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ABSTRACT

Idasanutlin is a potent inhibitor of the p53-MDM2 interaction that ena-
bles reactivation of the p53 pathway, which induces cell cycle arrest
and/or apoptosis in tumor cells expressing functional p53. It was
investigated for the treatment of solid tumors and several hemato-
logic indications such as relapsed/refractory acutemyeloid leukemia,
polycythemia vera, or non-Hodgkin lymphoma. For safety reasons, it
cannot be given in healthy volunteers for drug–drug interaction (DDI)
explorations. This triggered the need for in silico explorations on top
of the one available CYP3A clinical DDI study with posaconazole in
solid tumor patients. Idasanutlin’s clearance is dependent on
CYP3A4/2C8 forming its major circulating metabolite M4, with contri-
butions from UGT1A3 and biliary excretion. Idasanutlin and M4 have
low permeability, very low clearance, and extremely low unbound
fraction in plasma (<0.001), which makes in vitro data showing inhibi-
tion on CYP3A4/2C8 enzymes challenging to translate to clinical rele-
vance. Physiologically-based pharmacokinetic models of idasanutlin
and M4 have been established to simulate perpetrator and victim DDI
scenarios and to evaluate whether further DDI studies in oncology
patients are necessary. Modeling indicated that idasanutlin and M4
would show no or weak clinical inhibition of selective CYP3A4/2C8

substrates. Co-administered strong CYP3A and CYP2C8 inhibitors
might lead to weak or moderate idasanutlin exposure increases, and
the strong inducer rifampicin might cause moderate exposure reduc-
tion. As the simulated idasanutlin systemic exposure changes would
be within the range of observed intrinsic variability, the target popula-
tion can take co-medications that are either CYP2C8/3A4 inhibitors or
weak/moderate CYP2C8/3A4 inducers without dose adjustment.

SIGNIFICANCE STATEMENT

Clinical trials for idasanutlin are restricted to cancer patients,
which imposes practical, scientific, and ethical challenges on
drug–drug interaction investigations. Furthermore, idasanutlin and
its major circulating metabolite have very challenging profiles of
absorption, distribution, metabolism and excretion including high
protein binding, low permeability and a combination of different
elimination pathways each with extremely low clearance. Nonethe-
less, physiologically–based pharmacokinetic models could be
established and applied for drug–drug interaction risk assessment
and were especially useful to provide guidance on concomitant
medications in patients.

Introduction

Cancer remains a major cause of morbidity and mortality worldwide
despite recent progress with drugs providing survival benefit to patients.
TP53 is a tumor suppressor gene, which is frequently mutated or deleted
in human cancers, leading to a dysfunctional p53 tumor suppressor pro-
tein and facilitating uncontrolled cell proliferation (Chene 2003). In addi-
tion, p53 can be inactivated through protein degradation, which is
triggered by binding to the E3 ligase MDM2, the main negative regulator
of p53 (Moll and Petrenko, 2003; Kubbutat et al., 1997; Haupt et al.,
1997). Therefore, in cancers with wild-type TP53, which includes a large
proportion of patients with acute myeloid leukemia (AML) (�80%)
(Melo et al., 2002; Kadia et al., 2016; Yee et al., 2021), targeting MDM2

may be a promising therapeutic strategy to stabilize p53 levels and acti-
vate p53 tumor suppressor function and downstream apoptotic pathways.
Idasanutlin is a novel, potent, and selective small-molecule MDM2

antagonist (Ding et al., 2013). Preclinical evaluations showed antitumor
activity of idasanutlin in various indications (Higgins et al., 2013; Hert-
ing et al., 2018). In the clinic, idasanutlin was investigated for acute
myeloid leukemia as primary indication (Yee et al., 2021): solid tumors
(Italiano et al., 2021), polycythemia vera (Mascarenhas et al., 2019),
and non-Hodgkin lymphoma were explored as well.
Common to all indications is the fragile nature of the patients. This

makes it ethically questionable to perform a series of exploratory drug–-
drug interaction (DDI) studies in patients, and idasanutlin cannot be
given to healthy volunteers for this purpose due to cytotoxicity. The
low incidence of the mainly explored relapsed/refractory AML indica-
tion and the short life expectancy of these patients would also lead to a
much-extended clinical DDI program.
In vitro studies in human liver microsomes (HLM) with idasanutlin

and its major circulating metabolite M4 showed reversible inhibition of
CYP2C8 (0.164 mM, 0.13 mM) and CYP3A4 (>50 mM, 9.2 mM),
respectively. The static mechanistic model calculation for idasanutlin
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using the CYP inhibition study data in HLM leads to predictions of an
increases in area under the curve (AUC) for probe substrates of
CYP2C8 [paclitaxel, fraction metabolized by the enzyme (fm) 5 0.87
and fraction available after intestinal metabolism (Fg) 5 1] and
CYP3A4 (midazolam, fm 5 0.95 and Fg 5 0.51) (Njuguna et al.,
2016) of 3.54-fold and 1.49-fold, respectively, with multiple oral admin-
istrations of idasanutlin at a therapeutic oral dose of 300 mg
(Supplemental Table S1). Similarly, static model assessment for its
major circulating metabolite M4 alone predicts an AUC increase of
1.58-fold for paclitaxel due to inhibited CYP2C8 metabolism
(Supplemental Table S1). Free fractions in plasma were not measurable
(#0.001 for both molecules), and so, according to the static mechanistic
model [US Food and Drug Administration (FDA), 2020], an unbound
fraction (fu) of 0.01 has to be assumed, resulting in exaggerated predic-
tions of the inhibition DDI risk.
Idasanutlin might also possess a victim DDI liability, as systemic

exposure changes are expected when dosed with co-medications that
are perpetrators of CYP3A4 and/or CYP2C8. Based on the in vitro, pre-
clinical, and human mass balance study results, idasanutlin was mainly
metabolized by CYP3A4, CYP2C8, and UGT1A3, with some direct
biliary excretion also contributing to total clearance (P�apai et al., 2019,
Glenn et al., 2016). Elimination pathways of M4 were postulated based
on the human mass balance study of idasanutlin and included oxidative
metabolism, as well as contributions of efflux transporters and direct
glucuronidation. The fractional contributions of the various metabolic
pathways to hepatic elimination of idasanutlin and M4 could not be
fully estimated in vitro due to the extremely low hepatic intrinsic clear-
ance values. Therefore, the clinical impact of posaconazole on the phar-
macokinetics (PK) of idasanutlin provided useful insight into the
in vivo fraction metabolized by CYP3A4 (fm,CYP3A4), which was still
unclear from the in vitro data.
A comprehensive physiologically-based pharmacokinetic (PBPK)

model of idasanutlin and its metabolite M4 was developed to combine all
available data and obtain a more realistic risk estimate than was provided
by the static model. It provides a risk assessment with respect to CYP
enzyme (2C8 and 3A4) inhibition with idasanutlin as perpetrator and vic-
tim. Inhibitory effects of idasanutlin/M4 on the PK of CYP3A4 and
CYP2C8 standard substrates (i.e., midazolam and repaglinide) were eval-
uated and the systemic exposure changes of idasanutlin in the presence of
CYP3A4/CYP2C8 inhibitors and inducers were simulated (Table 1).

Materials and Methods

Input Parameters in the PBPK Model of Idasanutlin and Metabolite M4
All simulations were performed using SimCYP Simulator v18 (Certara Inc.).

The input parameters for the models of idasanutlin and its major metabolite M4
with derivations are summarized in Table 2. The drug disposition pathways and
the model building process are illustrated in Figs. 1 and 2, respectively. The

quantitative contributions of the disposition pathways of metabolite M4 could
not be investigated for technical reasons (e.g., extremely low turnover in vitro);
therefore, the current PBPK model of this metabolite was used for DDI risk
assessment as a perpetrator, but not as a victim. This is in alignment with expect-
ations set out in the FDA DDI guidance document (2020). Metabolite M4 con-
tributes only minimally to the pharmacological activity of idasanutlin [about
20% of the parent’s activity in vitro (data not shown) combined with lower expo-
sure as the parent], and the systemic exposure of M4 is less than 20% relative to
the parent drug idasanutlin, and M4 was not further metabolized to major circu-
lating or pharmacologically relevant metabolites (Fig. 3; Supplemental Table
S4). A population file of healthy volunteers in SimCYP was used for all simula-
tions conducted in this study, due to a lack of information of the impact of the
target disease status on patient physiology. Age, body height, and weight distri-
bution of the virtual population were adjusted to match the respective study
patient population.

Absorption. The permeability of idasanutlin in Caco-2 cells was low in the
apical to basal direction (0.8 × 10�6 cm/s). The intestinal absorption of idasanut-
lin was likely governed by passive permeation, consistent with a time to reach
maximum plasma concentration (Tmax) after oral doses of several hours. Idasa-
nutlin is not a substrate of P-gp or BCRP. This is supported by efflux ratios of
1.0 and 0.6 in MDCK II-MDR1 cells (cells obtained from Yuichi Sugiyama,
Tokyo, Japan) in two independent experiments, suggesting no directional trans-
port (5 mM). In addition, uptake of idasanutlin (2 mM) by membrane vesicles pre-
pared from human BCRP-expressing insect cells (SOLVO Biotechnology) was
not adenosine triphosphate-dependent and was not inhibited by the control inhibi-
tor Ko143 (1 mM), indicating mostly unspecific binding. Therefore, an empirical
first-order absorption model was applied with the fraction absorbed (Fa) based on
the clinically determined oral absolute bioavailability (F) in the fed state of 0.4
and 0.187 for a spray-dried powder (SDP) and microprecipitated bulk powder
(MBP) formulation of idasanutlin respectively. The approximation of Fa 5 F
was considered to be reasonable as the fractions escaping metabolism in intestine
and liver (FgFh) after oral administration were estimated to be $ 0.99 based on
clinical pharmacokinetics measured after intravenous dosing and a DDI study in
the absence and presence of posaconazole (discussed below). Idasanutlin was
metabolized by CYP3A4 and CYP2C8 with low intrinsic clearance, and the con-
tribution of CYP3A4 to total elimination was low. The SDP formulation has
been used in the most recent clinical studies, and so to simulate a worst case for
the DDI risk assessment of idasanutlin as a perpetrator, a high Fa (0.4) was used
as model input. A first-order oral absorption rate constant was estimated using
the mechanistic absorption model (SimCYP Version 18) using the permeability
of idasanutlin in Caco-2 cells in the apical to basolateral direction (0.8 × 10�6

cm/s), which captured the PK profiles well based on visual inspection (Fig. 3).
Modification of the absorption rate constant did not affect the DDI prediction
results (Supplemental Figs. S1–S4).

An fu in enterocyte for idasanutlin was set to 0.001 for idasanutlin. For the
metabolite M4, a value of 1 was assumed to maximize the potential clinical DDI
prediction even though M4 shows relatively low systemic exposure compared
with the parent drug idasanutlin. This assumption was further explored by run-
ning sensitivity analysis to investigate the impact of changing fu in enterocyte on
DDI potential (Supplemental Figs. S3 and S4).

Distribution. The volume of distribution of idasanutlin at steady state (0.40
L/kg) was initially predicted using the tissue-to-plasma partition coefficient (Kp)
values determined in a quantitative whole-body autography study in rats, and

TABLE 1

Outline of the simulation work

Substrate Perpetrator Pathway Site Where DDI Occurs Inhibited by the Parent Drug(Static Calculation) Inhibited by M4(Static Calculation)

Midazolam Idasanutlin CYP3A4 Liver (and intestine) X
Repaglinide CYP2C8

CYP3A4
Liver (and intestine) X X

Idasanutlin Posaconazole
Ketoconazole
Itraconazole

CYP3A4 Liver and intestine Inhibition

Gemfibrozil CYP2C8 Liver Inhibition
Rifampicin CYP3A4

CYP2C8
Liver and intestine Induction
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then by scaling of all the Kp values by 50% to achieve volume of distribution of
idasanutlin at steady state and plasma concentration–time profiles consistent with
the pharmacokinetics in human after intravenous administration of [13C]idasanut-
lin. Given the similar physicochemical properties of idasanutlin and its metabo-
lite M4, an identical Kp adjustment was applied for the PBPK model of the
metabolite.

Definitive fu in plasma for idasanutlin and metabolite M4 could not be mea-
sured due to the extremely low values of less than 0.001. To simulate a worst-
case scenario for the CYP inhibitory potential, the highest possible fu of 0.001
was implemented for both compounds. The blood-to-plasma concentration ratio
of idasanutlin was measured as 0.64.

Metabolism. An fm,CYP3A4 was estimated using data from a clinical DDI
study with posaconazole (Nemunaitis, et al., 2018). Two-dimensional analysis
(Cleary et al., 2018) simultaneously estimated fm,CYP3A4 and Fg from the fold
change in Cmax and AUC of idasanutlin after co-administration of posaconazole.
The estimated in vivo fm,CYP3A4 and Fg of idasanutlin were 0.25 and 0.99,
respectively (Supplemental Fig. S5).

Based on the in vitro enzymology study results using recombinant enzymes,
idasanutlin was mainly metabolized by CYP3A4, CYP2C8, and UGT1A3. The
oxidative metabolism of idasanutlin at 1 mM using HLM supplemented with
NADPH was inhibited by approximately 50% and 50% in the presence of 3 mM
montelukast (CYP2C8 inhibitor) and 1 mM ketoconazole (CYP3A4 inhibitor),

TABLE 2

Parameter values used for PBPK modeling of idasanutlin and the major circulating metabolite M4 as a perpetrator and/or a victim drug on CYPs

Input Parameters Units

Idasanutlin(Perpetrator and Victim) M4(Perpetrator)

Value Remarks Value Remarks

1. Physicochemical and binding properties
MW g/mol 616.49 630.47 Calculated
Log P — 5.6 4.97 Calculated
Compound type — Ampholyte Ampholyte Calculated
pKa — 4 (acid)/6.9 (base) 3.97 (acid)/7.11 (base)
B/P ratio — 0.64 1 Assumption
fu — 0.001 Measured as <0.1% 0.001 Measured as <0.1%
HSA or AGP — HSA HSA Assumption
2. Absorption

Absorption model First order absorption modela —

fa — 0.401 b
— —

CV fa % 30 c
— —

ka 1/h 0.35 b
— —

CV ka % 30 c
— —

Peff,man 10�4 cm/s 0.525 Predictionc — —

P caco-2 10�6 cm/s 0.8 — —

P propranolol 10�6 cm/s 14 — —

fu(gut) — 0.001 Assumption:5fu 1 g

Q(gut) L/h 3.88 Predictionc — —

CV Q(gut) % 30 c
— —

3. Distribution
Distribution model Full PBPK model
Tissue model Perfusion limited model
Vss L/kg 0.40 d 0.426 d

CV Vss % 30 c 30 c

4. Enzyme phenotyping
Recombinant CYP enzymes

CLint (CYP3A4) mL/min/pmol 0.42 e
— —

CLint (CYP2C8) mL/min/pmol 2.5 e
— —

5. Other Distribution and Elimination property
In vivo CL

CLr L/h 0 0 h

CL L/h — — 1.76 i

CV CL % — — 30 c

In vitro CL
HLM CLint (unbound) mL/min/mg 110 f

— —

CV HLM CLint % 30 c
— —

7. Interaction
CYP inhibition (competitive)

Ki (CYP2C8) mM 0.082 5IC50/2 0.065 5IC50/2
fu(mic) (CYP2C8) — 0.035 0.916 Predictionj

Ki (CYP3A4) mM 25 5IC50/2 4.6 5IC50/2
fu(mic) (CYP3A4) — 0.05 0.731 Predictionj

aNo involvement of intestinal efflux transporters in the absorption process.
bFor SDP formulation at fed state.
cSimCYP v18.
dThe idasanutlin Vss was initially predicted using the Kp values determined in rats, then scaling all of the Kp values by 50% delivered consistent Vss and plasma concentration–time profiles
after intravenous administration of [13C]-idasanutlin. The Kp values were 0.352 (lung), 0.384 (adipose), 0.800 (pancreas), 0.320 (muscle), 3.01 (liver), 0.545 (spleen), 0.705 (heart), 0.128
(brain), 1.135 (kidney), 0.256 (skin), 0.448 (bone marrow), and 1.135 (gut). The Kp values of M4 were assumed to be identical with the parent drug.
eIn vivo fm,CYP3A4 and Fg were estimated from the clinical DDI study with posaconazole by two-dimensional analyses (Cleary et al., 2018). fm,CYP2C8 was estimated according to the
in vitro enzymology data and the estimated in vivo fm,CYP3A. CYP3A4, and CYP2C8 catalyzed the formation of M2, and M2 was further metabolized to M4. Therefore, the assigned
intrinsic clearance due to CYP3A4 and CYP2C8 was regarded as the M4 formation clearance.
fThe CLint was back-calculated by assuming that it represents the combined contributions of UGT1A3 and (potential) biliary excretion to total elimination based on the in vitro enzymology
and human mass balance study results.
gA worst-case scenario for the perpetrator DDI liability assessment
hNegligible amount of the radioactivity derived from M4 was observed in urine from the human mass balance study results of idasanutlin.
iAdapted to capture the observed plasma concentration profiles over time for M4 after the last dose of idasanutlin at 400 mg p.o. on Days 1, 10, and 19.
jBased on a concentration of human liver microsomes at 0.0125 mg/mL in the in vitro assay.
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respectively. As unbound idasanutlin concentration after clinically relevant doses
was less than 1 mM, equal contribution of CYP2C8 and CYP3A was expected.
Hence, fractions metabolized by CYP2C8 and CYP3A4 compared with total
clearance were both estimated to be 0.25, and the remaining fraction of 0.5 was
assigned to the other elimination pathways of UGT1A3 metabolism and biliary
excretion. The intrinsic clearance values due to human CYP2C8 and CYP3A4
enzymes were back-calculated using the well-stirred liver model by considering
the fractional contributions to total clearance, enzyme abundances, and other
physiologic data. An additional intrinsic clearance in HLM was added to the
model to represent the sum of the other elimination pathways. It was not possible
to calculate separately the fractions of UGT1A3 and biliary excretion for idasa-
nutlin as the glucuronide was not recovered in human feces.

Hepatic intrinsic clearance of idasanutlin (based on unbound concentration)
was back-calculated to be 220 mL/min/mg protein corresponding to 8.76 mL/min/
g liver using a microsomal protein content in liver (38 mg/g liver; SimCYP v18).
The combination of intrinsic clearance by CYP3A4/2C8 as well as UGT1A3 with
potential biliary excretion would therefore be 110 mL/min/mg protein in each,

because, as stated above, an equal contribution of CYPs (CYP3A4 and CYP2C8)
and the other pathways (UGT1A3 and biliary excretion) was expected.

Elimination. There was no relevant urinary excretion of idasanutlin in the
human mass balance study with less than 0.1% of the radioactive dose recovered
in the urine (P�apai et al., 2019). In feces, unchanged idasanutlin was the major
drug component accounting for 84.2% of the dose in the pooled feces samples
between 0 and 264 hours after oral administration of [14C]-idasanutlin.

CYP3A4 and CYP2C8 catalyzed the formation of M2 from idasanutlin, and
M2 was further metabolized to M4 based on the data from incubation with
recombinant enzymes and human preparations. Therefore, the assigned intrinsic
clearance of idasanutlin due to CYP3A4 and CYP2C8 was regarded as being the
same as the M4 “formation clearance” with the hepatic intrinsic clearance of 110
mL/min/mg protein corresponding to 4.38 mL/min/g liver stated as above. Due to
the extremely low turnover, the total elimination clearance of metabolite M4
[1.76 L/h corresponding to 0.02 mL/min/g liver using 22 g liver/kg bw (Johnson
et al., 2005) and a body weight of 80 kg] in the model was adapted to capture
the observed plasma concentration profiles over time after the last dose of idasa-
nutlin based on visual inspections (Yee et al., 2021). Along the same line, the
fractions of the disposition pathways relative to total elimination of the metabo-
lite have not been investigated. The elimination pathways of the metabolite M4
were postulated based on the human mass balance study of idasanutlin and
included oxidative metabolism, passive or active efflux (3.4% of the idasanutlin
dose accounted for metabolite M4 in feces), and direct glucuronidation (traces in
human plasma).

Impact of Transport on Hepatic Drug Disposition. Idasanutlin and
metabolite M4 were not substrates of the active uptake transporters, OATP1B1
and OATP1B3.

Although a potential contribution of biliary excretion to hepatic clearance of
idasanutlin was indicated, idasanutlin was not a substrate of the efflux transport-
ers P-gp and BCRP. Less involvement of biliary excretion of the metabolite M4
in total clearance was indicated by the human mass balance study results.

CYP DDI Inputs with Idasanutlin as Perpetrator. In vitro studies with
idasanutlin in HLM showed reversible inhibition of CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4 and CYP2E1 (no time-
dependent inhibition). According to the net effect model (FDA, 2020), assuming
an unbound fraction in plasma fu of 0.01, AUC increases were calculated for
probe substrates for CYP2C8 (paclitaxel) and CYP3A4 (midazolam) after multi-
ple oral administration of idasanutlin at a therapeutic oral dose 300 mg and were
3.54-fold for CYP2C8 and 1.49-fold for CYP3A4, respectively (Supplemental
Table S1). There was no induction effect on mRNA levels of CYP1A2,
CYP2B6, and CYP3A4 after 24–72 hours’ exposure of idasanutlin (up to 3 mM)
to hepatocytes from five individual liver donors, and therefore induction effects
were not considered further.

CYP DDI Inputs with Metabolite M4 as Perpetrator. In vitro studies
with the major circulating metabolite M4 in HLM showed reversible inhibition
of CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4
(no time-dependent inhibition). The net effect model assessment for the circulat-
ing metabolite M4 estimated an AUC ratio of 1.58 due to inhibition of paclitaxel
CYP2C8 metabolism if using an fu of 0.01 (as the unlikely worst case scenario)
(Supplemental Table S1). Induction effects of metabolite M4 on mRNA and
enzyme activity level of CYP1A2, CYP2B6, and CYP3A4 were not observed
for metabolite M4 after 24–72 hours’ exposure of the metabolite (up to 10 mM)
to hepatocytes from five individual liver donors.
Simulation of PK Profiles after Multiple Oral Administration of
Idasanutlin using Established PBPK Models

PK parameters of idasanutlin and metabolite M4 were simulated after a single
intravenous idasanutlin dose (0.1 mg), and after multiple oral administrations of
idasanutlin 400 mg at Days 1, 10, and 19. The 400-mg dose was originally
planned, but later, dosing was changed to 300 mg given on 5 consecutive days at
the start of a 28-day treatment cycle. The PK data from Yee et al., 2021, were
used as reference data to assess the predictability of PK profiles using the PBPK
models of the two compounds (Supplemental Table S2).

CYP DDI Risks via Idasanutlin and Metabolite M4 as Perpetrator with
PBPK Modeling

Simulations were performed to investigate the DDI due to multiple idasanutlin
doses (300 mg twice daily for 5 days) on single oral administrations of midazo-
lam (2 mg) and repaglinide (0.25 mg) (Supplemental Table S2).

Fig. 1. A schematic description of disposition pathways of idasanutlin and
RO6802287 (M4). Derivation of the drug disposition pathways for idasanutlin and
the major circulating metabolite M4 is described in Materials and Methods. Fa was
calculated based on the absolute bioavailability study results. Contributions of
CYP3A4 and CYP2C8 to total elimination of idasanutlin were estimated in align-
ment with the in vitro enzymology and the systemic exposure change of idasanutlin
after co-administration of posaconazole. Sum of fractions eliminated by UGT1A3
and biliary excretion are based on the human mass balance study data. Disposition
of M4 was derived from human mass balance data. 1) Two values in SDP and
MBP formulation at fed state, and 2) a prediction using the current PBPK model
in SimCYP v18. Fh, the fraction available after hepatic metabolism.

Fig. 2. A summary workflow illustrating idasanutlin PBPK model building and
application. The model-building details for idasanutlin and RO6802287 (M4) are
described in Materials and Methods. QWBA and MD represent quantitative
whole-body autography and multiple dosing, respectively.

DDI-PBPK Modeling of Idasanutlin 217
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PBPK Modeling of Idasanutlin as a Victim of CYP Inhibition
The predicted changes of systemic exposures of idasanutlin [800 mg orally

(p.o.), single dose] following multiple oral administrations of posaconazole (at
400 mg twice daily) could be compared with the actually obtained clinical DDI
data (Nemunaitis, et al., 2018). The DDI risks of idasanutlin as victim were
assessed in single (300 mg p.o. at Days 5, 7, or 15) and multiple administration
schedules (300 mg twice daily). Assessments were made for the following orally
administered perpetrators: 1) strong CYP3A4 inhibitors (ketoconazole: 200 mg
twice daily, and itraconazole: 200 mg once daily), 2) moderate CYP3A4 inhibi-
tors (erythromycin: 500 mg twice daily, and fluconazole: 200 mg once daily), 3)
a weak CYP3A4 inhibitor (fluvoxamine: 50 mg, once daily), 4) a CYP2C8
inhibitor (gemfibrozil: 600 mg twice daily), and/or 5) CYP3A4(/2C8) inducers
(efavirenz: 600 mg, and rifampicin: 600 mg once daily) (Supplemental Table S2;
results in Fig. 5 for single idasanutlin doses).

Explored PBPK Models of CYP Perpetrators (Idasanutlin as Victim)
SimCYP v18 library models of the CYP3A4 and 2C8 perpetrators [ketocona-

zole, itraconazole, including its hydroxyl metabolite (capsule formulation; at fed
state), erythromycin, fluconazole, fluvoxamine, efavirenz, and gemfibrozil,
including gemfibrozil 1-O-b-glucuronide] were used with their respective model
verification documents. Input parameters and model verification/performance for
the posaconazole model as a strong CYP3A4 inhibitor have been published else-
where (Cleary et al., 2018).

Rifampicin is classified as a strong CYP3A4 and CYP2C8 inducer in vivo
(FDA, 2020). The compound file for rifampicin in SimCYP v13 was updated for
predictions of CYP3A4 induction potential by transferring input parameters from
a published rifampicin model (Baneyx et al., 2014). The model incorporated
enzyme kinetic data for rifampicin metabolism by CYP3A4, which resulted in
successful prediction of the slight auto-induction of CYP3A4 with reduction of
the systemic exposures of rifampicin after multiple oral administrations. The
updated rifampicin model could reasonably capture the induction effects on the
PK of CYP3A4 substrates. In addition, the maximum fold induction for
CYP2C8 by rifampicin was adjusted to match observed systemic exposure
reductions for rosiglitazone (8 mg p.o., single dose at Day 6) after co-administra-
tion of rifampicin 600 mg, once daily for 6 days (Park et al., 2004). The concen-
trations needed to trigger half-maximal induction (EC50) for CYP2C8 and for
CYP3A4 were assumed to be identical, since the induction mechanism for both
enzymes involves activation of the same nuclear receptor (pregnane X receptor).
Rosiglitazone is metabolized by CYP2C8, CYP2C9, and additional unidentified
hepatic metabolism with respective fm values of 0.58, 0.29, and 0.13 (SimCYP
model verification document). For the rifampicin CYP2C8 maximum fold induc-
tion adjustment, it was assumed that the unidentified metabolism pathways of

rosiglitazone are not induced on co-medication of rifampicin. The rifampicin
model might, therefore, overestimate the induction potential of rifampicin on
CYP2C8, which is in line with the objective to investigate a worst-case scenario
for the DDI potential with idasanutlin as victim.

Input parameters and model verification/performance for the rifampicin model
as a CYP3A4 and CYP2C8 inducer were summarized in Supplemental Table S3
and Supplemental Information S1, respectively.

PBPK Models of Standard Victim Drugs with Idasanutlin as Perpetrator
Verified SimCYP v18 library models of midazolam (CYP3A4 substrate),

repaglinide (CYP2C8 substrate), and rosiglitazone (CYP2C8 substrate) were
used for this purpose.

Qualification of PBPK Modeling Software
With respect to qualification of PBPK for DDI risk assessment, SimCYP DDI

predictions of CYP3A4 reversible and time-dependent inhibition have been
reported for 30 drugs, showing a good predictability for clinical DDIs with mid-
azolam (Fahmi et al., 2009). In addition, 20 clinical DDI study results showed
greater than 20% decreases in the exposure of CYP3A4 substrates were pre-
dicted using SimCYP (Bolleddula et al., 2021) in the presence of the moderate
and strong inducers. Based on these qualifications, the PBPK platform SimCYP
is considered to provide useful DDI risk assessments for reversible and time-
dependent inhibition, as well as for induction of CYP3A4. The systemic expo-
sure increases of the dual substrates of CYP3A4 and CYP2C8 repaglinide and
rosiglitazone after co-administration of an inhibitor of CYP2C8 (gemfibrozil)
were successfully predicted as reported in the SimCYP model verification docu-
ments. Given that PBPK models for CYP3A4 substrates have been qualified, the
PBPK platform SimCYP can also be used for DDI risk assessments due to inhi-
bition of CYP2C8. Due to the lack of clinical reference data showing induction
effects on CYP2C8, it is difficult to demonstrate a qualification of the Sim-
CYP software for predictions of CYP2C8 induction. However, the perfor-
mance of a newly modified rifampicin file as a CYP2C8 inducer was provided
in Supplemental Information S1. The predicted AUC ratio of rosiglitazone at
8 mg (single dose, p.o.) with co-medication of rifampicin (600 mg, once daily)
was 0.30, which is reasonable comparable to the observation (0.34).

Simulation Design Parameters for PBPK Modeling
The simulation trial design parameter including demographic parameters were

taken directly from the actual treatment cycle of this drug; otherwise, generic
designs were applied as provided in Supplemental Table S2. For the current sim-
ulation work, an idasanutlin dose of 400 mg was taken, which was the originally

Fig. 3. Mean plasma concentration–time profiles of idasanutlin and M4. Plasma concentration–time profiles of idasanutlin after intravenous administration of idasanut-
lin 0.1 mg (A) (observations: n 5 8; simulations: n 5 80), plasma concentration–time profiles of idasanutlin (B) and M4 (C) after oral administration of idasanutlin
400 mg on Days 1, 10, and 19 over 30-day cycle (observations: n 5 28; simulations: n 5 100) are presented in semilogarithmic scale. The 5th to 95th percentiles of
the predictions (gray shaded areas), median (gray solid lines), and the observations (open circles) are shown.
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planned clinical dose, later reduced to a 300-mg dose in adults, and presents now
a worst-case scenario.

Data Representation for Simulated DDI Scenarios
All the systemic pharmacokinetic data were based on plasma concentrations.

The predicted AUC, Cmax, and Tmax for idasanutlin and its metabolite M4 are
shown as geometric means or medians with CV (%) or range. The exposure
change in the presence of perpetrators was presented as AUC ratio and/or Cmax

ratio. The predictability of PK parameters and AUC/Cmax ratios due to CYP3A4
DDI was evaluated using the criteria of geometric means within two-fold errors
(Fahmi et al., 2008).

Clinical Pharmacology Studies Included in the PBPK Modeling
A mass balance study including an intravenous microdose, a posaconazole

DDI study, a bioequivalence study, and sparse data from a clinical efficacy study
were available for the model development. The mass balance of idasanutlin was
investigated in eight patients who had a histologically or cytologically confirmed
advanced malignancy (ClinicalTrials.gov identifier: NCT02828930). The detail
of the study is published elsewhere (P�apai et al., 2019). In brief, the patients
received 100 mg [14C]-idasanutlin MBP and unlabeled 300 mg SDP formula-
tions orally. Six hours after the oral administration (i.e., at around oral peak
time), [13C]-idasanutlin 100 mg was given intravenously to evaluate an absolute
oral bioavailability of idasanutlin. Plasma, whole blood, urine, and feces were
collected up to 264 hours after idasanutlin administration.

The posaconazole DDI study explored the effect of concomitant administration
of posaconazole, a potent CYP3A inhibitor, on idasanutlin PK in 18 patients [Clin-
icalTrials.gov Identifier: NCT01901172 (Nemunaitis, et al., 2018)]. Posaconazole
400 mg was given twice a daily for 7 days, and 800 mg idasanutlin as MBP for-
mulation was given as a single dose 4 days after the initiation of posaconazole
treatment. Plasma samples were collected to quantify idasanutlin and metabolite
M4 up to 264 hours after oral administration of idasanutlin. A bioequivalence in
solid tumor patients investigated single doses of three SDP tablet formulations at a
dose level of 300 mg (ClinicalTrials.gov Identifier: NCT03362723).

Safety, PK, and preliminary efficacy of idasanutlin was investigated in 122
patients with AML [ClinicalTrials.gov Identifier: NCT01773408 (Yee et al.,
2021)]. The patients received 400–1600 mg of MBP formulation or 600–800
mg/d of SDP formulations (300 or 400 mg twice daily) for 5 days followed by
23 days with no idasanutlin administration. Plasma samples were collected from
these participating patients across available cycles to quantify idasanutlin and
metabolite M4 concentrations.

All relevant study documents of the clinical studies were approved by the
institutional review board, and all subjects signed the informed consent forms
prior to enrollment. These studies were conducted in full conformance with the
principles of the Declaration of Helsinki. Plasma concentrations of idasanutlin,
M4, and [13C]-idasanutlin were measured by specific liquid chromatography–tan-
dem mass spectrometry methods.

Results

PK Predictions of Idasanutlin and Metabolite M4. The PBPK
model predictions were in a good agreement with the observed concentra-
tion–time profiles. The mean AUC extrapolated to infinity (AUCinf) after
single intravenous administration of idasanutlin at 0.1 mg (n 5 80) was
estimated to be 156 ng·h/mL, which is very comparable to the actually
observed 150 ng·h/mL (n 5 8) (Supplemental Table S4). Predicted
AUC(0–t), Cmax, and Tmax of idasanutlin in plasma after oral adminis-
tration of 400 mg idasanutlin were 225000 ng·h/mL, 4300 ng/ml,
and 7.8 hours, respectively. The estimated AUC from time 0 to the
last measurable concentration [AUC(0–t)], Cmax, and Tmax values of
the metabolite M4 for the simulated idasanutlin dose regimen were
46800 ng·h/ml, 601 ng/ml, and 28 hours, respectively (Supplemental
Table S4).
Overall, the predicted plasma AUC(0–t) and Cmax were in line with

the observations in the bioequivalence study due to the intraindividual
variability (CV of 25–30%) (Supplemental Table S4).
CYP DDI Simulations with Idasanutlin and Metabolite M4 as

Perpetrator with Respect to CYP3A4 and CYP2C8. The idasanut-
lin PBPK model including metabolite M4 predicted no relevant change
of the AUC ratio (1.20) and Cmax ratio (1.19) for the CY3A4 substrate
midazolam (2 mg p.o., single dose on Day 5) after repeated co-adminis-
tration of idasanutlin with 300 mg p.o., twice daily (Table 3). As the
idasanutlin PBPK model without inclusion of metabolite M4 simulated
no systemic exposure increase of midazolam, the metabolite M4 did not
alter the in vivo inhibition potential prediction on CYP3A4.
Repaglinide was used as a victim for CYP2C8, although it is also a

substrate of OATP1B1 and CYP3A4 (Table 1). However, the explora-
tion above showed that both idasanutlin and metabolite M4 have no rel-
evant effect on CYP3A4, which is also true for OATP1B1 according to
in vitro data (in-house data). Repaglinide can, therefore, be used as the
probe CYP2C8 substrate in this study. The PBPK model for idasanutlin
including metabolite M4 predicted geometric mean ratio changes of
1.96 and 1.48 for AUC and Cmax for repaglinide, respectively (0.25 mg
repaglinide after repeated idasanutlin doses of 300 mg p.o., twice daily),
indicating no relevant interaction (Table 3). A slightly lower systemic
exposure change of repaglinide was simulated without metabolite M4
(AUC ratio 1.61 instead of 1.96). Therefore, it is clear that the parent
drug dominates the net perpetrator DDI potential toward CYP2C8.
Idasanutlin DDI as a Victim of CYP3A4 and CYP2C8 Inhibi-

tion. Idasanutlin Cmax and AUCinf changed following oral administra-
tion of a strong CYP3A4 inhibitor (posaconazole 400 mg twice daily)
by a factor of 0.94 and 1.31, respectively (Table 4). Based on these

TABLE 3

Predictions of the exposure changes for midazolam and repaglinide when combined with repeated oral doses of idasanutlin

Victim Day X Model Perpetrator N Cmax(ng/mL) AUCinf(ng·h/mL) Cmax ratio AUC ratio

Midazolam (2 mg
p.o., single dose)
at Day X after
administration of
the perpetrator

5 Idasanutlin 1
M4

Alone
1Idasanutlin(300 mg
p.o., twice daily for 5

days)

100 9.70(CV: 54%)
11.6(CV: 52%)

25.7(CV: 74%)
30.9(CV: 70%)

—

1.19(CV: 10%)
—

1.20(CV: 10%)

Repaglinide (0.25
mg p.o., single
dose) at Day X
after
administration of
the perpetrator

5 Idasanutlin
only

Alone
1Idasanutlin(300 mg
p.o., twice daily for 5

days)

100 3.82(CV: 46%)
5.02(CV: 17%)

5.04(CV: 75%)
8.10(CV: 76%)

—

1.31(CV: 11%)
—

1.61(CV: 17%)

5 Idasanutlin 1
M4

Alone
1Idasanutlin(300 mg
p.o., twice daily for 5

days)

100 3.82(CV: 46%)
5.66(CV: 40%)

5.04(CV: 75%)
9.89(CV: 74%)

—

1.48(CV: 16%)
—

1.96(CV: 24%)

Pharmacokinetic data are presented as geometric mean with CV(%) in parentheses.
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limited changes, a two-dimensional analysis was performed (Cleary
et al., 2018) to estimate simultaneously the in vivo idasanutlin
fm,CYP3A4 and Fg and yielded values of 0.25 and 0.99, respectively
(Supplemental Figure S5). Implementation of these fm,CYP3A4 and Fg
values into the idasanutlin PBPK model adequately recovered observed
PK parameters (Table 4) and plasma concentration–time profiles (Fig.
4) of idasanutlin in the presence of posaconazole. The effect of concom-
itant medications with various magnitude of CYP3A4/2C8 inhibition
and induction on the systemic exposure of idasanutlin (300 mg p.o., sin-
gle dose) was summarized in Fig. 5 and Supplemental Information S2.
As idasanutlin was given at 300 mg p.o. (twice daily) for 5 days in

28-day cycles (Yee et al., 2021), the DDI prediction with idasanutlin as
victim after multiple dosing was clinically relevant and of interest for
drug development. The predicted AUC and Cmax ratios of idasanutlin
with co-medication of itraconazole (200 mg p.o., once daily for 30
days) were 1.21 (range: 1.08–1.42) and 1.17 (range: 1.07–1.33), as well
as 1.24 (range: 1.03–2.11) and 1.22 (range: 1.02–2.00) for the co-
administration of gemfibrozil (600 mg p.o., twice daily for 15 days),
respectively. The ratios after simultaneous co-administration of gemfi-
brozil (600 mg p.o., twice daily) and ketoconazole (200 mg p.o., twice

daily) were predicted to be 1.60 (range: 1.11–2.63) for AUC and 1.57
(range: 1.11–2.43) for Cmax. The changes in the presence of rifampicin
(600 mg p.o., once daily for 15 days) were 0.24 (range: 0.15–0.45) for
AUC and 0.35 (range: 0.25–0.50) for Cmax, respectively (Table 5).
The numerically slightly different AUC and Cmax changes after single

and repeated idasanutlin doses can be seen in the forest plot (Fig. 5)
and Supplemental Table 2, A and B.

Discussion

The objective of the current study was to provide a DDI risk assess-
ment for idasanutlin based on limited clinical data by means of in vitro
and in silico approaches. Clinical phase 1 studies were available to
develop a PBPK model and to validate the predictions using the avail-
able CYP3A inhibition study with posaconazole as perpetrator. The
obtained results were then applied to predict the outcome of further
DDI studies with idasanutlin as victim and perpetrator, with respect to
CYP3A4 and CYP2C8. This could support the use of co-medications
with idasanutlin. Limiting factors were 1) the extremely high protein
binding with no measurable free fractions (i.e., <0.1%), and 2) the very
limited possibility to perform clinical drug–drug interaction studies.

TABLE 4

Summary of PK parameters in the absence and presence of posaconazole

Parameters

Idasanutlin (800 mg p.o., Single Dose) Alone Idasanutlin and Posaconazole (400 mg p.o., Twice Daily)

Observation(Nemunaitis, et al., 2018) Prediction Observation(Nemunaitis, et al., 2018) Prediction

n 20 200 20 200
Tmax (hr) 9.53 [5.95–50.5] 9.83 [4.75–20.6] 9.52 [5.92–24.7] 10.7 [5.5–21.7]
Cmax (ng/mL) 3950 (40.0%) 4300 (21.0%) 3700 (56.2%) 4520 (20.0%)
AUCinf (ng�h/mL) 217000 (34.0%) 213000 (46%) 283000 (43.5%) 273000 (45.0%)
t1/2 (hr) 34.6 (35.0%) 25.5 (43.0%) 41.6 (76.7%) 26.1 (43.0%)
Cmax ratio — — 0.935 [0.782–1.12] 1.05 [1.05–1.05]
AUCinf ratio — — 1.31 [1.08–1.58] 1.28 [1.26–1.30]

Geometric mean (CV%) is presented for all parameters except for Tmax, where median and range are shown.

Fig. 4. Predicted and observed plasma concentration of idasanutlin in the absence and presence of posaconazole. Geometric means of the observed and predicted idasa-
nutlin plasma concentrations in the absence (observations 5 open circles and predictions 5 dotted lines) and presence of posaconazole (observations 5 solid squares
and predictions 5 solid lines) are compared. Simulations were repeated 10 times, and each line indicates the geometric mean of each trial.
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Clinically relevant idasanutlin exposure increases are not expected on
co-dosing of strong CYP3A4 or CYP2C8 inhibitors (predicted geomet-
ric mean AUC increase: 1.21-fold and 1.24-fold for itraconazole and
gemfibrozil co-administration, respectively), even if inhibitors for both
enzymes are combined (1.60-fold for combined gemfibrozil and ketoco-
nazole administration) (Table 5). This outcome was validated for
CYP3A4 by the result of the available posaconazole interaction study,
which showed an increase of only 31% AUC of idasanutlin AUC
(Nemunaitis et al., 2018). In contrast to CYP inhibitors, CYP inducers
may have relevant effects on idasanutlin’s exposure. Rifampicin as a
strong inducer may result in a relevant decrease in idasanutlin’s expo-
sure, with moderate ($ 50% reduction in AUC) to strong ($ 80%)
AUC reductions (Table 5 and Fig. 5).
Perpetrator DDI simulations were performed to explore the effect of

idasanutlin on the PK of midazolam (2 mg p.o., single dose) and repa-
glinide (0.25 mg p.o., single dose) (Table 3). It could be shown that ida-
sanutlin may have no relevant effect on CYP3A substrate exposure
(geometric mean AUC increase of 1.20-fold for midazolam). Only a
weak effect is predicted for CYP2C8 substrates such as repaglinide
(geometric mean AUC increase of 1.96-fold), although the CYP2C8
inhibition via idasanutlin or metabolite M4 was the strongest across all

CYP isoenzymes. A higher impact on future drugs cleared solely by
CYP2C8 cannot, however, be ruled out.
The validity of these DDI predictions is potentially challenged in the

absence of further clinical studies; therefore, several points might be
considered: 1) The idasanutlin PBPK model for PK and DDI risk
assessment adequately recovered the clinical data. PK data were avail-
able after intravenous (0.1 mg) and oral (400 mg) administrations
(Supplemental Table S4); 2) the predicted effect of the strong
CYP3A4 inhibitor posaconazole on the PK of idasanutlin using the
PBPK model of idasanutlin with an fm,CYP3A4 of 0.25 was consis-
tent with the observations (Table 4 and Fig. 4); and 3) Fa and fecal
excretion of the parent drug estimated in the human mass balance
study could define the fractions excreted in bile and metabolized by
UGT1A3 (Fig. 1). The intestinal first pass effect via efflux transport
and metabolism was likely to be negligible. Although the Fg value
based on the two-dimensional analysis was not used as an initial input
parameter for the idasanutlin model (Supplemental Figure S5), the fm,
CYP3A4 was aligned with the respective in vitro findings, resulting in
predicting an Fg of 1 with the back-calculated intrinsic clearance from
the intravenous PK data. Across a panel of recombinant UGT
enzymes, the contribution of UGT1A3 was shown to be predominant
in forming the direct glucuronide in vitro. For the metabolite, the
PBPK model used a total apparent clearance without specific enzyme
assignment. The model has been established to predict AUC, Cmax,
and Tmax for metabolite M4 after repeated oral administration of idasa-
nutlin in solid tumor cancer patients (Supplemental Table S4).
Considering prediction variability due to intraindividual differences

in physiology and sensitive model parameters such as fu and fu in enter-
ocyte, it should be considered that idasanutlin exposure itself showed an
intraindividual CV between 25% and 30% for idasanutlin alone, which
puts smaller changes in idasanutlin exposure into perspective. The simu-
lation results presented here, with inclusion of appropriate sensitivity
analysis for uncertain model input parameters, were important for the
risk–benefit assessment of idasanutlin (Supplemental Figs. S1–S4), as
conduct of further respective DDI studies was hardly feasible—or very
time consuming if solid tumor patients would be considered instead of
the relapsed/refractory AML target population.
A few similar attempts to predict with PBPK modeling untested PK

and DDI scenarios where running clinical studies is not feasible have
been recently reported. Eliglustat was developed for Gaucher disease as
a lysosomal storage disorder by a hereditary deficiency in the enzyme
glucocerebrosidase. The PBPK model of this drug was used to qualify
the impact of CYP2D6 polymorphisms and victim DDI risk assessment,
and based on the prediction results, the FDA approved this drug for
treatment of extensive, intermediate and poor metabolizers for CYP2D6
(Drugs@FDA, https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2014/205494Orig1s000ClinPharmR.pdf). Another example is veneto-
clax, (i.e., a selective B-cell lymphoma-2 inhibitor that restores apopto-
sis in cancer cells), where a limited in vivo extrapolation with
ketoconazole (CYP3A inhibition) and rifampicin (P-gp inhibition) was
conducted, and further DDI studies were successfully waived for NDA
submission with the aid of PBPK modeling (Freise et al., 2017; Emami
Riedmaier et al., 2018).
Clinical DDI trials for idasanutlin could not be performed in healthy

volunteers and were restricted to cancer patients, which imposes practi-
cal and ethical challenges for clinical DDI investigations. Although the
PBPK models were developed based on physiology of a healthy volun-
teer virtual population with adaptation of the demographic model to the
actual cancer patients, the model parameters were estimated and/or veri-
fied using idasanutlin PK (intravenous and p.o.), DDI and mass balance
data collected from cancer patients. Therefore, potential effects of the

Fig. 5. Forest plot to compare the DDI effects of CYP2C8 and CYP3A4 perpetrators
at steady state on single-dose PK of idasanutlin after oral administration. Predicted
AUCinf ratio (closed diamond) and Cmax ratio (open circle) of idasanutlin (300 or 400
mg p.o., single dose at Day 5, 7, or 15) with co-medication of multiple oral administra-
tion of strong CYP3A4 inhibitors (itraconazole: 200 mg once daily, ketoconazole: 200
mg twice daily, posaconazole: 400 mg twice daily), moderate CYP3A4 inhibitors (eryth-
romycin: 500 mg twice daily, fluconazole: 200 mg once daily), a weak CYP3A4 inhibi-
tor (fluvoxamine: 50 mg once daily), a strong CYP2C8 inhibitor gemfibrozil (600 mg
twice daily), a moderate CYP3A4(/2C8) inducer efavirenz (600 mg once daily), and a
strong CYP3A4 and CYP2C8 inducer rifampicin (600 mg once daily) are plotted. The
dual inhibition effects of simultaneous administration of gemfibrozil and ketoconazole
on CYP2C8 and CYP3A4 were also evaluated as a worst-case inhibition scenario. The
impact of rifampicin on CYP2C8 and CYP3A4 can be independently simulated in this
study. The efavirenz model was not verified as a CYP2C8 inducer. Simulated data rep-
resented geometric mean with 95% interval (n 5 100), except for the posaconazole
DDI data (geometric mean with range, n 5 20 for observation and n 5 200 for verifi-
cation). The ratios in green closed, green broken, and red broken boxes are the reference
values, the predicted values with the current idasanutlin model verified based on the
clinical data, and the predicted values without the corresponding measured data,
respectively.
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disease status on predictions of idasanutlin’s disposition and the DDI
risk assessment have been captured in the current PBPK model.
Recently, significantly lower expression of many CYPs and UGTs

(likely except for UGT1A3, i.e., a metabolizing enzyme of idasanutlin)
was reported using HLM prepared from colorectal cancer liver metasta-
sis patients based on the proteomics approach (Vasilogianni et al.,
2021). Several attempts to deploy PBPK modeling for disease–drug
interactions have been made to describe the suppression effect of ele-
vated levels of cytokines as IL-6 in patients relative to healthy volun-
teers on the activity of CYP enzymes. With the suppression kinetics of
IL-6 on CYP1A2, 2C9, 2C19, and 3A4 in a concentration-dependent
manner in vitro, the exposure of the in vivo CYP probe substrates such
as caffeine, S-warfarin, omeprazole, midazolam, and simvastatin could
be predicted as a function of the elevated levels of IL-6 (Xu et al.,
2015; Jiang et al., 2016; Machavaram et al., 2019). Therefore, reduc-
tion of CYP3A4 abundance in the patients with the treatment of idasa-
nutlin can be expected, and this could imply the systemic exposure
increase of idasanutlin and M4 due to CYP3A4-mediated CL reduction
depending on the disease status. Nevertheless, these potential exposure
differences may already have been accounted for to some extent due to
the use of patient exposure data in model validation. Irrespective, no
additive effects of the CYP3A4 down-regulation on the victim DDI
magnitude of idasanutlin can be anticipated with a potentially lower
fm,CYP3A4 relative to healthy volunteers. Along the same line, the
perpetrator DDI risk on CYP3A4 can be further weak compared with
the current simulation results due to the potential reduction of the
CYP3A4 abundance.
Modification of plasma protein levels such as albumin in different

hepatic and renal disease stages is also reported (Heimbach et al.,
2021), which could potentially impact the DDI risk assessment of ida-
sanutlin showing an extremely high plasma protein binding. Interest-
ingly, Crohn’s disease populations at an age range of 1–19 years old, a
two-fold reduction of villous length was observed in inflamed duode-
num and ileum besides a decreased expression of CYP3A4 mRNA lev-
els (Vyhlidal et al., 2021). This indicates the impact of disease status
on Fa after oral absorption of a drug. Irrespectively, a changing Fa and
fu for idasanutlin and/or M4 was not sensitive to the perpetrator and
victim DDI prediction results due to CYP3A4 (Supplemental Figs. S1–
S4). Nonetheless, extrapolations of DDIs by modeling according to a
translational strategy as such to overcome these difficulties together
resulted in a meaningful characterization of DDI potential of the drug
candidate for highly unmet medical needs, to support guidance for con-
comitant medications in patients.
As a consequence, it is predicted that the target patients could take

co-medications of CYP2C8 and CYP3A4 inhibitors without any dose
adjustment. On the contrary, the current recommendation to avoid con-
comitant use of rifampicin (or other strong inducers of CYP3A and
CYP2C8) with idasanutlin was maintained. The target patients could
still receive the benefit from taking idasanutlin with co-medication of
other weak and moderate inducers of CYP2C8 and/or CYP3A4.
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