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Risk—Benefit Assessment of Ethinylestradiol
Using a Physiologically Based Pharmacokinetic
Modeling Approach
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Karen Rowland Yeo'

Current formulations of combined oral contraceptives (COC) containing ethinylestradiol (EE) have <35 pg due to increased
risks of cardiovascular diseases (CVD) with higher doses of EE. Low-dose formulations however, have resulted in increased
incidences of breakthrough bleeding and contraceptive failure, particularly when coadministered with inducers of cyto-
chrome P450 enzymes (CYP). The developed physiologically based pharmacokinetic model quantitatively predicted the
effect of CYP3A4 inhibition and induction on the pharmacokinetics of EE. The predicted C,,,.x and AUC ratios when coadmi-
nistered with voriconazole, fluconazole, rifampicin, and carbamazepine were within 1.25 of the observed data. Based on
published clinical data, an AUC value of 1,000 pg/ml.h was selected as the threshold for breakthrough bleeding. Prospec-
tive application of the model in simulations of different doses of EE (20 pg, 35 png, and 50 pg) identified percentages of the

population at risk of breakthrough bleeding alone and with varying degrees of CYP modulation.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE OF THE
TOPIC?

M Ethinylestradiol is a key component of most combined oral
contraceptives and is known to undergo extensive metabolism,
with several reports of clinical DDIs resulting in contraceptive
failure.

WHAT QUESTION DID THIS STUDY ADDRESS?

/I A PBPK model was developed for EE to describe its disposi-
tion as well as aid in the prediction of CYP3A4 mediated
DDls.

Despite continuous advocacy for contraceptive use among
women as an effective means of birth control, a recent study car-
ried out by the British Pregnancy Advisory Service (BPAS) criti-
cized the apparent inefficacy of contraceptives. More than 50%
of over 60,000 women who visited their clinics in 2016 for an
abortion reported using at least one form of contraception when
they got pregnant.'

Ethinylestradiol (EE) is a key active ingredient used in a variety
of combined oral contraceptive (COC) formulations. Since the
introduction of COCs in the 1960s, the dose of EE in the pill
has been reduced due to increased risk of cardiovascular diseases
(CVD), including thromboembolism and myocardial infarction,
particularly in women with other predisposing factors such as
smoking and obesity. Although the exact mechanism contribut-
ing to the increased CVD risk remains unclear, the use of newer

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M We demonstrated the utility of population based PBPK
modeling as a useful tool to investigate the range of exposure of
EE following dosing to individuals with varying degrees of CYP
modulation.

HOW MIGHT THIS STUDY CHANGE CLINICAL
PHARMACOLOGY OR TRANSLATIONAL SCIENCE?
[/ This PBPK model can be further developed by linking the
estimated PK to the PD, hence it can help to better understand
the still existing knowledge gap for the side effects associated
with EE.

low-dose formulations of COC (EE dose <35 pig) has resulted in
a significant decrease in the risk of CVD.? Thus, guidelines issued
by the American College of Obstetricians and Gynecologists
(ACOG) advocate the safety and non-CVD risk of COCs con-
taining <50 pg EE in women younger than 35 years including
those with preexisting but well-controlled hypertension, provided
no other CVD risk factors are present. It is also recommended as
a safe option in older women >35 years until 50-55 years. Cau-
tion is however advised in the use of COC formulations in
women >35 years who smoke, as well as in women with dyslipi-
demia, where it has been suggested that an alternative nonhor-
monal contraceptive be used.® In fact, a recent US Food and
Drug Administration (FDA) guidance contraindicates the use of
COCs in smokers >35 years.*

This article was published online on 27 April 2018. Few errors were subsequently identified in Table 2. This notice is included in the online and print versions to

indicate that both have been corrected on 11 May 2018.
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On the down side, decreasing the dose of EE has led to greater
incidences of breakthrough bleeding or contraceptive failure, espe-
cially when doses are further reduced to <20 ug.s Furthermore,
systemic concentrations of EE have been shown to be significantly
reduced when it is concomitantly administered with potent drug
metabolism enzyme-inducing compounds such as rifampicin.®
EE is known to undergo extensive metabolism by cytochrome
P450 (CYP) mediated hydroxylation as well as conjugation via
sulfotransferases (SULTs) and UDP-glucuronosyltransferases
(UGTs). Any of these enzymes could be susceptible to inhibition
and/or induction, resulting in undesirable drug interactions.”
The metabolism of EE has been studied extensively in an
attempt to elucidate the complex disposition of the drug.g_10
Despite this, the assignment of the relative contributions of
CYP enzymes, SULTs, and UGTs to the metabolism of EE
remains problematic due to inconsistencies in the mass balance
data from the various published studies.

An analysis of the University of Washington drug interaction
database indicates that most of the clinically relevant drug-drug
interactions (DDIs) with >20% inhibition or induction, that
have so far been reported for EE, involve drugs which either
inhibit or induce CYP3A4, cither alone or alongside another
drug metabolizing enzyme.'' Although CYP3A4 is perceived to
play a major role in the metabolism of EE,” studies with potent
CYP3A4 inhibitors indicate that increases in the AUC of EE are
less than 2-fold. Indeed, in a clinical DDI study between EE and
the potent CYP3A4 inhibitor ketoconazole, a 1.4-fold increase
in both AUC and C,,,, was reported, thereby suggesting that the
fraction of the drug metabolized by CYP3A4 (fmcypsa4) is likely
to be much lower than 0.5."

A growing number of regulatory submissions have utilized physi-
ologically based pharmacokinetic (PBPK) modeling and simulation
approaches to quantitatively and qualitatively predict clinical
DDIs, which in some cases may preclude the need to conduct a
more cost-intensive clinical trial.'> However, accurate prediction of
clinical DDIs is dependent on a good understanding of the disposi-
tion of the drug including elucidation of the fraction of drug
metabolized (fm) through the pathway(s) of interest. Thus, the
primary aim of this study was to review the relevant iz vizro and
clinical data relating to EE metabolism and to use these to develop
a PBPK model that could describe its disposition. Data obtained
from a clinical DDI study with ketoconazole'> was used to refine
the contribution of CYP3A4 to the overall clearance of EE, as
shown in the workflow described in Figure 1. The PBPK model
was verified by comparing simulations of the DDIs between EE
and known CYP3A4 inhibitors (fluconazole and voriconazole)
and potent CYP3A4 inducers (carbamazepine and rifampicin)
with clinical data. The PBPK model was then applied prospectively
to predict the DDI potential of EE with moderate CYP3A4
inducers and under conditions of complete CYP inhibition, in an
attempt to understand the exposure limits of EE that would result
in efficacious or potentially harmful concentrations.

RESULTS

First-pass metabolism of EE in the gut and liver

Although EE is well absorbed from the gut, its oral bioavailability
is less than 50% due to extensive metabolism in the gut and/or
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liver during first pass.M’lS In vitro incubation of EE in intestinal
mucosal cells identified only conjugated metabolites, which con-
stituted 38% of the incubated material. Approximately 90% of
the metabolites were sulfo-conjugates, while the rest were identi-
fied as glucuronides.'® Results of an iz vivo mass balance study
showed that 30% of the drug was recovered in the feces 2 weeks
after oral administration, of which ~80% was identified as
unconjugated EE.* The recovery of a high proportion of uncon-
jugated EE in the feces does not necessarily contradict the in vitro
study, given that deconjugation of previously conjugated drug by
enterocytic microbes and shed enterocytes can also occur in the
gut, especially when considering the duration of fecal collection.

A follow-up iz vive study was performed to assess the extent of
EE metabolism in the intestine vs. the liver during first pass by
simultaneous sampling from the portal vein and the systemic cir-
culation after oral administration. The results of the study con-
firmed that conjugation of EE in the gut wall plays a major role
in its presystemic metabolism with a gut extraction ratio (Eg) of
0.44, while that in the liver (Eg) was 0.25."° Although this study
only measured conjugated metabolites, it was preferentially con-
sidered for estimating the fraction escaping gut metabolism (Fg)
given that the afore-mentioned 7 vitro study identified conju-
gated metabolites as the main product of intestinal metabolism.
Based on these data, an Fg of 0.56 was assumed for EE with the
estimated unbound intrinsic clearance for the gut back-calculated
using the “Qgy.” model'’; of which ~70% was assigned to sulfa-
tion, ~20% to hydroxylation, and the rest to glucuronidation
(see details in the Methods).

Relative contributions of metabolic routes in the liver

A total intrinsic hepatic metabolic clearance (CLy,) of
27549 pl/min/mg protein was back-calculated from a mean
intravenous (i.v.) clearance of 16.47 L/h'*%° via the well-stirred
liver model, using the retrograde calculator within the Simcyp
simulator after subtracting renal clearance. Based on the study
carried out by Reed ef al.,® the percentage of unchanged drug
excreted in the urine is reported as 6% of an oral dose’; hence a
value of ~2.1 L/h was estimated for renal clearance from a mean
oral clearance of 34.6 L/h.***!

A combination of bottom-up (using scaled-up 7 vitro data) and
top-down (using clinical data) approaches was used to assign the
contributions of the respective enzymes to the systemic clearance
of EE and hence obtain estimates of fm. Assignment of the scaled-
up hepatic metabolic CL;,,, of 66.77 pl/min/mg protein due to 2-
hydroxylation (which constitutes greater than 90% of the hydrox-
ylated metabolites) of EE from the in vitro study carried out by
Shiraga ez 4. in human liver microsomes (HLM),”” resulted in a
contribution of ~0.2 to the overall systemic clearance of EE
(fmcyp). Half of this (0.1) was assigned to CYP3A4, with the
remainder apportioned to CYP2C9, 2C8, and 1A2, as indicated
in the study with recombinant CYP enzymes.® Based on the
HLM study by Shiraga e# al.,, the metabolic intrinsic clearance for
the UGT1Al-mediated metabolism of EE was calculated to be
21.26 pl/min/mg protein, resulting in an fmygria; of about 0.05.
It should be noted that sulfation and the minor 4-hydroxylation
pathway were not specifically accounted for in the model. Thus,
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Figure 1 Workflow of EE model development. The base model was developed using a mixture of a bottom-up and top-down (i.e., a middle-out) approach

incorporating physicochemical data, in vitro metabolism data, and data from an intravenous study. The estimated fmgyp from in vitro data was refined using
a clinical DDI study with ketoconazole. The refined model was independently verified using clinical studies with other CYP inhibitors and inducers. Simulated
and observed mean plasma concentration—time profile of EE are shown above after (a) multiple oral doses of 35 pg g.d. administered alone for 21 days; (b)
multiple oral doses of 35 pg q.d. administered alone for 21 days and in the presence of voriconazole (strong CYP3A4 inhibitor) given as 400 mg b.d. on Day
18 followed by 200 mg b.d. given on Days 19-21; and (c) multiple oral doses of 35 g q.d. administered alone for 7 days and In the presence of rifampicin
(strong CYP3A4 inducer) given as 600 g q.d. on Days 12-21. The dark lines represent the mean plasma concentration—-time profiles, while the gray lines rep-
resent the predictions from individual trials of (a) 10 trials X 10 female HV, 20-50 years; (b) 10 trials X 16 female HV, 18-40 years; and (c) 10 trials X 12
female HV, 23-44 years. The black dashed lines represent the mean plasma concentration—-time profiles of simulations done in the presence of a perpetra-
tor drug, while the gray dashed lines represent the predictions from individual trials of simulations done in the presence of a perpetrator drug. The different

circles in (a) are data points from observed data: open circles,*® purple circles,?® red circles,®® black circles,*® blue circles,?* green circles,?® and brown
circles?®; while the data points in (b,c) are from references 26 and 29, respectively. [Color figure can be viewed at cptjournal.com]

the remaining unassigned hepatic metabolic CL;,, of 18746 pl/
min/mg protein (275.49-66.77-21.26) representing an fm of about
0.57 was entered in the simulator as additional HLM clearance
representing other EE hepatic metabolic pathways.

Although 9% of the drug has been reported as eliminated
unchanged in the feces,” due to the difficulty in separating
out the amount of drug that remains unabsorbed from that
which undergoes deconjugation after absorption and subsequent
secretion/metabolism into the gastrointestinal tract, the exact
amount of the parent drug eliminated via biliary clearance could
not be estimated and is thus lumped with the non-CYP clearance.

Simulated profiles using the PBPK model for EE

Simulated plasma concentration—time profiles using the devel-
oped model were able to reasonably recover observed data
from both single doses of 50 g EE administered i.v. and orally
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(Figure 2a-d); as well as multiple doses of 35 pg EE adminis-
tered orally (Figure 1a). The predicted population mean (range
of trial means) C,,c and AUCg.54) for the simulation of 100
individuals (10 trials X 10 female healthy volunteers (HV); 20—
50 years) after multiple oral doses of 35 pg EE q.d. for 21 days
(Figure la) were 0.125 (0.08-0.154) ng/ml and 1.14 (0.989-
1.308) ng/mlh, respectively. Corresponding observed C,,,, and
AUCg.24) values on day 21 from different clinical studies were
0.087 ng/ml and 1.08 ng/mLh*%; 0.143 ng/ml and 1.199 ng/mLh **;
and 0.117 ng/ml and 1.062 ng/mLh.*®

Simulation of the clinical DDI with ketoconazole: refinement of
fmcypsag for EE

The simulated increases in plasma concentration—time profiles of
multiple doses of 20 g EE after coadministration with ketocona-
zole, a potent CYP3A4 inhibitor, underpredicted the observed
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Figure 2 Simulated (black line) and observed (data points) mean plasma concentration-time profiles of EE after a single dose of 50 pg administered
intravenously on a linear (a) and logarithmic scale (b); and administered orally on a linear (¢) and logarithmic scale (d). The gray lines represent predic-
tions from individual trials (10 trials X 6 female HV; 21-23 years) for the i.v. dosing; and (10 trials X 10 female HV; 20-50 years) for the oral dosing.
Dashed lines represent the 5" and 95" percentiles. Observed data were obtained from Ref. 14 (black circles) and Ref. 50 (open circles).

data by more than 2-fold. The predicted increase in AUC was
18% vs. 40% in the clinical study, while the predicted increase in
Conax Was 12% vs. the observed value of 39%.'* The in vitro
CYP3A4 metabolic CL;,, was therefore optimized to recover the
DDI with ketoconazole, resulting in an increase in fmcypsa4
from 0.11 to 0.22. By retaining the iz vitro-derived fm for the dif-
ferent CYP enzymes, the in vitro CL;,, values for the other CYP
enzymes were proportionally increased relative to that of
CYP3A4 to give an increased fmcyp of ~0.4, while the fraction
assigned to the additional HLM elimination pathway was reduced
to account for the increased fmcyp. It should be noted that
despite the refinement of fmcypsa4 to the overall systemic clear-
ance of EE, the simulated concentration—time profiles remained
consistent with the observed data, as shown in Figure 2a-d.
A summary of the disposition of EE after oral administration, uti-
lizing the available published data and the final mean contribu-
tions to the systemic clearance of EE in the optimized PBPK
model are shown in Figure 3a,b, respectively.

Simulation of DDIs with other CYP3A4 inhibitors/inducers:
verification of the fmCYP3A4

Simulated and observed C,,,, and AUC ratios of EE following
administration of two CYP3A4 inhibitors (fluconazole and
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voriconazole) as well as two CYP3A4 inducers (rifampicin and
carbamazepine) were all reasonably consistent with observed
data, as summarized in Table 1. Simulated plasma concentration
profiles of multiple doses of 35 pg EE in the presence
and absence of voriconazole and rifampicin are shown in
Figure 1b,c, respectively. Simulated plasma concentration pro-
files of EE in the presence and absence of fluconazole and carba-
mazepine are shown in Supplementary Figure S1A,B. The
predictive ratios for both the C,,, and AUC for all the DDI
simulations were within 1.25-fold of the observed data (Table 1).
The simulated trial designs are summarized in Table S1.

Assessing the safety and/or toxicity of EE in COC
formulations

With current EE formulations, there have been more reports of
breakthrough bleeding, particularly when coadministered with
CYP inducers due to the relatively low doses of EE, and no
reports of CVD when EE is coadministered with potent CYP
inhibitors. Despite this, not enough attention has been given to
informing the choice and dosage of COC, especially in an era
whereby drugs are commonly being coadministered with other
medications. We therefore performed an evaluation of reported
clinical studies carried out in HV women collated from the
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(a) A schematic of the disposition of ethinylestradiol after oral administration based on published data, showing the fraction absorbed (fa), frac-

tion extracted in the gut during first-pass metabolism (Eg), and the fraction of the drug that reaches the systemic circulation (F); as well as the different
routes of systemic metabolism of the drug; and (b) predicted mean contribution of metabolic and renal clearance to the systemic elimination of ethinyles-
tradiol using the optimized PBPK model (10 trials X 10 female HV; 20-50 years).

University of Washington drug interaction database, showing iz
vivo induction >20% in the pharmacokinetic parameters (AUC
and C,,.,) of EE. The results of these clinical studies are summa-
rized in Table 2.

In 8 out of 11 evaluated clinical studies comprising a total of
122 female HVs, there were reported increased incidences of

breakthrough bleeding and/or higher levels of follicle stimulating
hormone (FSH), luteinizing hormone (LH), or progesterone in
the comedication arm compared to the control arm. In the
remaining three clinical studies comprising 84 female HVs, no
reports of breakthrough bleeding were mentioned, although two
out of the three clinical studies had no specific pharmacodynamic

Table 1 Summary of clinical DDI simulations of various CYP perpetrator drugs on ethinylestradiol

Observed

Predicted (trial range)® Predicted/observed

Perpetrator

Reference EE dosing dosing Cmax ratio

AUC ratio

Cmax ratio AUC ratio Cmax ratio  AUC ratio

Voriconazole 1.34
400 mg BD Day
18, 200 mg BD

Days 19-21

27 35ug QD X 21 days

1.57

1.28 (1.25-1.34) 1.40(1.36-1.49) 0.95 0.89

28 35ug QD X 7 days Fluconazole 1.08
300 mg SD on

day 7

1.24

1.10(1.08-1.11) 1.13(1.11-1.16) 1.01 0.91

20 ug QD X 21 days Carbamazepine 0.65
300 mg BD X

21 days

0.56

0.66 (0.6-0.71)  0.61(0.55-0.66) 1.02 1.09

26 35ug QD X 21 days  Carbamazepine 0.82
200 mg SD day
1,200 mg BD

days 2-4,

300 mg BD

days 5-21

0.58

0.66 (0.6-0.72) 0.61 (0.55-0.66) 0.80 1.05

6 35pug QD X 10 days Rifampicin 0.58
300 mg QD X
10 days (Days

1-10)

0.36

0.51 (0.48-0.54) 0.4 (0.37-0.44) 0.88 1.11

29 35pg QD X 21 days Rifampicin 0.57
600 mg QD for
14 days (Days

8-21)

0.34

0.49 (0.44-0.58) 0.36(0.31-0.45) 0.89 1.06

The clinical DDI simulations were all carried out in a population of female healthy volunteers (10 trials X ‘N’ number of subjects), with the number of virtual subjects (N)
and age range for each simulation matched closely to the clinical study. Details of the trial designs are given in Table S1 of the supplementary information.
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Table 3 Simulated (10 trials X 10 female HV) population mean (range of trial means) steady state AUC for different doses of EE
(20 png, 35 ng, 50 ug) alone and in the presence of various degrees of CYP modulation

Control AUC, CYP3A4 inhibition® Complete CYP inhibition® Strong CYP3A4 Moderate CYP3A4
EE dosing (pg/ml) AUC (pg/ml) AUC (pg/ml) induction® AUC (pg/ml) induction® AUC (pg/ml)
20 pug multiple dosing 670 (578-737)° 902 (779-1054)° 1169 (972-1334) 244 (205-395)° 412 (367-437)°
N of individuals below 86 59 36 100 99
lower threshold value
N of individuals above 0 3 7 0 0

upper threshold value

35 pg multiple dosing 1172 (1012-1290) 1579 (1404-1844) 2046 (1702-2335)" 427 (310-520)° 720 (632-765)°
N of individuals below 38 13 5 95 90

lower threshold value

N of individuals above 13 40 64 0 1

upper threshold value

50 pg multiple dosing 1675 (1446-1844) 2256 (1949-2634) 2923 (2431-3336)" 609 (443-743)° 1029 (902-1161)
N of individuals below 12 4 2 87 49

lower threshold value

N of individuals above 41 74 89 1 7

upper threshold value

aSimulation was done in the presence of multiple doses of 200mg ketoconazole BD (CYP3A4 Ki = 0.015 uM) as perpetrator. *Simulation was done in the presence of a
hypothetical compound as perpetrator with potent inhibition against CYP1A2, CYP2C8, CYP2C9, CYP3A4 (Ki = 0.015 uM) as perpetrator. °Simulation was done in the pres-
ence of multiple doses of 600mg rifampicin QD, a strong CYP3A4 inducer as perpetrator (Indmax = 16, IndCsq = 0.32 uM). “Simulation was done in the presence of multi-
ple doses of 600mg efavirenz QD, a moderate CYP3A4 inducer as perpetrator (Indmax = 9.9, IndCso = 3.8 uM). *Simulations in which the population mean is below the
threshold of 2000pg/ml.h. Simulations in which the population mean is above that of a 50 ug dose of EE.

(PD) evaluations of either efficacy or toxicity. In all but one of
the clinical studies with reported incidences of breakthrough
bleeding, coadministration of the perpetrator drug resulted in EE
steady-state mean AUC (AUC,,) of less than 1,000 pg/mlLh in
the comedication arm of the study.

Although the exact mechanism(s) for the CVD risk of EE is still
unclear, most of the CVD effects have been attributed to metabolic
changes caused by increased hormonal levels. There is, however, no
information regarding what steady-state systemic concentrations of
EE are expected to result in undesirable side effects. Nonetheless,
there have been specific bans and/or withdrawals of EE formula-
tions containing >50 pig both in the UK and the US> In order
to make an assessment of adequate EE dosing required to minimize
the risk of both contraceptive failure and CVD, we selected
1,000 pg/mlh as a lower threshold, given that the AUC,, for the
comedication arm in the evaluated clinical studies with reported
breakthrough bleeding were less than 1,000 pg/mlLh. The mean
simulated concentration of 1,675 pg/mlh observed for the 50 pg
oral dose (Table 3) was chosen as the upper threshold associated
with a risk for CVD based on the recommended ACOG guidelines.
We thereafter determined how frequently within a simulated popu-
lation of 100 subjects (10 trials of 10 HV women aged between 20
and 50 years), the AUC,, for different doses of EE: 20 g, 35 g,
and 50 pg alone and in the presence of moderate and strong
CYP3A4 inhibitors and inducers was below 1,000 pg/mlh, on the
one hand, or above 1,675 pg/mlLh on the other hand.

The predicted population mean AUC; for the 100 individuals
at the different doses alone and in the presence of various degrees
of CYP modulation are summarized in Table 3 and Figure S2
of the supplementary information. The AUC of 86 simulated
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individuals was below 1,000 pg/mlLh for the 20 pg dose. In the
presence of CYP3A4 or complete CYP inhibition, the concentra-
tion of EE increased as expected, with >50% of the virtual sub-
jects having AUC above the lower threshold. With the 35 g
dose, the AUC; of close to 50% of the virtual subjects was above
the lower threshold. However, the presence of either moderate or
strong CYP3A4 induction resulted in simulated concentrations
below the lower threshold for up to 90% of the virtual subjects.
In the presence of CYP3A4 or complete CYP inhibition, the
simulated AUC; of close to 50% of the virtual subjects were
above the population mean AUC of 1,675 pg/mlh. Finally,
with the 50 pg dose, moderate and strong CYP3A4 induction
resulted in ~50% and 90% of the individual subjects respectively
having AUC below the threshold for efficacy.

DISCUSSION

A number of clinical studies have demonstrated the contraceptive
inefficacy of EE following coadministration of rifampicin and
most of the anti-epileptic drugs (AEDs), which are known to be
inducers of CYP3A4.> Thus, when drugs in development are
identified as CYP3A4 inducers, there is cause for concern and a
clinical DDI study with EE is recommended. A PBPK model for
EE was developed using publicly available 77 vitro and mass bal-
ance data in an attempt to clucidate the disposition of the drug,
particularly with respect to the contribution of CYP3A4 to its
metabolism. Despite the perception that EE is mainly metabo-
lized by CYP3A4, in vitro data showed that the enzyme was only
responsible for 10% of its systemic clearance. Simulation of the
clinical DDI with ketoconazole indicated that in order to recover
the observed magnitude of interaction, the fmcypsa4 had to be
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increased, but it still remained at less than 25% (Figure 3b). The
contribution was then further verified with simulations involving
other CYP3A4 inhibitors and inducers.

It should be noted that for rifampicin, induction of CYP3A4
and 2C9 was considered in the simulations with EE and for car-
bamazepine, only CYP3A4 induction. Although it is relatively
well known that rifampicin can induce non-CYP enzymes,
including UGT1A1 and some SULTSs,””® few publications relat-
ing to in vitro—in vivo extrapolation (IVIVE) of these enzymes
and induction by rifampicin can be found in the public domain.
However, the information in Smith ez 4.%® was used to obtain
estimates of parameters describing the UGT1A1-mediated induc-
tion by rifampicin. When used in simulations (data not shown),
they were found to have negligible impact on the exposure of EE,
probably due to the relatively small contribution of UGT1ALl to
the clearance of EE. In the publication by Li ez al,*” in vitro
experiments conducted using human hepatocytes indicated that
pretreatment with rifampicin had little impact on the formation
of glucuronide metabolites, but led to a significant increase in the
formation of the EE-3-sulfate metabolite. However, the less than
2-fold increase in sulfate metabolite formation is relatively small
when compared with the greater than 10-fold increase in
CYP3A4 activity.” Nonetheless, if sulfation predominates the
remaining unassigned fm of 0.37 (Figure 3b), iz vivo induction
of the SULTs can be clinically relevant, particularly for potent
SULT inducers.

These observations and the finding that the verified PBPK
model for EE was able to predict with reasonable accuracy the
reduction in exposure of EE following coadministration of rifam-
picin and carbamazepine when considering induction of
CYP3A4, lends further support to the fact that the fmcypsag is
likely to be in the region of 25%. This gives confidence in pro-
spective application of the model for assessment of the CYP3A4
induction potential of drugs in development that have been iden-
tified as CYP3A4 inducers iz vitro.

Based on the review of the clinically published DDI studies
(Table 2) and with the aid of prospective DDI simulations using
the verified PBPK model, the potential risks of breakthrough
bleeding or contraceptive inefficacy with the different doses of
EE present in oral contraceptive formulations, either taken alone
or with other CYP-modulating drugs was assessed. The simula-
tions suggest that formulations containing 20 pig doses are likely
to result in steady-state concentrations lower than 1,000 pg/mlh,
which may result in breakthrough bleeding or contraceptive inef-
ficacy, unless they are coadministered with drugs that completely
inhibit some or all of its CYP metabolism. On the other hand,
formulations containing 35 pig doses, although suitable for attain-
ing adequate contraception when administered alone, may result
in incidences of breakthrough bleeding when coadministered
with moderate or strong CYP3A4 inducers. Increasing the dose
to 50 pg in such scenarios may still be insufficient in providing
adequate contraception in all individuals, as shown in Table 3
and Figure S2 and evidenced in the clinical DDI study with
oxcarbazepine.*®

Although the developed PBPK model has only been verified
against modulators of CYP3A4, the simulated control study for
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the different commonly prescribed doses of EE gives an indica-
tion of the number of individuals whose AUC; would fall out-
side the suggested therapeutic window. This study therefore
highlights the previously unreported but relatively narrow thera-
peutic index of formulations containing ethinylestradiol, particu-
larly with regard to the lower threshold value, which in turn
corroborates the study carried out by the BPAS.

Coadministration of EE with several medications (in cases of
poly-pharmacy), which together induce multiple pathways
(including non-CYP pathways) is expected to further reduce its
systemic concentration, thereby increasing the risk of break-
through bleeding. Doose ez al?® reported lower systemic concen-
trations of EE in obese individuals compared to nonobese
individuals. Thus, physiological conditions that reduce the sys-
temic exposure of EE could also increase the risk of breakthrough
bleeding, particularly when coadministered with other enzyme
inducers. The FDA guidance on labeling for combined hormonal
contraceptives states that “enzyme inducers (e.g, CYP3A4) may
decrease their effectiveness or increase breakthrough bleeding.”
They advise the use of a back-up or alternative method of contra-
ception when enzyme inducers are going to be prescribed.4 The
modeling work described in this article describes one approach
whereby the effects of inducers or inhibitors on the pharmacoki-
netics of oral contraceptives can be simulated and thus ascer-
tained beforehand.

In this study a cutoff value of 1,000 pg/mLh for EE exposure
was used where contraceptive efficacy is achieved with minimal
safety concerns. Using a single threshold value for all individuals
is a limitation of the study, but as the relationships between the
PK and PD of EE in individual subjects are incompletely under-
stood,” this represents a pragmatic approach with the available
information. The pharmacokinetics of EE show high interindi-
vidual variability (Table 2) and as such in certain individuals, sys-
temic concentrations of EE greater than 1,000 pg/mlLh may be
seen at doses of 20 g, as shown in the clinical DDI study with

.31
carbamazepine.

METHODS

PBPK model development
All PBPK simulations were carried out using the HV population
within the Simeyp simulator v. 17 rel. 1 (Simcyp, Sheffield UK). The
structural design and functional capabilities of the simulator as well as
equations describing the genetic, physiological, and demo§raphic varia-
bles for the population have been described previously.4 Prior meta-
bolic, protein binding, and physicochemical data for EE were collated
from the literature and incorporated into a minimal PBPK model with
an additional single adjusting compartment (SAC) to recover the
biphasic plasma concentration vs. time profile of EE. Input parameters
for the SAC compartment were derived using the parameter estimation
module in Simcyp and observed data from an iv. clinical study.*" Oral
absorption of the drug is described by a first-order absorption process
with fraction absorbed (fa) and ka predicted from polar surface area
(PSA) and number of hydrogen bond donors for the compound.42

In vitro enzyme kinetic parameters for CYPs and UGTs were scaled
up using physiological data as described prcviously.40 The unbound met-
abolic intrinsic clearance (CL,,) estimated from iz vitro studies in
recombinant CYP3A4, 2C9, 2C8, and 1A2 enzymes expressed in
baculovirus-infected SF21 cells amounted to 11.38 pl/min/mg protein.>®
However, this CL;,, estimate was much lower than that obtained when
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Table 4 Input parameter values used to simulate the kinetics of ethinylestradiol

Parameter Value Method/reference

Molecular weight (g/mol) 296.4 (https://pubchem.ncbi.nim.nih.gov/compound/5991)
Log P 3.81 Predicted from ACD #®

Compound type Diprotic acid Predicted from ACD

pKa 10.2,13.1 Predicted from ACD

B/P 1 Assumed

fu 0.015 (46,47)

Main plasma binding protein Human serum albumin (46)

Absorption First order absorption

fa 0.948 Predicted from Physchem data (PSA/HBD)
ka (1/h) 1.103 Predicted from Physchem data (PSA/HBD)
fugut 1 Assumed

Qgut (L/h) 11.74 Predicted from Physchem data (PSA/HBD)
Pest,man (10" %m/s) 2.68 Predicted from Physchem data (PSA/HBD)
PSA(A%)/HBD 42.7/2 (45)

Distribution model Minimal PBPK Model

Vss (L/kg) 4.06 (14,21)

Kin (L/h) 0.287 Optimized **

Kout (L/) 0.096 Optimized **

Vsac (L/kg) 2 Optimized **

Elimination Enzyme kinetics

CYP3A4 CLiy (uL/min/pmol) 0.5 Optimized with ketoconazole DDI study *?
CYP2C9 CLint (1L/min/pmol) 0.51 Optimized (fmgypaco from 23)
CYP1A2 CL;nt (uL/min/pmol) 0.51 Optimized (fmcyp1ao from 23)
CYP2C8 CLin (1L/min/pmol) 0.13 Optimized (fmgypacsg from 23)
UGT1A1 Vihax (PMol/min/mg protein) 408.5 (22)

UGT1A1 Ky, (uM) 19.22 (22)

Additional CLj; (HLM) (uL/min/mg protein) 118.83 Retrograde calculation
Additional CLin (HICg) (uL/min) 43.92 Back-calculated from Qgut and Fg ®
Clg (L/h) 2.079 (5)

EE was directly incubated in human liver microsomes.”* Given that Shir-
aga et al”” used pooled liver samples from 46 donors, the estimated
unbound intrinsic clearance of 66.77 pl/min/mg protein for the 2-
hydroxylation pathway in this study was preferentially selected as input
for the hydroxylation pathway in the PBPK simulation after applying
the individual fmcyp of 50.6%, 27.5%, 2.3%, and 19.6% for CYP3A4,
2C9, 2C8, and 1A2, respectively, obtained from the study with recombi-
nant enzymes.23 For glucuronidation, the iz vitro metabolic CL;,, of
21.26 pl/min/mg protein derived from HLMs was used as the input and
assigned to UGT1A1.>

In the absence of abundance data for SULTs in the simulator to
do a direct IVIVE, the total intrinsic hepatic metabolic clearance of
27549 pl/min/mg protein was back-calculated from an iv. clearance
of 1647 L/h via the well-stirred liver model based on Eq. 2, below.
The remaining hepatic intrinsic clearance was assigned as additional
HLM clearance in the simulator to account for EE systemic

clearance not mechanistically accounted for. A similar approach using
the “Qgu” model described in Eq. 2 below was used to apportion
the total gut intrinsic clearance using an Fg of 0.56, after accounting
for the intrinsic clearances due to the gut CYP enzymes (CYP2C9
and CYP3A4) and UGT1Al. The additional intrinsic gut clearance
was assigned as intestinal cytosolic clearance in the simulator to rep-
resent sulfation.

CLuH,int = CLuH,int (hydroxylation) + CLuH,int (glucuronidation)

+ CLuH,int (additional  clearance)

=(CLuQu)/ (fun(Qu—CLur)
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CLuG,in[ = CLuG,in( (hydroxylation) + CLuG,int (glucuronidation)

+ CLuG,int (additional clearance) — (qut - FGqut)/FGfugut

©)

Where CLy is hepatic blood clearance, obtained by deducting renal

clearance from i.v. clearance; Qy is hepatic blood flow; fup is fraction of

drug unbound in blood; fug, is fraction of unbound drug in the gut; Fg

is the fraction of the drug escaping gut metabolism; and Qg is a com-

gositcwterm of the enterocytic blood flow and the permeability of the
rug.

PBPK model verification

Quantitative predictions of the clinical DDI between EE and ketocona-
zole, a known CYP3A4 inhibitor, was simulated using the initial model
to verify the fmcypsas. The automated sensitivity analysis module
within the Simcyp simulator was thereafter used to refine the CYP3A4
CL,,, value to recover the AUC ratio of 1.4 in the clinical DDI study
with ketoconazole due to a greater than 2-fold underprediction of both
the AUC and C,,,, ratios. Further simulations with other CYP3A4
inhibitors (fluconazole and voriconazole) and inducers (carbamazepine
and rifampicin) with the refined model were carried out based on pub-
lished clinical studies.

The characteristics of the virtual subjects for all the simulations were
matched closely with those of the clinical DDI studies: the number of
subjects, age range, and gender ratios were replicated. Differential equa-
tions describing the kinetics of substrates, inhibitors, and inducers as
well as enzyme dynamics with or without inhibition and/or induction
have been described previously. The interaction parameters present in
perpetrator models (inhibitors and inducers) against specific enzymes
and/or transporters are only utilized in simulations when these enzymes/
transporters are present in the substrate model. 4 Models for all of the
compounds used in the simulations except voriconazole are available in
the Simcyp v. 17 compound library. The final input parameters used for
the EE model are shown in Table 4, while the input parameters used to
simulate the kinetics of voriconazole are given in Table $3 of the supple-
mentary information.

Additional Supporting Information may be found in the online version of
this article.
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