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1 Introduction

The presented PBPK model of ethinylestradiol (EE) has been developed to be used in a PBPK Drug-
Drug-Interactions (DDI) network with ethinylestradiol as perpetrator of CYP1A2.

Ethinylestradiol is an estrogen medication which is used widely as a birth control pills in combination
with progestins. The following ADME properties characterize ethinylestradiol (SmPC Namuscla, FDA.
QUARTETTE):

Absorption: ethinylestradiol is rapidly and completely absorbed from the gut but it undergoes some
first pass metabolism in the gut wall (mediated by a.0. CYP3A4 (Wiesinger 2015, Wang 2004)). After
oral administration, an initial peak occurs in plasma at 2 to 3 hours, with a secondary peak at about 12
hours after dosing; the second peak is interpreted as evidence for extensive enterohepatic circulation
of ethinylestradiol.

Distribution: ethinylestradiol is rapidly distributed throughout most body tissues with the largest
concentration found in adipose tissue. It distributes into breast milk, with low concentrations. More than
80% of ethinylestradiol in serum is conjugated as sulphate and almost all the conjugated form is bound
to albumin.

Metabolism: ethinylestradiol is metabolized in the liver. Hydroxylation appears to be the main
metabolic pathway. 60% of a dose is excreted in the urine and 40% in the faeces.

Excretion: About 30% is excreted in the urine and bile as the glucuronide or sulphate conjugate. The
rate of metabolism of ethinylestradiol is affected by several factors, including enzyme-inducing agents,
antibiotics, and cigarette smoking. The elimination half-life of ethinylestradiol ranges from 5 to 16
hours.

After i.v. administration, ethinylestradiol displays approximately linear dose relationship in the dose
range 30-100 ug. A wide variability is present in the terminal part of the dose-normalized
concentrations.

After p.o. single dose, ethinylestradiol shows linear dose relationship in the dose range 30-3000 ug.
Secondary peaks can be observed in individual data, compatible with enterohepatic re-circulation.
However, mean data do not display such feature as a result of such peak being averaged out.
Therefore, enterohepatic re-circulation was not taken into account in the model.
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2 Methods

2.1 Modeling Strategy

The general workflow for building an adult PBPK model has been described by Kuepfer et al. (Kuepfer
2016). Relevant information on the anthropometry (height, weight) was gathered from the respective
clinical study, if reported. Information on physiological parameters (e.g. blood flows, organ volumes,
hematocrit) in adults was gathered from the literature and has been incorporated in PK-Sim® as
described previously (Willmann 2007). The applied activity and variability of plasma proteins and active
processes that are integrated into PK-Sim® are described in the publicly available 'PK-Sim® Ontogeny
Database Version 7.3' (PK-Sim Ontogeny Database Version 7.3).

The following steps were undertaken in model development:

1. Define lipophilicity and distribution model on data after i.v. administration with linear total hepatic
clearance fitted to data and renal clearance set to literature value (Ezuruike 2018).

2. Predict p.o. data after single dose and at steady state

3. Detail metabolic contribution of different CYPs and UGTs to total hepatic clearance.
Details about input data (physicochemical, in vitro and clinical) can be found in Section 2.2.
Details about the structural model and its parameters can be found in Section 2.3.

A standard female subject was created based on the European (ICRP,2002) PK-Sim database (age =
30y, weight = 60 kg, height = 163 cm, BMI = 22,58 kg/m2) and used for simulations, until stated
otherwise. Expression of the enzymes CYP3A4, CYP2C9, CYP1A2, CYP2C8, and UGT1A1 from RT
PCR database were added.

2.2 Data

2.2.1 In vitro and physico-chemical data

A literature search was performed to collect available information on physico-chemical properties of
ethinylestradiol, see Table 1.
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Parameter Unit Value Source Description

Mw* fmol 296.4 DrugBank Molecular weight
mo . olecular wei
¢ DB00977 g
. DrugBank o L
PKa,acid 10.33 Acidic dissociation constant
’ DB00977
6.77e-3 DrugBank
Solubility (pH)* mg/mL N Aqueous Solubility
(7) DB00977
3.63 - DrugBank o .
logD Distribution coefficient
3.9 DB00977
DrugBank ) )
fu* % 3 Fraction unbound in plasma
DB00977
CYP1A2 CL* pl/min/pmol 0.51 Ezuruike 2018 Clearance by CYP1A2
CcYP2cs cL* pl/min/pmol 0.13 Ezuruike 2018 Clearance by CYP2C8
CYP2Cc9 CL* ul/min/pmol 0.51 Ezuruike 2018 Clearance by CYP2C9
CYP3A4 CL* pl/min/pmol 0.5 Ezuruike 2018 Clearance by CYP3A4
Km UGT1A1* umol/l 19.22 Ezuruike 2018 UGT1A1 saturation constant
. pmol/min/mg ) ) o
Vmax UGT1A1 ¢ 408.5 Ezuruike 2018 Maximal metabolization rate by UGT1A1
prot.
Renal
Elimination® Ih 2.079 Stanczyk 2013 Renal clearance
imination
. ) Intrinsic clearance in Human Liver
Clint HLM* pL/min/mg prot. 118.83 Ezuruike 2018 .
Microsomes
Ki CYP1A2 umol/l 10.6 Karjalainen 2008 CYP1A2 inhibition constant

Table 1: Physico-chemical and in-vitro metabolization properties of ethinylestradiol extracted from

literature. *: Value used in final model

2.2.2 Clinical data

A literature search was performed to collect available clinical data on ethinylestradiol, see Table 2.
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Source Route Dose [mg]/ Schedule * Pop. Sex N Form.

Back 1981* i.v. 0.03 HV F 5 solution

Back 1981* p.o. 0.03 HV F 5 tablet

Back 1979* i.v. 0.05 HV F 6 solution

Back 1979* p.o. 0.05 HV F 6 NA

Back 1987 p.o. 0.05 q.d. HV F 5 tablet

Orme 1991* iv. 0.03 HV F 10 solution

Orme 1991* p.o. 0.03 HV F 10 tablet

Kuhnz 1996 i.v. 0.06 HV F 19 solution
Goebelsmann 1986* p.o. 0.03 HV F 24 solution and tablet
Stanczyk 1983* p.o. 0.12 HV F 24 solution and tablet
Zhang 2017* p.o. 0.03 HV F 12 tablet

Martin 2016 p.o. 0.03 g.d. HV F 27 tablet

Stockis 2014 p.o. 0.03 q.d. HV F 24 tablet

Sidhu 2006 p.o. 0.03 q.d. HV F 16 tablet

Kothare 2012* p.o. 0.03/0.03 q.d. HV F 20 tablet

Timmer 2000* p.o. 0.03 HV F - tablet

Table 2: Literature sources of clinical concentration data of ethinylestradiol used for model

development and validation. *: single dose unless otherwise specified;*: Data used for final parameter
identification

2.3 Model Parameters and Assumptions

2.3.1 Absorption

Intestinal permeability was fitted to po data. Formulation of ethinylestradiol tablet was modeled with
Weibull-function and parameters Dissolution time (50% dissolved) and Lag time fitted to po
data.

2.3.2 Distribution
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Physico-chemical parameters were set to the reported values (see Section 2.2.1). It was assumed that
the major binding partner in plasma is albumin. The value of lipophilicity was estimated by fitting the
model to iv and po data.

After testing the available organ-plasma partition coefficient and cell permeability calculation methods
available in PK-Sim, observed clinical data were best described by choosing the partition coefficient
calculation by Berezhkovskiy and cellular permeability calculation by Pk-sim Standard.

2.3.3 Metabolism and Elimination

Following metabolization processes have been implemented based on Ezuruike 2018:

e Linear CYP1A2 CL
e Linear CYP2C8 CL
e Linear CYP2C9 CL
e Linear CYP3A4 CL
e Saturable UGT1A1
e Unspecific liver metabolization

Renal plasma clearance is modeled with Plasma clearance setto 2.079 I/h reported in literature
(Stanczyk 2013). The value was normalized to body weight by dividing by 70 kg.

2.3.4 Enzyme Inhibition

Simulations of co-administration of ethinylestradiol with tizanidine (see CYP1A2 DDI Qualification
report) indicate that the reported competitive inhibition of CYP1A2 by ethinylestradiol (Karjalainen
2008) is not sufficient to describe the increased concentrations of tizanidine after multiple days
administration. Therefore, it was decided to fit a time-dependent inhibition (TDI) function to the
CYP1A2 enzyme system. The parameters Kinact and X kinact half were estimated by fitting the
model to concentration-time profiles of tizanidine (Granfors 2005).

2.3.5 Automated Parameter Identification

Following parameter values were estimated for the model:

¢ Lipophilicity

® Specific intestinal permeability

e Dissolution time (50% dissolved) (Weibull formulation)
e Lag time (Weibull formulation)

e Kinact (CYP1A2 TDI)

e K kinact half (CYP1A2 TDI)
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3 Results and Discussion

The next sections show:

1. Final model input parameters for the building blocks: Section 3.1.
2. Overall goodness of fit: Section 3.2.
3. Simulated vs. observed concentration-time profiles for the clinical studies used for model building

and for model verification: Section 3.3.

3.1 Final input parameters

The parameter values of the final PBPK model are illustrated below.

Compound: Ethinylestradiol

Parameters

Name

Solubility at reference pH

Reference pH

Lipophilicity

Fraction unbound (plasma, reference
value)

Specific intestinal permeability
(transcellular)

Is small molecule

Molecular weight

Plasma protein binding partner

Calculation methods

Value

0.00677 mg/ml

3.4805414593 Log
Units

0.03

0.000168 cm/min

Yes

296.4 g/mol

Albumin
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Value Origin

Database-DrugBank
DB00977

Database-DrugBank
DB00977

Parameter Identification

Database-DrugBank
DB00977

Parameter Identification

Database-DrugBank
DB00977

Alternative

S_aq

S_aq

LogP

fu_plasma

Fit

Default

True

True

True

True

True



Name Value

Partition coefficients Berezhkovskiy
Cellular permeabilities PK-Sim Standard
Processes

Metabolizing Enzyme: CYP1A2-Ezuruike_2018

Molecule: CYP1A2

Parameters
Name Value
In vitro CL/recombinant enzyme 0.51 pl/min/pmol rec. enzyme

Metabolizing Enzyme: CYP2C8-Ezuruike_2018

Molecule: CYP2C8

Parameters
Name Value
In vitro CL/recombinant enzyme 0.13 pl/min/pmol rec. enzyme

Metabolizing Enzyme: CYP2C9-Ezuruike_2018

Molecule: CYP2C9

Parameters
Name Value
In vitro CL/recombinant enzyme 0.51 pl/min/pmol rec. enzyme

Metabolizing Enzyme: CYP3A4-Ezuruike_2018

Molecule: CYP3A4

Parameters
Name Value
In vitro CL/recombinant enzyme 0.5 pl/min/pmol rec. enzyme
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Value Origin

Publication-Ezuruike 2018

Value Origin

Publication-Ezuruike 2018

Value Origin

Publication-Ezuruike 2018

Value Origin

Publication-Ezuruike 2018



Metabolizing Enzyme: UGT1A1-Ezuruike_2018

Molecule: UGT1A1

Parameters

Name

In vitro Vmax for liver microsomes

Content of CYP proteins in liver microsomes

Km

Value Value Origin

408.5 pmol/min/mg mic. protein Publication-Ezuruike 2018
33.6 pmol/mg mic. protein Publication-Ezuruike 2018
19.22 pymol/l Publication-Ezuruike 2018

Systemic Process: Renal Clearances-Stanczyk_2013

Species: Human

Parameters

Name

Fraction unbound (experiment)

Plasma clearance

Value Value Origin
0.03
0.0285 I/h/kg Publication-Stanczyk_2013; 2.079/73=

Systemic Process: Total Hepatic Clearance-Ezuruike_2018

Species: Human

Parameters

Name Value

Fraction unbound

i 0.03
(experiment)
Lipophilicity 3.4805414593
(experiment) Log Units
Plasma clearance 0 ml/min/kg

1.1002777778

Specific clearance .
1/min

Inhibition: CYP1A2-Fit

Molecule: CYP1A2

Value Origin

Publication-Ezuruike 2018 - Calculated from 118.83 pl/min/mg mic. protein
divided by 108 pmol/mg/ mic. protein
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Parameters

Name Value Value Origin
kinact 200 1/min Parameter Identification
K_kinact_half 0.4833013314 pmol/l Parameter Identification

Formulation: Ethinylestradiol tablet

Type: Weibull

Parameters
Name Value Value Origin
Dissolution time (50% dissolved) 36.5087007601 min Parameter Identification
Lag time 6.7747764588 min Parameter Identification
Dissolution shape 0.92
Use as suspension Yes

3.2 Diagnostics Plots
The following section displays the goodness-of-fit visual diagnostic plots for the PBPK model
performance of all data listed in Section 2.2.2.

The first plot shows observed versus simulated plasma concentration, the second weighted residuals
versus time.

Table 3-1: GMFE for Ethinylestradiol concentration in plasma

Group GMFE
iv administration (model building) 1.45
iv administration (model validation) 1.27
Oral administration (model building) 1.46
Oral administration (model validation) 1.26
All 1.41
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Figure 3-1: Ethinylestradiol concentration in plasma

12/30



iv administration (model building)
iv administration (model validation)

Oral administration (model building)

> > X X

Oral administration (model validation)

A
6 A
(0]
,_';;2.5-
]
£
£% .
3 O
kSR
wn o
&8
b3
3 A .
()] A A
) ¥
A
A
o 72 144 216 288 360 432 504 576 648

Time [h]

Figure 3-2: Ethinylestradiol concentration in plasma

3.3 Concentration-Time Profiles

Simulated versus observed concentration-time profiles of all data listed in Section 2.2.2 are presented
below.

3.3.1 Model Building
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Ethinylestradiol simulated
L] Ethinylestradiol.Back1981.0.03.iv.Mean

L] Ethinylestradiol.Orme1991.0.03.iv.Mean

Concentration [pmol/I]

10—4.
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Time [h]

Figure 3-3: Ethinylestradiol 0.03 mg iv
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Ethinylestradiol simulated

L4 Ethinylestradiol.Back1979.0.05.iv.Mean

10—3.

Concentration [pmol/I]

06121824
Time [h]

Figure 3-4: Ethinylestradiol 0.05 mg iv
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Ethinylestradiol simulated
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Figure 3-5: Ethinylestradiol 0.03 mg po
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Ethinylestradiol simulated
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Figure 3-6: Ethinylestradiol 0.03 mg po 28d
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Ethinylestradiol simulated
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Figure 3-7: Ethinylestradiol 0.05 mg po
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Ethinylestradiol simulated
® Ethinylestradiol.Stanczyk1983.0.12.po.Mean_solution

® Ethinylestradiol.Stanczyk1983.0.12.po.Mean_tablet
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Figure 3-8: Ethinylestradiol 0.12 mg po

3.3.2 Model Verification
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Ethinylestradiol simulated
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Figure 3-9: Ethinylestradiol 0.06 mg iv
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Ethinylestradiol simulated
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Figure 3-10: Ethinylestradiol 0.03 mg po 28d pred
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Ethinylestradiol simulated
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Figure 3-11: Ethinylestradiol 0.05 mg po 28d
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4 Conclusion

The developed PBPK model of ethinylestradiol is able to predict the time-profiles following single and
multiple dosing of ethinylestradiol accurately.

The implemented TDI mechanism for ethinylestradiol was not evident in literature (Zanaflex prescribing
information, Karjalainen 2008). The substantial and prolonged inhibition may result from CYP1A2
inhibition by EE-metabolites having a different half-life from the parent. Chang 2009 for example found
that the EE-2hydroxy and EE-2methoxy IC50s toward rCYP1A1 and rCYP1A2 are comparable to that
of the parent. However, not having the possibility to model EE-metabolites contribution, a time-
dependent inhibition function on CYP1A2 was used instead to account for this effect.
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ADME Absorption, Distribution, Metabolism, Excretion

AUC Area under the plasma concentration versus time curve
AUCinf AUC until infinity

AUClast AUC until last measurable sample
AUCR Area under the plasma concentration versus time curve Ratio
b.i.d. Twice daily (bis in diem)

CL Clearance

Clint Intrinsic liver clearance

Cmax Maximum concentration

CmaxR Maximum concentration Ratio
CYP Cytochrome P450 oxidase
CYP1A2 Cytochrome P450 1A2 oxidase
CYP2C19 Cytochrome P450 2C19 oxidase
CYP3A4 Cytochrome P450 3A4 oxidase
DDI Drug-drug interaction

e.c. Enteric coated

EE Ethinylestradiol

EM Extensive metabolizers

fm Fraction metabolized

FMO Flavin-containing monooxygenase
fu Fraction unbound

FDA Food and Drug administration
GFR Glomerular filtration rate

HLM Human liver microsomes

hm homozygous
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ADME Absorption, Distribution, Metabolism, Excretion

ht heterozygous

IM Intermediate metabolizers

iLv. Intravenous

IVIVE In Vitro to In Vivo Extrapolation

Ka Absorption rate constant

kcat Catalyst rate constant

Ki Inhibitor constant

Kinact Rate of enzyme inactivation

Km Michaelis Menten constant

m.d. Multiple dose

OSP Open Systems Pharmacology

PBPK Physiologically-based pharmacokinetics
PK Pharmacokinetics

Pl Parameter identification

PM Poor metabolizers

RT-PCR Reverse transcription polymerase chain reaction
p.o. Per os

q.d. Once daily (quaque diem)

SD Single Dose

SE Standard error

s.d.SPC Single dose Summary of Product Characteristics
SD Standard deviation

TDI Time dependent inhibition

tid Three times a day (ter in die)
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ADME Absorption, Distribution, Metabolism, Excretion

UGT Uridine 5'-diphospho-glucuronosyltransferase

um Ultra-rapid metabolizers

30/30



