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ABSTRACT
Purpose Irosustat is the ‘first-in-class’ irreversible potent steroid
sulphatase inhibitor with lack of oestrogenic activity. The objective
of this work was to develop a population model characterizing
simultaneously the pharmacokinetic profiles of irosustat in plasma
and whole blood.
Methods This clinical study was an open label, multicentre, phase
I multiple cohort dose escalation trial conducted in 35 postmeno-
pausal women with oestrogen-receptor positive breast cancer.
Patients received 1, 5, 20, 40, or 80 mg oral doses. Irosustat was
administered as a single oral dose to each patient followed by an
observation period of 7 days. On day 8 each patient received once
daily oral administration until day 34. Concentrations of irosustat in
both blood and plasma were obtained and pharmacokinetic anal-
yses were performed with NONMEM 7.2.
Results and Conclusions Irosustat showed non-linear disposi-
tion characteristics modelled as maximum binding capacity into
the red blood cells. Plasma concentration corresponding to half of
the maximum capacity was 32.79 ng/mL. The value of the blood
to plasma concentration ratio in linear conditions was 419, indi-
cating very high affinity for the red blood cells. Apparent plasma

and blood clearances were estimated in 1199.52 and 3.90 L/day,
respectively. Pharmacokinetics of irosustat showed low-moderate
inter-subject variability, and neither the demographics (e.g., age,
or weight) nor the phenotypes for CYP2C9, CYP2C19, and
CYP3A5 enzymes showed statistically significant effects. Relative
bioavailability was decreased as the administered dose was aug-
mented. The model predicted a 47% decrease in relative bio-
availability in the 40 mg with respect to the 1 mg dose.
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ABBREVIATIONS
ADepot Amount of irosustat in the depot (absorption)

compartment
AGE Age
AIC Akaike information criterion
AMAX Maximum binding capacity of the red blood cells
AP Free amount of irosustat (outside the red blood cells) in

blood
ARBC Drug amount in red blood cells
bql Below quantification limit
BPR Blood to plasma ratio
CB Blood irosustat concentration
CLB Apparent total blood clearance
CLP Apparent total plasma clearance
CP Plasma irosustat concentration
F1 Absolute bioavailability
FH (unknown) Fraction of the absorbed dose that is lost

during the first pass through the liver
HCT Hematocrit
kA First order rate constant of absorption
KD Amount of drug required to achieve 50% of AMAX

kel First order rate constant of elimination
kTR First order rate constant of transit between

compartments
MTT Mean transit time
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NTC Number of transit compartments
pcVPCs Prediction-corrected visual predictive checks
QH Liver blood flow
RBC Red blood cells
SLP Parameter corresponding to the ratio between AMAX

and KD
VB Apparent blood volume
VP Apparent plasma volume
WGT Body weight

INTRODUCTION

Breast cancer is the most common female cancer with around
1.38million individuals diagnosed worldwide each year, and a
lifetime risk of developing the disease of around 1 in 8 women
(1, 2). Despite the significant progress in the treatment, world-
wide around 458,000 women are still expected to die annually
as a consequence of the disease (1).

Almost two thirds of all breast tumours are oestrogen
receptor (ER)-positive and their growth is stimulated by
oestrogen levels. Selective ER modulators have been the
mainstay of hormonal therapy in ER-positive breast cancer
in postmenopausal women for the last 30 years (3). The major
disadvantage of selective ER modulators is the associated
risk of developing endometrial cancer and cardiovascu-
lar adverse effects. Therefore, attention has shifted to-
wards drugs that can prevent the formation of oestrogens
rather than blocking their effect in target tissues. In postmen-
opausal women, oestrogens are formed via two routes: the
aromatase-catalysed conversion of androstenedione (adione)
to oestrone (E1) and the steroid sulphatase (STS) conversion of
oestrone sulphate (E1S) to E1 (4). Whilst the aromatase inhib-
itors (AIs) have become the standard of care in first line
metastatic breast cancer, there is a growing unmet medical
need for those patients who do not respond or progress whilst
receiving AIs (5).

Studies indicate that as much as 10 times more E1 may
originate via the sulphatase route than via the aromatase
pathway (6–9). Furthermore, STS also regulates the conver-
sion of dehydroepiandrosterone sulphate to dehydroepian-
drosterone, which can be reduced to androstenediol (adiol).
In vitro studies have shown that adiol can bind to the ER and
stimulate the growth of ER-positive breast cancers (10,11).
Thus the administration of an STS inhibitor could not only
prevent the synthesis of E1 but also prevent the formation of
tumour-growth-supporting adiol. Recently, a number of stud-
ies have confirmed that a high level of STS mRNA expression
in tumours is associated with a poor prognosis in women with
breast cancer (5,12).

Irosustat (BN83495), a tricyclic coumarin based sulphamate
(6-oxo-8,9,10,11-tetrahydro-7H-cyclohepta-[c][1]benzopyran-

3-O-sulphamate) is the ‘first-in-class’ irreversible potent
STS inhibitor undergoing clinical activity with lack of
oestrogenic activity (13,14). Irosustat inhibited the con-
version of E1S to E1 in rat placental microsomes in vitro

with an IC50 of 8 nM, and following oral administra-
tion in rats, a single dose of 1 mg/kg produced >90%
inhibition of STS in rat liver whilst five daily doses of
0.1 mg/kg gave 84% inhibition (13). Irosustat was also
shown to inhibit the in vivo growth of MCF-7 tumours in mice
or NMU-induced mammary tumours in rats.

Regarding irosustat biopharmaceutical and pharmacoki-
netic properties, the compound exhibits low aqueous solubility
in the pH range of 1.2–6.8, but high permeability, thus being
classified as a class II compound according to the biopharma-
ceutical classification system. In blood, more that 97% of
irosustat is bound to serum proteins, mainly albumin with
smaller contributions from α1-acid glycoprotein, transferrin
and γ-globulin. Elimination of irosustat is mainly due to
metabolism, with a percentage of irosustat dose excreted in
urine ranging from 0.006 to 0.287% in patients treated with a
single oral dose of 1 to 80 mg. The major cytochrome P450
enzymes involved in the transformation of irosustat were
CYP2C8, 2C9, 3A4/5 and 2E1, being glucuronide and sul-
fate conjugates the main metabolites (15). In addition, slight
inhibition of CYP2C19 has been observed in human hepato-
cytes (16).

Recently, the efficacy and safety results of a phase I
dose escalation study aiming to determine the recom-
mended optimal biological dose (RD) of irosustat in
postmenopausal women with estrogen receptor-positive
breast cancer have been published (17). Irosustat was
well tolerated, being dry skin the most frequent adverse
event. After 28 days of daily administration of irosustat,
most of the patients achieved ≥95% STS inhibition in
peripheral blood mononuclear cells and corresponding en-
docrine suppression. The RD was established at 40 mg dose.
The median time to disease progression in the 40 mg cohort
was 11.2 weeks.

The objective of the current analysis is to develop a popu-
lation model characterizing simultaneously the pharmacoki-
netic profiles of irosustat in plasma and blood after single and
repeated oral administration in postmenopausal women with
estrogen receptor-positive breast cancer, quantifying the mag-
nitude of the inter-subject and residual variability, and iden-
tifying the patient characteristics including genotypes of the
relevant liver metabolic enzymes (CYP2C9, CYP2C19,
CYP3A5) that might have a significant impact on its pharma-
cokinetics andmight reduce themagnitude of the inter-subject
variability (ISV).

This population analysis is of special relevance due to the
non-linear pharmacokinetic characteristics of irosustat with
regard to the disposition into red blood cells as it has been
previously shown both in ex vivo and in vivo experiments (18).
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MATERIAL AND METHODS

Study Design

An open label, multicentre, phase I multiple cohort dose
escalation study with once daily oral administration of
BN83495 (irosustat) was conducted in postmenopausal wom-
en with oestrogen-receptor positive breast cancer. A detailed
description of the main features of the study design and
patient population is presented elsewhere (17).

Briefly, postmenopausal women over the age of
18 years, whose disease progressed after prior hormonal
therapy for ER-positive locally advanced, or metastatic
breast cancer, were included in the trial. Patients had to
have had satisfactory renal, hepatic and bone marrow
functions and a life expectancy of at least 12 weeks.
Patients were excluded if they had progressive central
nervous system metastasis or inflammatory breast cancer.
Further exclusion criteria included but were not limited to
patients with cardiac risk factors, malabsorption, concomitant
use of coumarin like drugs, or previous cancer treatment
within 1 month.

Thirty five cancer patients were recruited into each of the
following dose cohorts: 1 (n=3), 5 (n=7), 20 (n=6), 40 (n=13),
and 80 (n=6) mg. Table I lists the individual characteristics of
the cancer patient population.

Drug Administration

Irosustat, supplied as powder-filled opaque capsules, was ad-
ministered as a single oral dose to each patient followed by an
observation period of 7 days. On day 8 each patient received
once daily oral administration of irosustat until day 33–35.
Thus, most patients received a total of 29 oral administrations
of irosustat. Two patients in the 1 mg dose group received 28
administrations. In the 5 mg dose group one patient received
only the first dose, other patient got 16 oral doses, and two
patients received 30 doses. Lastly, in the 40 mg dose group
two patients received 27 and 30 oral doses of irosustat,
respectively.

Sample Collection

Blood samples to determine the concentration of irosustat in
both blood and plasma were obtained at the following times
after the first administration: 5 min, 10 min, 15 min, 30 min,
1 h, 2 h, 3 h, 5 h, 8 h, 24 h, 3 days, 5 days and 7 days. The
sampling times corresponding to the last day of administration
were 10 min, 30 min, 1 h, 2 h, 3 h, 5 h, 8 h, and 24 h after last
dose. Additional samples were withdrawn before administra-
tion at days 15, 22, and 35.

Analytical Determination of Irosustat in Blood
and Plasma

Blood samples (4 mL blood) were collected in sodium heparin
tubes. After sampling, the tubes were placed in an ice-water
bath. For blood measurements, two aliquots of 0.3 mL blood
were taken, and 0.7 mL of 50% formic acid solution was
added to each aliquot in order to produce the lysis of the
erythrocytes and release of irosustat. These whole blood ali-
quots were mixed and stored below −70°C until analysis.
With respect to total plasma concentration, the remainding
blood was kept in sodium heparin tubes in the ice-water bath
and was centrifuged (within the next 2 h) at approximately
2,000 g during 15 min at 4°C. The plasma was stored below
−70°C until analysis. Irosustat stability was investigated and
confirmed during the processing conditions and storage for
both, plasma and blood samples.

Table I Summary of Patient Characteristics

Patient Characteristics Patients Median Range

Demographics

Weight (kg) 35 74 55–96

Age (years) 35 65 49–81

Patient status

WHO performance status (0/1/2/3) 21/14/0/0 – –

Prior radiotherapy (Yes/No) 11/24 – –

Biochemical parameters

Albumin (g/L) 35 39 30–47

Alkaline phosphatase (U/I) 35 99 45–469

Creatinine Clearance-
Cockcroft-Gault (mL/s)

35 1.43 0.73–2.24

Gamma GT (U/I) 35 39 12–324

Lactate dehydrogenase (U/I) 35 279 102–746

Serum glutamic oxaloacetic
transaminase (U/I)

35 29 16–64

Serum glutamic pyruvic
transaminase (U/I)

35 23 11–80

Total bilirubin (μmol/L) 35 8 3.4–21

Total protein (g/L) 35 72 33–82

Triglycerides (mg/mL) 35 1.32 0.56–3.28

Red Blood Cells Count (× 1012/L) 35 4.2 2.91–5.37

Haemoglobin, (g/L) 35 130 100–167

White Blood Cells Count (× 109/L) 35 5.9 3.5–10.4

Neutrophils (× 109/L) 35 3.4 1.7–8.6

Lymphocytes (× 109/L) 35 1.3 0.7–2.73

Platelets (× 109/L) 35 265 177–448

Hematocrit (L/L) 35 0.37 0.29–0.48

Pharmacogenetics

Phenotype CYP2C9 (EM/IM/PM) 5/22/8 – –

Phenotype CYP2C19 (EM/IM/PM) 5/28/2 – –

Phenotype CYP3A5 (EM/IM/PM) 5/5/25 – –

EM, IM, PM, extensive, intermediate, and poor metabolizers, respectively
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Concentration values of irosustat in plasma and blood were
determined by on-line solid phase extraction attached to
liquid chromatography and followed by tandem mass spec-
trometry (on-line SPE-LC-MS/MS) using a 13C labelled
analogue of irosustat as internal standard. For plasma mea-
surements, intra-assay and inter-assay precision data of quality
control samples was ranging between 1.21% and 11.70%
(intra) and between 3.47 to 9.92% (inter) for the overall data.
Intra-assay and inter-assay accuracy data in human plasma
was ranging between −15.08% and 6.56% (intra) and be-
tween −7.27 to −0.49% for the overall data. The limit of
quantitation was established as 0.05 ng/mL. Similarly, intra-
assay and inter-assay precision data of quality control samples
in human whole blood was ranging between 1.26% and
7.19% (intra) and between 2.67 to 6.04% (inter) for the overall
data. Intra-assay and inter-assay accuracy data of quality
control samples in human whole blood was ranging between
−5.01 and 6.00% (intra) and between−3.48 to−0.17% (inter)
for the overall data. The limit of quantification was established
as 0.1 ng/mL. Neither relevant matrix effect nor carry-over
effect was observed, and a 10-fold dilution or 500-fold dilution
on a sample of 500 ng/mL had no significant effect on the
levels of irosustat found both in human whole blood and
plasma. Consequently, this method was shown to be suitable
for measurement of human plasma and blood irosustat con-
centrations ranging from 0.050 ng/mL to 100 ng/mL, and
0.1 ng/mL to 100 ng/m, respectively.

Brief Description of the Data

A total of 1,438 values of irosustat concentration were obtain-
ed, 41 of those were reported as below the limit of quantifi-
cation (blq). The percentage of blq samples represented less
than 3% of the whole blood and plasma data and those
samples were ignored. 76 plasma samples were reported as
highly hemolyzed. Hemolyzed samples were distributed even-
ly across the different dose groups and were not considered for
the analysis. Therefore, a final number of 1,321 samples, 610
in plasma and 711 in blood, were considered for the subse-
quent analysis.

Figure 1a shows blood (CB) and plasma (CP) irosustat
concentration vs time profiles corresponding to the first and
last administration. In Fig. 1b the relationship between CB

and CP is represented. Both figures show that irosustat pre-
sents non-linear pharmacokinetic characteristics. The levels of
irosustat in blood is similar between the 40 and 80 mg dose
groups suggesting a limited distribution capacity of the red
blood cells.

Data Analysis

The population approach was applied for all analyses using
the software NONMEM version 7.2 (19) with the stochastic

approximation expectation maximization (SAEM) algorithm
followed by Importance sampling (IMP). ISV and inter-
occasion (20) (IOV) variability were modelled exponentially.
Three occasions were considered: (i) occasion 1, first dose
followed by the observation time until day 7; (ii) occasion 2,
daily dose administration from day 8 until day 33–34, and (iii)
occasion 3 last dose administration. Concentration data
in plasma and blood were logarithmically transformed
for the analysis and residual variability was described
with an additive error model. Different magnitudes of
residual errors were estimated for plasma and blood.
Observations obtained in plasma and in blood were fit togeth-
er, that is, a model integrating both type of observations was
developed.

Model Selection

Selection between models was based mainly on the inspection
of goodness of fit plots and the precision of the parameter
estimates. The minimum value of the objective function pro-
vided by NONMEM that is approximately equal to -2xlog
likelihood (−2LL), served as a guide during model building.
Two nested models can be directly compared using the log-
likelihood ratio test (LRT) based on the difference of -2LL
between the two models. LRT is assumed to be χ2 distributed
(degrees of freedom, df, equal to the number of differing
parameters), and therefore a difference in -2LL of 3.84 and
6.63 corresponds to the <0.05 and <0.01 significance levels
respectively for one extra model parameter (df=1). When
nested models differ in two parameters (df=2), a value of
5.99 is needed for a 0.05 level of significance. For non-
nested models the Akaike information criterion was used
(AIC) (21). Model parameter estimates are presented together
with their coefficients of variation [CV(%)] computed from
the results of the covariance step in NONMEM. The degree
of ISV and IOVwas also expressed as CV(%). Themagnitude
of residual error was expressed as log(ng/mL).

Model Development

Three steps were followed. First the base population model
was built. Then, the selection of significant covariates was
performed, and finally the selected model was evaluated.

Base population model building. A population model which in
absence of covariates provides a proper description of the
data was developed. Both the structural and the statistical
parts of the population model were selected at that step.
With respect to the latter, the significance of the off-
diagonal elements of the Ω variance co-variance matrix
was explored.

In the following, the structural part of the selected
model is described, however during the model building
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process variants of the final model were tested as it is
described in the results section. Figure 2 represents the
selected model together with the corresponding model
parameters.

(i) With respect to the drug absorption process, the
transit compartments absorption model was used
(Eq. 1) (22). This model represents a generalization
of the first order absorption model, increasing

flexibility and providing a more physiological inter-
pretation for the process of latency.

dADepot

dt
¼ F1 �D� kTR � kTR � tð ÞNTC � e−kTR�t

NTC!

−kA � ADepot

ð1Þ

dADepot/dt accounts for the rate of change in the
amount of irosustat in the depot (absorption)

Fig. 1 Raw data vs time profiles. (a) Measured plasma (right) and blood (left) irosustat concentrations (points) obtained after the first and last admnistrations, and
median of the data (lines) represented by the dose level administered. (b) Blood versus plasma raw concentration relationship. The log-log scale were used to
facilitate visual inspection in panels (a) and (b).

Fig. 2 Schematic representation of the final mathematical model developed for irosustat in blood and plasma. AP, ARBC and AB represent the amount of irosustat free (in
plasma), bound to the red blood cells (RBC) and in blood (total amount), respectively; VPand VB are the apparent plasma and blood volumes of distribution respectively; CP,
and CB represent the concentration of irosustat in plasma and in blood, respectively; F1 is the (unknown) relative bioavailability; kTR is the first order rate constant of transit
between absorption compartments (T1…TN); kA is the first order rate constant of absorption; NTC is the number of transit compartments being the last compartment;
TN, the depot compartment;MTT is themean transit time between compartments; kel is the first order rate constant of elimination; AMAX is themaximumbinding capacity
of irosustat to RBC and KD represents the amount of drug required to achieve 50% of AMAX.Dashed lines represent instantaneous processes.

Modelling Non-Linear Kinetics of Irosustat 1497



compartment (ADepot). At time (t) of the start of the
treatment (t=0) ADepot=F1xD, where F1 is the bio-
availability and D the dose administered. The param-
eter kTR represents the first order rate constant of
transit between compartments and is a derived pa-
rameter calculated as (NTC+1)/MTT, where NTC
is the number of transit compartments, and MTT
the mean transit time. Finally, kA is the first
order rate constant of absorption, and NTC!, is
the factorial of NTC that was approximated
using the Stirling’s formula: NTC ! ¼ ffiffiffiffiffiffiffiffiffiffiffi

2� π
p � NT

CNTCþ0:5 � e−NTC . Therefore Eq. 1 can be expressed
as:

dADepot

dt
¼ F1 �D� kTR

� kTR � tð ÞNTC � e−kTR�t

ffiffiffiffiffiffiffiffiffiffiffi

2� π
p � NTCNTCþ0:5 � e−NTC

−kA

� ADepot

ð2Þ
To characterize multiple doses, complete absorption

between dose administrations was assumed and time
was consistently updated to account for time after the
last dose administration.

(ii) Regarding drug disposition in the body, the model
assumes that distribution of irosustat from plasma to
red blood cells (RBC) is an instantaneous and
reversible process that occurs in the apparent
blood volume (VB), and that RBC have a lim-
ited distribution capacity, characterized by a
maximum binding capacity (AMAX) and a KD,
representing the amount of drug required to
achieve 50% of AMAX. Drug elimination occurs
from the plasma (central compartment) follow-
ing a first order rate process represented by kel.
Given the existence of different volumes of dis-
tribution for the different drug processes (i.e.,
elimination, binding between the drug in plas-
ma and red blood cells), amounts, rather than
concentrations, were used to express binding
capacity.

Equation 3 represents the rate of change of
the free amount of irosustat (outside the red
blood cells) in blood (AP), dAP/dt. The model
is based in the model described previously by
Wagner (23) and it has been applied in several
occasions (24,25).

dAP

dt
¼ kA � ADepot−kel � AP

1þ AMAX �KD

AP þKDð Þ2
ð3Þ

The drug amount in red blood cells (ARBC)
follows a Michaelis-Menten kinetics as it is rep-
resented by the following expression (Eq. 4):

ARBC ¼ AMAX � AP

KD þ AP
ð4Þ

Therefore, CP is obtained as AP/VP, where VP, is
the apparent volume of distribution of the plasma
(central) compartment assuming that, for practical
purposes, all the concentration of irosustat in plasma
is unbound. Finally CB is calculated as the total
amount of drug in the system (AP+ARBC) divided
by VB.

Under these conditions, and based on Wagner
derivations (23), the terminal half-life can be calcu-
lated as follows:

λz ¼ kel

1þ AMAX

KD

ð5Þ

The following set of typical population parameters
were estimated during the analysis: MTT, NTC, kA,
VP, VB, kel, AMAX, and KD. With respect to bioavail-
ability (F1), since intravenous data were not available
the typical estimate was fixed to 1 ( but ISV and IOV
on F1 were allowed), and therefore VP and VB should
be considered as apparent volumes of distributions
(VP/F1, and VB/F1, respectively).

Covariate selection. The covariates are listed in Table I. In a
first step, correlation between covariates was evaluated,
when a high correlation between two covariates was
observed, only the most relevant one from a physiological
point of view was selected. In a second step, EBEs
(Empirical Bayes Estimates) versus covariates were ex-
plored visually and a set of promising or clinically rele-
vant covariates were selected. Finally the stepwise covar-
iate model (scm) building procedure (26) that is automat-
ed in the software PsN (27) was used to obtain the
statistically significant covariates. The scm procedure is
based on an initial forward inclusion approach until the
full covariate model is generated, followed by a backward
deletion approach, deleting from the model those covar-
iates that despite of being selected during the forward
search do not match the statistical criteria. During the
forward inclusion and backward deletion approaches the
levels of significance used to incorporate to the model and
to keep a covariate in the model were 0.05 and 0.01,
respectively.
Model evaluation. Parameter precision was calculated from
1,000 nonparametric bootstrap analyses in PsN (27).
Model performance was evaluated exploring visually

1498 Parra-Guillen et al.



the goodness of fit plots including the conditional weight-
ed residuals (CWRES) (28). Simulation-based diagnostics
were also performed to further evaluate the selected
model. One thousand data sets of the same characteristics
of the original dataset were simulated and prediction-
corrected visual predictive checks (pcVPCs) (29) were
constructed and displayed graphically using PsN. Model
performance at the individual level was evaluated to
visually compare the raw and individual model predic-
tions for the best, median, and worse fit patients, selected
based on the mean value of the absolute prediction error
calculated for each patient. Prediction error (PE) was
computed as [(Cpred-Cobs)/Cobs]×100, where Cpred and
Cobs are the predicted and raw concentration values in
plasma or in blood, respectively.

Model Exploration

The disposition model described by Eqs. 3 and 4 above
implies that the ratio between CB and CP [blood to plasma
ratio (BPR)] is not constant. Taking into account the following
expressions it becomes clear that a dose dependent BPR value
can have implications on the bioavailability: FH=1-EH, EH=
CLB×QH

−1, and CLB=CLP×BPR
−1, where CLB, and CLP

are the apparent total blood and plasma clearance, respec-
tively. FH, refers to the (unknown) fraction of the absorbed
dose that is lost during the first pass through the liver, and QH,
corresponds to the liver blood flow. CLP was calculated as kel
multiplied by VP, and it was found to remain unchanged in
the dose range studied (see results below).

To explore the effect of the non-linear uptake of irosustat
by RBC onCLB and FH, calculations were made at the typical
model predicted maximum CB and CP values at each dose
level, assuming that liver metabolism is the major elimination
route of irosustat.

RESULTS

Base Population Model

During model building different structural models for the
different processes (absorption, distribution and elimination)
were explored, as well as different relationships between plas-
ma and blood irosustat profiles. First and zero order absorp-
tion models provided a worse description of the data com-
pared to the performance of the transit compartments model.
Multi-compartmental disposition models (e.g., two-
compartment model) resulted not significantly better than
the selected one compartment model (p>0.05). Ignoring the
limited binding capacity of the red blood cells resulted in a
poor description of the data, especially for CB. The typical

estimate of AMAX could not be obtained precisely, and
therefore the following parameterization was used to
improve parameter identifiability KD=AMAX/SLP (30),
where AMAX and SLP are the parameters being esti-
mated. Non-linear dose-dependent elimination was also
explored during model building, but resulted not signifi-
cant in the dose range studied. Model including time-variant
parameters were also tested but data description was not
improved significantly (p>0.05).

Variability was supported on MTT, NTC, KA, VP, AMAX,
kel, and F1. However, after exploration of parameter precision
by a nonparametric bootstrap analysis, a wide confidence
interval for ISV on VP was obtained suggesting that this
random effect could not be precisely estimated. Off-diagonal
elements of the Ω variance-covariance matrix and IOV were
also explored, and resulted both non-significant (p>0.05) ex-
cept for the ISV of KA and F1 were a negative correlation was
found.

Covariate Model

After a first visual screening (η-shrinkage below 30%) the
following set of covariates were selected to further study their
effects: HCT and WGT on kel; dose level on F1 and KA;
HCT, neutrophil counts, and WGT on MTT. Additionally,
CYP2C9, CYP2C19, CYP3A5, CRCL, ALB, AGE, WGT
were explored for significant effects on kel, and F1. After the
scm analysis the only covariate relationship that resulted sig-
nificant was the dose level on F1.

Final Model Evaluation

Table II lists the estimates of the population pharmacokinetic
parameters corresponding to the final selected model for
irosustat administered orally. Although large confidence in-
tervals were obtained for some ISV parameters, in general,
parameters were obtained with reasonable precision based
from the results obtained from the bootstrap analysis. ε-
shrinkage was low for both plasma and blood observations
(6.3 and 4.4% respectively), which means that the individual
predictions vs individual observations plots are reliable.
Goodness-of-fit plots for both type of measurements can be
found on supplementary figure S1. Not apparent tendencies
with respect to time and dose could be detected in any of the
plots indicating good model performance. Lower panels of
both figures also suggest (i) that the model captured
very well the dose effects on the pharmacokinetics of
irosustat (left) and (ii) the absence of time dependencies
(right). Individual model predicted profiles correspond-
ing to the worst, middle, and best fits are presented in
supplementary figure S2.

Results of the simulation-based diagnostics (pcVPCs)
showed that, in general, the model was able to describe
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reasonably well themedian tendency of the data (Fig. 3, where
a data point was excluded from the lower right panel
for better inspection) together with the non-linear up-
take by the red blood cells (Fig. 4). There is however a

tendency to overpredict the variability seen in the data. In
addition, and to allow a better model evaluation, visual pre-
dictive checks have also been stratified by dose in both plasma
and blood (supplementary figure S3).

Table II Population Pharmacokinetic Parameter Estimates of Irosustat After Oral Administration

Parameter Estimate (CV%) [5th-95th] ISV (%) [5th-95th]

kel (day
−1) 4.08 (18) [3.41–4.48] 25.6 (67) [17.6–31]

VB /F1(L) 4.4 (15) [3.84–4.81] Ne –

VP /F1(L) 294 (18) [290–337] 12.2 (145) [0.2–27]

KA (day
−1) 18.7 (33) [13.2–26.7] 77.1 (59) [41.8–104]

F1=θF1x (DOSE/40)θDOSE θF1=1 FIX
θDOSE=−0.206 (24)

−
[−0.29−(−0.07)]

32.4 (41) [19.5–40.6]

MTT (days) 0.0322 (33) [0.0247–0.041] 66.1 (77) [51.1–77]

NTC 3.05 (69) [2.41–3.97] 57.8 (65) [32.1–84.7]

AMAX (mg) 51.6 (41) [37.4–67.6] 68.5 (151) [15–100]

SLP 5.35 (23) [4.37–5.89] Ne –

KD
1 (mg) 9.64 [7.36–14.1]2 – –

ω2
KA,F1

3 −0.23 (52) [−0.45−(−0.16)] – –

Residual errorPlasma [log (ng/mL)] 0.55 (2) [0.316–0.799] Ne –

Residual errorBlood [log (ng/mL))] 0.545 (3) [0.501–0.602] Ne –

Parameters are defined in the text; ISV; inter-subject variability expressed as coefficient of variation; Ne, not estimated; results from the bootstrap analysis are
shown in brackets and summarizing providing the 5th and 95th percentiles; 1 , Derived parameter calculated as AMAX/SLP;

2 , confidence intervals obtained from
the bootstrap analysis; 3 , typical value for correlation=0.9

Fig. 3 Evaluation of the selected
population pharmacokinetic model.
Prediction- corrected VPC for plas-
ma and blood profiles after the first
(left panels) and last (right panel) ad-
ministered doses. Grey areas rep-
resent the 90th prediction intervals
of the 5th, 50th and 95th percen-
tiles obtained by simulating 1,000
studies. Blue points are the predic-
tion corrected observations and
dotted blue lines represent the 5th,
50th and 95th percentiles calculated
from the raw data.
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Simulated typical profiles of irosustat in blood and plasma
for different dosing levels (Fig. 5) showed that despite the one
compartment kinetics, and due to the saturable binding in the
blood compartment, a non-linear decay for the highest simu-
lated doses could be observed. Those typical simulated pro-
files indicate that doses lower than 20 mg irosustat show linear
pharmacokinetic properties.

Model Exploration

Left panel in Fig. 6 shows the maximum typical CP and CB

values (normalized to the typical value predicted for the 1 mg
dose and corrected by predicted bioavailability) versus the
corresponding dose level in log-log scale. It becomes clear that
the increments in CP and CB with the dose are higher and

lower than expected from a linear behaviour (solid line in
black), respectively.

Middle panel of the same figure, the BPR and CLB against
dose profiles are shown. The BPR decreases with the dose
level and consequently the CLB is increased. Within the dose
range administered in the current study CLB typically passes
from 2.5 at the 1 mg dose to 6 Lxh−1 at the 80 mg dose.
Despite this more than two-fold impact of CLB, the expected
fraction of the dose lost during the first pass effect is almost
negligible. FH was typically estimated as 0.9985 for the 1 to
20 mg doses, and 0.998 and 0.997 for the 40 and 80 mg dose
levels, using a value for the perfusion into the liver of
2,160 Lxday−1. Right panel in Fig. 6 shows the individual
predicted relative bioavailability estimates versus dose, together
with the typical profile obtained from the covariate model
selected. The plot reflects a misspefication of the covariate
model for the 5 and 20 mg.

DISCUSSION

A population pharmacokinetic model capable to describe
simultaneously the concentrations of irosustat in plasma and
blood over time after single and repeated oral doses in post-
menopausal women with oestrogen-receptor positive breast
cancer has been developed and evaluated for a dosing range
from 1 to 80 mg. In previous preliminary analysis, irosustat
exhibited concentration-dependent pharmacokinetics (17) ex-
plained by a saturable distribution to the red cells for the
higher studied doses, as could be observed in Fig. 1b. The
model developed captured very well such non-linear behavior
by considering instantaneous and reversible binding with lim-
ited distribution capacity (AMAX) of the free drug to the red
blood cells (Fig. 2).

From the current analysis, the value of the blood to plasma
concentration ratio (BPR) in linear conditions can be derived.

Fig. 4 Evaluation of the selected full population pharmacokinetic model with
respect to the uptake process of irosustat by the red blood cells. Grey area
represents the 90th prediction intervals of the 50th percentile obtained by
simulating 1,000 studies. The solid black lines represent the 5th, 50th, and 95th

percentiles of the simulated data. Points represent observation where each
colour correspond to a dose level administered and the dashed line shows the
median of raw data.

Fig. 5 Typical simulated population
concentration profiles in plasma and
blood after a single oral administration
of different doses of irosustat.
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Based on the results from the model developed, irosustat
exhibits linear disposition properties at values of CP lower
than 32.79 ng/mL calculated as KD/VP (see value in
Table II). At a CP level of 5 ng/mL, the typical model
predicted maximum blood concentration after the first dose
equals to 1,537 ng/mL, and BPR is 307.4, indicating very
high affinity for the red blood cells compartment.

Similarly, assuming only hepatic drug elimination, a total
clearance of 1199.52 L/day (752–1852; 5th-95th range of
distribution obtained from 1,000 simulations) can be obtained
from the parameters listed in Table II representing the elim-
ination clearance based on plasma concentration data. The
corresponding blood clearance would be equal to
3.9 L×day−1, calculated as CLPL/BPR, and under linear
pharmacokinetic conditions. Those results might also indicate
that irosustat is a low cleared drug. Nevertheless, it should be
born in mind that given the lack of intravenous data, a
complete oral bioavailability was assumed, which could ham-
per the physiological interpretation of all apparent volumes of
distribution and clearance parameters.

Regarding the half-life, using Eq. 5 and final estimated
parameters, a terminal slope of 0.64 days−1 (approximately
25 h) is obtained in agreement with previously reported results
(17). The estimate of the apparent volume of distribution in
blood is 4.4 L which implies that if bioavailability is
overestimated (i.e., lower than 1) VB would be less than 4 L
which is not physiologically possible. Model misspecifications
in the characterization of the binding parameters as a results
of the limited concentration range can be responsible of the
resulted estimated of VB/F1.

Irosustat showed a low to moderate inter-subject variability
(12–77%) in its absorption and disposition related parameters.
Absorption parameters were associated to higher variability,
an expected result taking into the limited solubility of the

compound. Inter-subject variability can be present in the drug
release processes represented by KA, MTT and NTC.
Variability in bioavailability was also estimated (32.4%).

In the current evaluation, a covariate analysis was per-
formed. Remarkably neither the demographics (i.e., AGE,
WEIGHT) nor the phenotypes for CYP2C9, CYP2C19,
and CYP3A5 enzymes showed statistically significant effects.
It should be noted here that, with exception of creatinine
clearance, most of the bio-analytical measurement were with-
in the normal ranges, preventing detection of covariate effects,
and therefore, careful extrapolation of this results to a more
critical population should be performed. The lack of effects of
haemoglobin and hematocrit on the AMAX and KD parame-
ters could be also explained due to the narrow interval of those
covariates, but in addition, due to poor estimation of AMAX

and its inter-subject variability, possibly as a consequence of
the limited range in the concentrations. However it was found
that bioavailability decreased non-linearly as the administered
dose increased. The selected covariate model predicts a 53,
33, 15%, increase in F1 at doses of 5, 10, and 20 mg with
respect to the median dose value of 40 mg. For the case of the
highest dose administered, 80 mg, F1 was 13.3% decreased
with respect to the 40 mg dose.

In general, the model shows good overall performance in
the dosing range studied (5–80 mg) providing reasonable
pharmacokinetic parameter estimates. However, certain
under-prediction was observed, especially in plasma, after
the last irosustat administration. IOV was tested in the differ-
ent model parameters, but it resulted not significant, suggest-
ing that some time dependent processes that were not possible
to identify are taking place. Further studies are needed in
order to proper characterize this process.

Different mechanisms can be hypothesized to explain the
decrease in bioavailability as the dose is augmented. Results

Fig. 6 Typical model predicted increments in maximum plasma and blood concentrations with respect to the 1 mg dose and normalized by the typical estimated
of bioavailability. Solid line in black represents the relationship corresponding to linear, concentration-independent, disposition characteristics (left). Typical model
predicted profiles corresponding to the blood to plasma concentration ratio (BPR) and apparent total blood clearance (middle). Empirical Bayes estimates (EBEs) of
relative bioavailability versus the dose level administered (points). The solid lines represent the typical relationship predicted by the covariate model selected (black)
and the general tendency of the data (red) (right).
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from the model exploration exercise, where the values of CLB
and FH were studied over the dose range, showed that the
increase in CLB has a minimal impact on the bioavailability
due to the first pass effect, and that the dose effect found on the
relative bioavailability has to be mainly due to a limitation of
the absorption process. A negative correlation of 0.9 was
found (see Table II) between the first order rate constant of
absorption and relative bioavailability. Preliminary data with
different formulations showed that increasing the solubility of
irosustat was associated to a lower bioavailability due proba-
bly to an instability of the drug in the gastrointestinal tract
(data not shown). Another possibility is that drugs such as
irosustat with a sulfamate moiety are sequestered by RBC
after absorption (16), this binding protects them from the first
pass metabolism when travelling through the liver. This mech-
anism could explain the decreased on F1 with dose where the
binding to RBC is saturated.

One possibility when dealing with concentrations of drug in
plasma and blood is to develop amodel for CP and then use the
following expression to get the predictions corresponding to CB:
CB=CP×(1-HTC)+CRBC×HTC, where CRBC represents the
(unobserved) drug concentration in the red blood cells, which is
predicted as CRBC=BMAX×CP/(KB+CP), BMAX is the maxi-
mum concentration of binding sites and KB, represents the
concentration of drug required to achieve 50% of BMAX (31).
However this approximation makes the assumption that the
interaction between drug in plasma and red blood cells occurs
within the plasma volume, which is not the case; the volume in
which such process occurs is VB not VP. The modelling frame-
work that is proposed in the current investigation takes into
account the different volumes in which the different processes
are taken place (i.e., elimination, distribution, and binding)
which we think represents a more physiologic approach. The
selected model deviates from Wagner’s model where it is as-
sumed that the binding and dissociation of drug molecules to
tissue takes place in plasma. A model taking into account the diffusion

process between plasma and red blood cells as reported previously by

Piekoszewski et al., (31) was also fit, but the current data did not support
the estimation of the diffusion parameter. The structure of the model including

diffusion process between plasma and red blood cells is represented mathe-

matically in supplementary material figure S4.

During the model development process we used the above
mentioned approximation obtaining a two-compartment dis-
position model, with an unreasonable low estimate of VP, and
a covariate model describing an increase in KA as the dose
level was increased. Data description obtained from that
model was very similar to that shown in Figs. 3 and 4, and
supplementary figure S1 and S2. The selected model is sim-
pler, with one parameter less to be estimated and provided a
more meaningful estimate of VP, and a more plausible effect
of dose on the absorption process.

In summary, a population pharmacokinetic model of
irosustat to simultaneously describe in a semi-mechanistic

manner plasma and blood concentrations has been success-
fully developed by incorporating maximum distribution ca-
pacity of drug to red blood cells and a dose-dependent bio-
availability with a predicted 47% decrease in relative bioavail-
ability in the 40 mg with respect to the 1 mg dose. Based on
the current results, irosustat shows linear dose independent
characteristics at doses lower than 20 mg. The impact of the
non-linear binding capacity on the plasma and whole blood
pharmacokinetic profiles is minor at the recommended dose
of 40 mg. During the treatment period irosustat showed time-
independent pharmacokinetics. Pharmacokinetic processes of
irosustat show low to moderate inter-subject variability, and
neither the demographics (i.e., AGE, WEIGHT) nor the
phenotypes for CYP2C9, CYP2C19, and CYP3A5 enzymes
showed statistically significant effects.
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