first, second and third trimester), sample size and dosage selection.

The established maternal PBPK model has the potential to be expanded to assess fetal exposure to
drugs administered to the mother. Using such systems pharmacology approach can potentially

allow us to identify drugs whose maternal-fetal PK, and therefore their efficacy and toxicity for
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the mother and/or the fetus, are likely to be affected, as well as predict the extent of this effect by
pregnancy. Ultimately, the generated information will support the design of rational dosing

regimen for pregnant women and their unborn child.
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