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ARTICLE

A Strategy to Refine the Phenotyping Approach and
Its Implementation to Predict Drug Clearance: A
Physiologically Based Pharmacokinetic Simulation Study

Jeffry Adiwidjaja', Alan V. Boddy'? and Andrew J. McLachlan'*

The phenotyping approach to predict drug metabolism activity is often hampered by a lack of correlation between the probe
and the drug of interest. In this article, we present a strategy to refine the phenotyping approach based on a physiologically
based pharmacokinetic simulation (implemented in Simecyp Simulator version 17) using previously published models. The
apparent clearance (CL/F) of erlotinib was better predicted by the sum of caffeine and i.v. midazolam CL/F (r? = 0.60) com-
pared to that of either probe drug alone. The clearance of atorvastatin and repaglinide had a strong correlation (r2 =0.70 and
0.63, respectively) with that of pitavastatin (a SLCO1B1 probe). Use of multiple probes for drugs that are predominantly me-
tabolized by more than one cytochrome P450 (CYP) enzyme should be considered. In a case in which hepatic uptake trans-
porters play a significant role in the disposition of a drug, the pharmacokinetic of a transporter probe will provide better

predictions of the drug clearance.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

The current practice of the phenotyping approach in-
volves assessing the phenotyping metric of a single probe
drug to explain the variability in clearance of the drug of
interest. Two frequent complicated scenarios are when
the drug is cleared by multiple metabolic pathways and
transported by hepatic uptake transporters.

WHAT QUESTION DID THIS STUDY ADDRESS?

This article offers a proof-of-concept study of these
common scenarios using a PBPK simulation.

When a drug is administered, individuals vary substantially
in their pharmacokinetic (time course of drug concentra-
tion) and, thus, the response to treatment. Interindividual
variability in pharmacokinetics is often linked to polymor-
phisms in selected genes encoding drug-metabolizing
enzymes (DMEs) and transpor‘ters,.z'3 Nevertheless, other
intrinsic (sex, age, the abundance of DMEs and transport-
ers, pregnancy, disease state, ethnicity, and epigenetic) as
well as extrinsic factors (diet, concomitant administration
of interacting drugs, and herbal medicines) may further
contribute to this vari21bility.4’5 For example, cytochrome
P450 (CYP)3A isoenzyme activity displays high between-
individual variability and is subject to significant alteration

; published online on 24 October 2018.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Use of multiple probes for drugs that are predomi-
nantly metabolized by more than one CYP enzyme should
be considered. In a case in which hepatic uptake trans-
porters play a significant role, the pharmacokinetic of a
transporter probe will be more predictive of the drug
clearance.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

The strategy proposed in this study is likely to give a
higher success rate in the phenotyping approach. The veri-
fication of this strategy in a clinical setting would be
desirable.

by CYP3A modulators."® However, the level of CYP3A
activity is more likely to be the result of multiple genetic
and nongenetic determinants, rather than single gene vari-
ants.” Other CYP isoenzymes, especially CYP2D6, 2C19,
and 2C9 are highly polymorphic,8 but genotype alone does
not explain the phenotype variability.9 To best understand
variability in pharmacokinetics it is desirable to assess the
activity of DMEs and/or transporters in each individual
whenever possible.

Phenotyping is a method to assess in vivo DME and
transporter activity (phenotype) using the administration of
a selective probe drug (or drugs) in order to guide drug dos-
ing in an individual.® Different probe drugs for characterizing
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CYP isozyme activity administered either individually or in
combination (so called “cocktail” approach) have been pro-
posed.'®"" There has also been recent interest to identify
suitable probe drugs for the main clinically important drug
transporters.12 The ideal metric for a specific probe should
be the systemic or apparent clearance, but other alterna-
tives (e.g., area under the plasma-concentration-time curve
from time zero to infinity (AUC,_) and metabolic ratio in
plasma, saliva, or urine and more simplified metrics, such as
truncated AUC and single point plasma concentration) have
also been widely investigated and implemented.°

The current practice involves assessing the phenotyping
metric of a single probe drug to explain the variability in clear-
ance of the drug of interest.'® The phenotyping approach
relies on the fundamental premise that the exposure or dis-
position of a drug can be adequately predicted by the phar-
macokinetics of a selective probe drug that shares a common
or similar metabolic pathway. However, this may not always
be the case, particularly for drugs and probes administered
orally. The apparent clearance (CL/F) of a drug also consid-
ers the bioavailability (F), which is influenced by determinants
unrelated to metabolism (dissolution, permeability, and trans-
porter substrate specificity). Even for i.v. administered drugs,
the phenotyping method is not straightforward due to the
possible interplay between hepatic uptake transporters and
drug metabolizing enzymes. Indeed, a lack of adequate cor-
relation between the pharmacokinetics of a probe drug and
the drug of interest has often been reported.'® '

The aim of this study was to investigate the factors that
determine the suitability of a phenotyping probe drug and
to propose a strategy to refine the phenotyping approach
for its implementation in predicting the apparent clearance
of drugs. Due to the additive nature of clearance from mul-
tiple metabolic pathways,'®'® we hypothesized that the
use of pharmacokinetic data from multiple probe drugs will
provide improved predictions for drugs that are cleared by
multiple CYP enzymes. Based on the extended clearance
concept,'”'® a hepatic uptake transporter probe, instead of
probe drugs for specific CYP pathways, is likely to better ex-
plain variability in the pharmacokinetics of drugs when there
is an interplay between DME and transporter, particularly
when hepatic uptake transporters play a significant role. This
article offers a proof-of-concept study of selected common
scenarios using a physiologically based pharmacokinetic
(PBPK) simulation with illustrative examples. The factors that
can determine the suitability of a phenotyping probe is also
investigated using midazolam as a model probe drug.

METHODS

Physiologically based pharmacokinetic simulation
Population-based PBPK simulations were conducted
using the Simcyp Simulator version 17 release 1 (Simcyp,
Sheffield, UK). The description of Simcyp Simulator work-
flow, basic algorithm, structural PBPK model, and ordinary
differential equations have been detailed elsewhere.'®?°
The “healthy population” library data within the Simcyp
Simulator, which represents typical healthy adult North
European white subjects, was used. Virtual individuals
aged 20-50 years with a male:female ratio of 1:1 were gen-
erated randomly using Correlated Monte Carlo sampling.
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Ten in silico clinical pharmacokinetic trials with 20 subjects
each (based on the typical number of participants in an in
vivo phenotyping study) were conducted in every simula-
tion. Unless otherwise stated, the default models and input
parameters of drugs (substrates) supplied by the simulator
were used in the simulation.

The CL/F and other relevant pharmacokinetic parame-
ters were assessed following a single administration of the
probes or drug of interest. A clinically relevant dose for all
probe drugs and the drugs of interest was used throughout
the simulation. At a substantially higher dose, drug concen-
tration in the liver potentially exceeds its Michaelis-Menten
constant (K ) value. The PBPK simulation, as implemented
in the Simcyp Simulator, is able to capture the saturation
of DMEs. Under this circumstance, the correlation between
probe drug and drug of interest may deteriorate. The list of
substrates and probes used in the simulation are provided
in Table 1 and details on the PBPK model can be found in
Table S1. The Simcyp Simulator allows the simulations to
be generated from the same individuals, thus, the correla-
tion analysis can be done under the conditions of repeated
observation (paired study subjects).

Identifying factors that potentially affect the apparent
clearance of midazolam

Midazolam is considered to be the optimal probe for CYP3A
isoenzyme phenotyping because its exposure (AUC) and
clearance to 1-hydroxymidazolam reflect hepatic CYP3A
activity.21 Moreover, midazolam is widely used in clinical
studies to phenotype CYP3A activity prior to dosing of
the drug of interest and its relationship with other CYP3A
probes has been established.?>?* In this study, midazolam
was used as a model phenotyping probe to investigate the
factors affecting the CL/F.

To identify all possible parameters that have significant
impact on the CL/F of midazolam, sensitivity analyses were
conducted using the automated sensitivity analysis (ASA)
tool built into the Simcyp Simulator.'® The degree of change
in CL/F in a population representative subject as a function
of each input variable was examined. The parameters con-
sidered in this analysis were blood to plasma ratio (B/P),
fraction of drug unbound in plasma and enterocytes (fup and
fug, respectively), maximum rate of metabolite formation
(Viax)» K @and the effective intestinal permeability (P,g). As
part of the sensitivity analysis, each parameter was varied
by two-orders of magnitude spanning the default value, ex-
cept when there is a biological or physiological constraint.
Owing to the use of a population representative subject in
the Simcyp ASA tool, the sensitivity analysis to assess the
effect of varying the physiological parameter values (such as
organ weight and blood flow) could not be conducted.

Correlation of midazolam with other CYP3A probe
drugs

The pharmacokinetics of midazolam following 5 mg of oral
dosing was simulated and the association of CL/F with the
CL/F of alprazolam (0.5 mg), triazolam (0.25 mg), simvasta-
tin (40 mg), and nifedipine (20 mg) generated from in silico
pharmacokinetic studies (available in the Simcyp simula-
tor) in paired subjects was analyzed. Least squares linear

799

WwWw.psp-journal.com



A Strategy to Refine the Phenotyping Approach
Adiwidjaja et al.

800

Table 1 List of substrates and probes used in simulations to illustrate the strategy to refine the phenotyping approach in different scenarios

Pathways
Substrates CYP isoenzymes Drug transporters Probe drugs
Correlation between CYP3A probes
Triazolam CYP3A Midazolam
Alprazolam Midazolam
Triazolam
Nifedipine
Simvastatin Midazolam
Phenotyping strategy for drugs with multiple metabolic pathways
Aripiprazole CYP3A Midazolam
CYP2D6 Dextromethorphan
Risperidone CYP3A Midazolam
CYP2D6 Dextromethorphan
Erlotinib CYP3A Midazolam (oral)
Midazolam (i.v.)
CYP1A2 Caffeine
Phenotyping strategy when hepatic uptake transporters play a significant role
Atorvastatin CYP3A Midazolam
SLCO1B1 Rosuvastatin
Pitavastatin
Repaglinide CYP3A Midazolam
CYP2C8 Rosiglitazone
SLCO1B1 Rosuvastatin
Pitavastatin
Docetaxel CYP3A Midazolam (oral)
Midazolam (i.v.)
SLCO1B1 Rosuvastatin

Pitavastatin

CYP, cytochrome P450.

regression analyses were performed and the coefficient of
determination (r?) was determined for comparison of simu-
lated CL/F values.

Proposing an improved phenotyping strategy for
drugs with multiple elimination pathways

Risperidone, aripiprazole, and erlotinib were used as illus-
trative examples of drugs cleared by multiple CYP enzymes.
Risperidone and aripiprazole PBPK models were devel-
oped in the simulator based on a report by Vieira et al.>*
The simulation results have been validated by comparison
to the clinically observed data available from drug-drug
(with CYP3A4 and 2D6 inhibitors) and drug—gene (effect of
CYP2D6 polymorphism) interaction studies. The erlotinib
PBPK model, on which predictive performance was as-
sessed, was based on a study in healthy subjects with and
without the CYP3A4 inhibitor ketoconazole, as described in
a previous report.?

In the simulation, midazolam and the CYP2D6 probe
dextromethorphan (oral doses of 5 and 30 mg, respectively)
were used as the probes for the drugs of interest, risperidone
(1 mg) and aripiprazole (10 mg), while erlotinib (100 mg) was
correlated with midazolam (5 mg orally and 2 mg i.v. bolus)
and the CYP1A probe caffeine (150 mg). The assigned frac-
tion of the drug in the body cleared by particular metabolic

pathway (f)) values for risperidone (f, cypsaq = 0.37 and
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m

= 0.38), and erlotinib (f, cypaaq = 0.70 @and £ cypya0 = 0.29)
were based on the predictions in the Simcyp Simulator. The
correlations of apparent drug clearance with that of a single
probe and the sum of CL/F of multiple probes were ana-
lyzed. To calculate the sum of multiple-probe CL/F values,
while taking into account the contribution of each of the
CYP pathways, Eq. 1 was used.

f CYP2D6 = 0.59), aripiprazole (meCYPSM =0.61 and fm,CYP2D6

(CL/F)sum =1fm1-(CL/F)y +fip(CL/F)p + -+ . (CL/F), - (1)

where f_ | indicates the contribution (as a fraction) of meta-
bolic pathway —n and (CL/F), represents the apparent clear-
ance of the phenotyping probe for metabolic pathway —n.

In vitro drug metabolism study from single recombinant
CYP enzyme or human liver microsomes (HLMs) with spe-
cific inhibitor is a robust approach to be able to quantify £ .
The predictive performance of the PBPK model used in the
current study as detailed in the original publications has also
been assessed by verifying the simulation prediction results
to (published) clinically observed pharmacokinetic data in
monotherapy and in a drug-drug interaction scenario (where
one or more of the metabolic pathways are perturbed). This
approach allows us to assess the reliability and have confi-
dence in the f,, used in the model.?%%



Proposing an improved phenotyping strategy when
hepatic uptake transporters play a significant role in
drug disposition

The proposed strategy to refine the phenotyping approach,
accounting for the significant role of hepatic uptake trans-
porters, is based on the extended clearance concept.
This hepatic clearance model (Eq. 2) incorporates the in-
terplay between DME and transporters in determining the
clearance."8

QHfupCLs,in(CLmet + CLc,ef)

CLy=
; QH (CLs,ef + CI-met + CLc,ef) + fupCLs,in(CLmet + CLc,ef)

@

where Q,,, f Uy CL, CL sin’ CL s.ef and CL_ are hepatic
blood flow, unbound fraction in plasma, metabolic intrinsic
clearance, sinusoidal influx, sinusoidal efflux, and canalic-
ular efflux (or biliary) clearances, respectively. The uptake
clearance (CLg;) will be the rate-determining step when
(CL,t + CL,. ) > CLs o and the value of this ratio is close
to or > 1. 28 The permeablllty I|m|ted liver model imple-
mented within the Simcyp Simulator?° is consistent with the
extended clearance concept.

In this study, atorvastatin (40 mg orally), docetaxel
(100 mg/m2 by i.v. infusion over 1 hour) and repaglinide
(0.25 mg orally) were used as the substrates of both the
CYP3A4 isoenzyme and the SLCO1B1 (organic anion-
transporting polypeptide 1B1) transporter. Repaglinide also
undergoes CYP2C8-mediated metabolism.?® Midazolam
(5 mg) and rosiglitazone (4 mg) were selected as probes for
CYP3A4 and CYP2C8 activities, respectively, and both ro-
suvastatin (20 mg) and pitavastatin (4 mg) were chosen as
SLCO1B1 probes. Pitavastatin and atorvastatin PBPK mod-
els in Simcyp have been validated against clinically observed
data in healthy subjects.®® The docetaxel PBPK model was
based on that verified with data from patients with cancer.®’
Rosuvastatin, repaglinide, and rosiglitazone PBPK models
are available in the simulator. The correlation of parameters
between each of the drugs and corresponding probes was
constructed. The docetaxel phenotyping study was simu-
lated in the virtual cancer population available in the Simcyp
Simulator, with details of the in silico trial as described for
the healthy population. The virtual cancer population devel-
oped in the Simcyp Simulator is based mainly on data from
adult patients with solid tumors and is characterized by an
increase in serum creatinine and a1-acid glycoprotein con-
centrations, similar levels of expression of DME®! and higher
abundance of SLCO1B1 but a lower level of SLCO1B3 in
liver sinusoid compared to typical healthy people.32

RESULTS

Identifying factors that potentially affect the apparent
clearance of midazolam

The sensitivity analyses were utilized to identify all parame-
ters that can potentially alter midazolam CL/F, as shown in
Figure 1. Midazolam CL/F was highly sensitive to CYP3A4
activity with an approximately seven-fold difference caused
by a two-order magnitude variation in V. and K_. When
the variation of both V. and K were taken into account

max
(thus reflecting the variation of CL atwo-order magnitude

|nt)
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of variation across the default values was accompanied by
> 10-fold of change in the CL/F value. Similar relationships
were also observed for f, variation from 0.01-1. A twofold
difference of simulated midazolam CL/F was observed by
the variation of P and B/P values across two-orders of
magnitude and from 0.55 to 10, respectively. The value of
fug had minimal impact on midazolam CL/F (i.e., variation
from 0.01-1 caused less than twofold change).

Correlation of midazolam with other CYP3A probes
The statistical testing for the significance of the correla-
tion was not reported here due to its high dependence on
sample size.®® In each simulation, a total of 200 subjects
was used. These pooled analyses were likely to capture the
true underlying relationship by providing an excellent ac-
curacy and precision on the r* value. This results in a very
low P value (P < 0.001) even when there was only a weak
predictive value (i.e., very low r or r2), which can be po-
tentially misleading, as illustrated in Figure S1. Therefore,
the extent of association was assessed semiquantitatively
using r? = 0.60 as the cutoff for what is considered a strong
correlation, as has been proposed previously.®3* The use of
r, as suggested by Harmatz and Greenblatt,®® is preferred
over a specific P value, especially for data with a large sam-
ple size.

The CL/F of midazolam was strongly correlated with that
of triazolam CL/F (7 = 0.87) and to a lesser extent with nifed-
ipine CL/F ( = 0.56), as depicted in Figure 2. Conversely,
midazolam CL/F had a poor relationship with alprazolam and
simvastatin CL/F (> < 0.40). The relevant physicochemical
properties, blood binding characteristics, and pharmacoki-
netic parameters of midazolam and other CYP3A probes are
summarized in Table 2.

Proposing an improved phenotyping strategy for
drugs with multiple elimination pathways

There was a weak association between CL/F values for mid-
azolam and risperidone and aripiprazole. Dextromethorphan
CL/F better predicted risperidone and aripiprazole CL/F
with r? of 0.78 and 0.52, respectively. Using the sum of
midazolam and dextromethorphan CL/F increased the cor-
relation further with a slightly improved r? compared to dex-
tromethorphan alone (Figure 3). The apparent clearance of
erlotinib was correlated with that of i.v. midazolam (CL), but
not with the orally administered probe (CL/F). Caffeine CL/F
was modestly associated with erlotinib CL/F (r* = 0.39). The
simulation showed that the sum of caffeine and i.v. midaz-
olam CL/F adequately describes the variability in erlotinib
CL/F in both healthy people and patients with cancer (? of
0.60 and 0.59, respectively).

Proposing an improved phenotyping strategy when
hepatic uptake transporters play a significant role

The ratio of simulated CL,, + CL ., to CL  of atorvasta-
tin, repaglinide, and docetaxel based on the permeability-
limited liver model in the Simcyp Simulator were 23, 0.8,
and 0.3, respectively. It was assumed that CLs of equals the
passive diffusion clearance (CL,y) when there is no active
transport by sinusoidal efflux transporters. Atorvastatin
and repaglinide CL/F were poorly predicted by midazolam
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Figure 1 Sensitivity analyses depicting the impact of V., K, CL,, fu_, B/P, P 4, and fug variation on apparent midazolam clearance.

B/P, blood to plasma ratio; CL,,, hepatic intrinsic clearance; CYP, cytochrome P450; fug, fraction of drug unbound in enterocytes; fu

fraction of drug unbound in plasma; K, Michaelis-Menten constant; P, the effective intestinal permeability; V,

of metabolite formation.

CL/F (r? <0.1). Rosiglitazone CL/F could only modestly
explain repaglinide CL/F (? = 0.27). Rosuvastatin and pi-
tavastatin CL/F values had a better correlation (> 0.5)
with both atorvastatin and repaglinide CL/F data, as shown
in Figure 4. Docetaxel clearance was better predicted by
CL after i.v. midazolam than the corresponding predictions
for either pitavastatin or rosuvastatin CL/F values (r* of 0.67
vs. 0.02 and 0.11, respectively).

DISCUSSION

This study utilized the capability of a PBPK platform in con-
junction with the in vitro to in vivo extrapolation technique36
to predict the apparent clearance (CL/F) of drugs (and
probe drugs) in different scenarios. As may be expected in
the sensitivity analyses, the CL/F of midazolam was most
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,
the maximum ra{)e

max’

sensitive to CYP3A4-mediated CL,, (and, thus, the V__ .
and K) and fu, with > 10-fold variation across a two-order
magnitude of change in the underlying parameters. The
B/P ratio and intestinal P modestly affected midazolam
CL/F. The latter will have a greater impact on CL/F when
Clu,, ¢ is low relative to CL_, %" The value of fug had
minimal impact on midazolam CL/F and, indeed in many
cases, fug is assumed to be 1 to give a better accuracy
of Fq prediction.37 The equation for the apparent clearance
was dissected and the corresponding influential parame-
ters are shown in Figure 5. It is clear that both metabolic
and nonmetabolic determinants®® work in concert to main-
tain a particular CL/F value. Physiological factors, including
CYP enzymes abundance, liver size, and the hepatic (Q,)
and villous blood flow (Q,;,), are also important. The last
two parameters will make a significant contribution for high
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Table 2 Summary of physicochemical properties, blood binding characteristics and pharmacokinetic parameters of midazolam and other CYP3A probes

CYP3A probes
Parameters Midazolam Triazolam Alprazolam Simvastatin Nifedipine
Physicochemical and blood-binding properties
Log P 3.58 2.42 212 4.68 2.69
B/P 0.60 0.62 0.83 1.00 0.74
fu, 0.03 0.18 0.29 0.02 0.04
Pharmacokinetic parameters®
fa 0.88 0.88 0.88 0.88 0.99
Fa 0.58 0.66 1.00 0.12 0.65
Fy 0.55 0.71 0.96 0.35 0.63
F 0.28 0.41 0.84 0.03 0.41
Vg, (L/7kg) 0.88 0.48 0.76 1.50 0.69
CL/F (L/h) 118.71 49.23 5.66 2,317.77 67.00
fncypaad 0.86 0.90 0.71 0.89 0.96
frmcvpaas 0.10 0.08 0.05 0.04
fmpme,s 0.04 (UGT1A4 and renal) 0.02 (renal) 0.24 (renal) 0.11 (other CYPs)

B/P, blood to plasma ratio; CL/F, apparent clearance; CYP, cytochrome P450; F, bioavailability; f,, fraction of drug absorbed from the intestinal tract; F; and
F,,, fraction that escapes the intestinal and hepatic first-pass metabolism, respectively; f_, fraction of drug metabolized through particular metabolic path-
way; fup, fraction of drug unbound in plasma; Log P, the partition coefficient; V., volume of distribution at steady-state based on total tissue volumes.

®The pharmacokinetic parameters are presented as the mean value from the simulation (10 in silico trials in typical healthy people with 20 subjects each).
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Figure 3 Correlation analyses between aripiprazole and risperi

done apparent clearance (CL/F) with midazolam (a and d) and

dextromethorphan CL/F (b and e) and the sum of midazolam and dextromethorphan CL/F based on the corresponding f_ value (c and f).

The simulated erlotinib CL/F was predicted by oral midazolam (

g), caffeine (h), i.v. midazolam (j), and the sum of oral midazolam

and caffeine CL/F (i) in healthy people as well as the sum of simulated i.v. midazolam and caffeine CL/F in healthy people (k) and
patients with cancer (l). Each simulation was generated using 10 in silico trials with 20 subjects each.

hepatic extraction ratio drugs given intravenously (C)H)38

and for drugs with high intestinal permeability (Q,;;).
Midazolam, alprazolam, triazolam, nifedipine, and sim-
vastatin are almost exclusively metabolized by CYP3A4,
suggesting a strong correlation between midazolam CL/F
and the CL/F of these other drugs. However, this was true
only for the correlation with triazolam, consistent with a
study in healthy people.** Based on the Fg and F,, value,
midazolam and triazolam share similarity in terms of the ab-
solute and relative magnitude of gut and hepatic clearance
(Table 2). Conversely, alprazolam has a considerably lower
extraction ratio (low CLu,,, and negligible CLu; ;) and a
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prominent contribution of renal clearance (fe = 0.24), and,
hence, lacks correlation of CL/F with either midazolam or
triazolam. Despite similar Fg, F,,, and fup, nifedipine CL/F
was only modestly correlated with that of midazolam, possi-
bly due to a substantially lower contribution of CYP3A5 (4%
vs. 10%). The lack of correlation between midazolam and
nifedipine CL/F has been addressed in previous reports.??23

In the simulations, there is only a weak correlation be-
tween the midazolam and simvastatin CL/F, reasonably ex-
plained by a lower bioavailability and a greater contribution
of hepatic than intestinal clearance for the latter. However,
a study in healthy participants found that dose adjustment
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clearance (CL/F) was also analyzed (b). The simulations were carried out in virtua

g) as SLCO1B1 probes with atorvastatin and repaglinide. Relationship of the latter and rosiglitazone apparent

| healthy volunteers (10 trials with 20 subjects each).

The correlation of oral (h) and i.v. midazolam (i), rosuvastatin (j), and pitavastatin (k) with that of docetaxel clearance in virtual patients

with cancer (10 trials with 20 subjects each) were shown.
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based on CYP3A phenotyping by midazolam reduced the
variability of simvastatin exposure®® and a significant, al-
though lower, correlation of midazolam and simvastatin
apparent clearance was found in another healthy volunteer
study.*° This disparity might partly be related to the role of
SLCO1B1 transporter in the hepatic uptake of simvastatin.*’
In individuals with midazolam CL/F at or above the mean
value, the associated simvastatin CL/F tended to be more
clustered above the regression line (Figure 2).

Risperidone and aripiprazole are predominantly metabo-
lized by both CYP3A4 and 2D6.%>*% Phenotyping of drugs,
which are substrates of multiple DMEs, has generally been
hindered by the lack of significant relationship with a sin-
gle probe. Here, we proposed the combined use of CYP3A4
and 2D6 probes (midazolam and dextromethorphan, re-
spectively) to phenotype the CL/F of risperidone and aripip-
razole. Due to the additive nature of clearance from multiple
metabolic pathways,>'® the parameter can be calculated
from the sum of all contributing metabolic pathways. Use of
the sum of midazolam and dextromethorphan CL/F indeed
improved the correlation to CL/F of both risperidone and ar-
ipiprazole compared to either probe alone.

Midazolam CL calculated after i.v. administration cor-
related better to erlotinib CL/F than did the corresponding
oral parameter. This was due to the limited contribution of
erlotinib intestinal metabolism (F = 0.9) as intestinal and
hepatic CYP3A4 are regulated independently.44 Hence, the
i.v. administration of midazolam, which assesses hepatic
CYP3A, is more suitable as opposed to overall CYP3A ac-
tivity after oral administration of midazolam,10 contrary to
the theory that the probe and the drug of interest should
be administered by the same route.® For drugs with a low
extraction ratio (E,;) and CLu,,, s, the use of i.v. probe drugs
seems more appealing. We deliberately limited this hypoth-
esis to low E,, drugs because the hepatic clearance of an
i.v. probe with the characteristic of high E,, is dictated only
by hepatic blood flow (assuming negligible role of hepatic
uptake transporters).®® Our results are consistent with the
observation in patients with advanced non-small cell lung
cancer that apparent caffeine clearance, and not oral mid-
azolam clearance, was significantly correlated with erlotinib
CL/F.'* The use of i.v. administered midazolam with caffeine
is likely to be a better option to describe variability in er-
lotinib CL/F both in healthy subjects and in patients with
cancer (Figure 3). Use of multiple probes for drugs that are
mainly metabolized, with significant contributions from two
or more CYP isoenzymes, should be considered because
more variability in CL/F can be accounted for.

Atorvastatin is metabolized almost exclusively by
CYP3A4. However, it is also a substrate of SLCO1B1 (or-
ganic anion-transporting polypeptide 1B1), a sinusoidal up-
take transporter. Uptake into the liver is rate-limiting and,
thus, hepatic clearance of atorvastatin is determined by the
sinusoidal influx clearance (CL ;) and not by the metabolic
intrinsic clearance (CLu, , or CL,,o0-"® In line with this, the
midazolam CL/F in an individual subject was predicted to
have a poor correlation with atorvastatin CL/F. Rosuvastatin
and pitavastatin, both of which are SLCO1B1 substrates,
better predict atorvastatin clearance (Figure 4). Pitavastatin
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is a more sensitive and selective substrate of SLCO1B1 than
rosuvastatin,*® confirmed by a superior r* value in the simu-
lated data. Repaglinide is a substrate of both CYP3A4 and
2C8, as well as the SLCO1B1 transporter, which governs
uptake into the hepatocytes. Repaglinide clinical pharmaco-
kinetic and pharmacodynamic are influenced by SLCO1B1
genetics.*®*” In terms of CL/F, midazolam and rosiglitazone
were poorly correlated with repaglinide and much less pre-
dictive than rosuvastatin and pitavastatin. Conversely, the
metabolic clearance of docetaxel is the rate-determining
step in elimination, even though it is also a substrate of
SLCO1B1. From the ratio of CL _, + CLC’ef to CLS’ef, which
is far <1, it can be predicted that hepatic clearance of
docetaxel is not limited by CL  .*® Therefore, i.v. midazolam
is predicted to be a better probe to assess docetaxel clear-
ance, closely in agreement with in vivo findings in patients
with cancer.*®

A limitation of this in silico study is the reliance on CL/F
or CL, instead of the specific metrics for each probe. The
parameter CL/F was used in the correlation analyses for
simplicity and as the ideal metric for a phenotyping study.
The main difficulty to estimate CL/F is the requirement for
frequent blood sampling, which is often not feasible in clin-
ical practice. A significant relationship between probes and
substrates may not always be recapitulated across differ-
ent phenotyping metrics.'%*° It is also noteworthy that in
these simulations (conducted in the Simcyp Simulator) the
variability (or coefficient variation) was not directly assigned
to the V,,, and K_ value. The interindividual variability in

max
V.. (@nd, thus, CL, ) was represented by the variance in

thn:)l(evel of expression of corresponding CYP enzyme. This
holds true for in vitro metabolic data derived from HLMs,
assuming that the HLM samples were from adequately
large pools of individuals.'® The variability of hepatic scal-
ing factors (i.e., microsomal protein per gram of liver and
liver weight) further contributes to interindividual variabil-
ity of hepatic clearance of the simulated drugs. This study
covers only two common scenarios: a scenario involving
drug metabolism mediated by multiple CYP enzymes and a
scenario in which hepatic uptake transporters play a signif-
icant role in the pharmacokinetics of a drug. Other possible
scenarios are beyond the scope of this simulation study.
Although the simulation provided a proof-of-concept of the
proposed strategy, verification in a clinical setting would be
desirable.

The use of probe drugs has a continuing role in phenotyp-
ing for drug elimination. There are many parameters, includ-
ing nonmetabolic determinants that must be considered in
selecting suitable phenotyping probes, creating additional
potential difficulties. However, we have demonstrated that
PBPK in conjunction with an in vitro-in vivo extrapolation
approach, as implemented in the Simcyp Simulator,>° may
guide the selection of suitable probes and improves the
design of in vivo phenotyping studies. The use of multiple
probes for drugs that are predominantly metabolized by
more than one CYP enzyme should be considered, and
where hepatic uptake transporters play a significant role, a
specific transporter probe will be more predictive of drug
clearance.
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