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Integration of Physiologically-Based Pharmacokinetic
Modeling into Early Clinical Development: An
Investigation of the Pharmacokinetic Nonlinearity

L Zhou1, J Gan1, H Yoshitsugu2,3, X Gu1, JD Lutz1, E Masson2,4 and WG Humphreys1

BMS-911543, a promising anticancer agent, exhibited time-dependent and dose-dependent nonlinear pharmacokinetics (PKs)
in its first-in-human (FIH) study. Initial physiologically based pharmacokinetic (PBPK) modeling efforts using CYP1A2-
mediated clearance kinetics were unsuccessful; however, further model analysis revealed that CYP1A2 time-dependent
inhibition (TDI) and perhaps other factors could be keys to the nonlinearity. Subsequent experiments in human liver
microsomes showed that the compound was a time-dependent inhibitor of CYP1A2 and were used to determine the enzyme
inactivation parameter values. In addition, a rat tissue distribution study was conducted and human plasma samples were
profiled to support the refinement of the PBPK model. It was concluded that the interplay between four BMS-911543
properties, namely, low solubility, saturation of the metabolizing enzyme CYP1A2, CYP1A2 TDI, and CYP1A2 induction likely
resulted in the time-dependent and dose-dependent nonlinear PKs. The methodology of PBPK model-guided unmasking of
compound properties can serve as a general practice for mechanistic understanding of a new compound’s disposition.
CPT Pharmacometrics Syst. Pharmacol. (2015) 4, 286–294; doi:10.1002/psp4.35; published online on 29 April 2015.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? � Very few studies have been published on PBPK models
that quantitatively address clinical PK questions for a compound in early clinical development. Even fewer have described
the process of forward and back translation between model and in vitro experimentation. • WHAT QUESTION DID THIS
STUDY ADDRESS? � The PBPK model described in this study characterized the mechanism of the dose-dependent
and time-dependent PK nonlinearity of BMS-911543. It also addressed the general question of how PBPK modeling in
the early development of a new drug can facilitate the overall understanding of drug disposition • WHAT THIS STUDY
ADDS TO OUR KNOWLEDGE � The study demonstrated that a plausible PBPK model can be constructed for a com-
pound with complex ADME properties, even like BMS-911543, to address its nonlinear PKs arising in early clinical devel-
opment, but will likely require researchers to use a forward and back translation paradigm between experimentation and
model. HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS � The PBPK model-guided
approach of reverse translation of ADME information is particularly useful in selectively challenging early assumptions fol-
lowed by conducting nonclinical studies in order to rapidly improve the predictability of early PBPK models.

Current strategies in drug discovery are capable of producing
new drug candidates with acceptable nonclinical absorption,
distribution, metabolism, and excretion (ADME) properties.1

However, translation of that ADME information, which is
obtained either from in vitro systems or from animal species,
into understanding of the behavior of the new drug in humans
is not always straightforward. For instance, a drug candidate
may exhibit an unexpected dose-dependent and time-
dependent pharmacokinetic (PK) behavior in first-in-human
(FIH) studies. Often, the underlying ADME properties linked to
the unfavorable dose-dependent and time-dependent PKs are
difficult to identify because of the highly convoluted nature of
the clinical PK parameters. Lack of knowledge of the underly-
ing ADME liability makes it difficult to mitigate such clinical PK
issues during drug development.

Utilization of physiologically based pharmacokinetic
(PBPK) modeling to provide an integrated analysis of com-

plex PK phenomena has been recognized for some years.2

By constructing quantitative relationships among demo-
graphic, physiological, genomic, and ADME properties, a
PBPK model can provide mechanistic understanding as well
as diagnostic and predictive value. The explosive increase in
computing power in the past decades has enabled PBPK
modeling platform development and the field has steadily
matured and has seen broader utilization. Pharmaceutical
companies have become increasingly dependent on PBPK
models to provide decision-making analysis of PK-driven
questions.3 Additionally, a limited number of regulatory deci-
sions have been made based on PBPK modeling to address
clinical pharmacology questions.4 Whereas a plausible
PBPK model can frequently be developed for drug candi-
dates at an advanced stage of clinical development in which
ADME properties have been well characterized, major chal-
lenges exist when developing PBPK models for compounds
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in early clinical investigation.5 Challenges for early develop-
ment of PBPK models usually arise because of insufficient
ADME information, which leads to the incorporation of multi-
ple assumptions and calculated parameters. In addition,
there are often difficulties in the translation of preclinical
ADME data into clinical predictions.

BMS-911543 (see Supplementary Figure S1 for struc-
ture), a highly selective Janus Kinase 2 inhibitor, exhibited
favorable efficacy and safety as well as ADME properties in
vitro and in animals (Supplementary Table S1) and was
thus advanced into clinical development for treatment of
myeloproliferative neoplasms.6 The permeability of BMS-
911543 across caco-2 monolayers was high with a perme-
ability coefficient (5 3 1025 cm/s for BMS-911543; 2.5 3

1025 cm/s for metoprolol; 1.2 3 1025 cm/s for verapamil)
comparable to the values for compounds that exhibit good
absorption in humans.7 Studies in bile-duct cannulated rats
revealed that the direct excretion of BMS-911543 in bile
and urine was minimal, accounting for <2% of total clear-
ance. The primary metabolic elimination found for BMS-
911543 in liver microsomes and in bile-duct cannulated rats
was mainly attributed to the metabolism by cytochrome
P450 (CYP) 1A2, which mediated the formation of metabo-
lite M1 (see Supplementary Figure S1 for structure).
Metabolite M1 was the only major metabolite identified in
vitro and in animals. The half maximal inhibitory concentra-
tion value of BMS-911543 in incubations with tacrine as the
CYP1A2 activity probe did show a modest level of interac-
tion with the enzyme, however, detailed study of enzyme
kinetics or the potential for CYP1A2 time-dependent inhibi-
tion was not explored before clinical studies. Unexpectedly,
BMS-911543 exhibited a dose-dependent and time-
dependent PK nonlinearity in the FIH study conducted in
patients with cancer.8

To investigate the mechanism of dose-dependent and
time-dependent PK nonlinearity for BMS-911543, a PBPK
modeling methodology was applied, which enabled the bidir-
ectional translation (forward and reverse translation) of the
compound’s ADME information. The forward translation used
the available nonclinical ADME data to predict the PK behav-
iors of BMS-911543. The reverse translation utilized the dis-
crepancies between predicted and observed PK behaviors in
order to determine which nonclinical studies should be con-
ducted. The PBPK model then evolved by addition of the
newly generated nonclinical data, and this optimized model
was used to propose the mechanism of the dose-dependent
and time-dependent PK nonlinearity. The methodology of
model-guided bidirectional translation of ADME information
can serve as a general practice for mechanistic understand-
ing of a new drug’s PKs during its early clinical development.

METHODS
BMS-911543 metabolism
Kinetics of M1 formation was determined after incubation of
BMS-911543 (0.1–10 mM) with recombinant CYP1A2,
CYP3A4, CYP2J2, and human liver microsomes (HLMs;
0.25 mg/mL) supplemented with 1 mM reduced nicotina-
mide adenine dinucleotide phosphate in pH 7.4 phosphate
buffer at 37 �C for 10 minutes. The reaction was terminated

by the addition of an equal volume of acetonitrile, and the
resulting supernatant was analyzed by LC/MS/MS. All
experiments were performed in triplicate. The Michaelis-
Menten constant (Km) and the maximum rate of metabolite
formation (Vmax) were determined by nonlinear fitting using
GraphPad Prism (La Jolla, CA) and are presented as mean
and SE.

CYP1A2 time-dependent inhibition
Acetaminophen formation from phenacetin was monitored
as the CYP1A2 activity probe reaction. BMS-911543 (0,
0.39, 0.78, 1.56, 3.125, 6.25, 12.5, and 25.0 mM) was prein-
cubated with 1.0 mg/mL HLMs in 100 mM potassium phos-
phate buffer at pH 7.4 and 37 �C. After a 5-minute
preincubation, time-dependent inhibition (TDI) was initiated
with the addition of 1 mM final concentration of nicotina-
mide adenine dinucleotide phosphate and allowed to incu-
bate for 3, 10, 20, and 30 minutes in the absence of
phenacetin. Aliquots of the incubation mixture were then
diluted 10-fold into wells containing 1 mM nicotinamide ade-
nine dinucleotide phosphate and phenacetin (450 lM final
concentration) and allowed to incubate for 13.5 minutes.
After reaction quenching, the resulting supernatants were
injected into LC/MS/MS for analysis.

The TDI parameters associated with half maximum rate
of inactivation (KI) and the maximum rate of enzyme inacti-
vation (kinact) were determined by the following equations:

vI ¼ v0e-kt (1)

where k is:

k ¼ kinact I
KI1I

(2)

t, vI and v0 are time and reaction velocity at a specific initial
inhibitor concentration (I) or no inhibitor control, respec-
tively. Velocity data was transformed to percent of maxi-
mum velocity (no inhibitor control). Inhibition constants
were determined via nonlinear regression using GraphPad
Prism v.5 and are presented as mean and SE.

FIH study design and plasma sample collection
PKs of BMS-911543 was determined in an open label, mul-
tiple dose escalation (5, 10, 20, 40, 80, 120, 160, 200, and
240 mg) study of patients with cancer. Patients included 52
men and women aged 18 and over from 5 international
locations. The study consisted of a single-dose period and
a multiple-dose period, with a total dosing period of 15
days. In the single-dose period (day 1), a single dose of
BMS-911543 was administered, followed by a 24-hour
washout period. BMS-911543 was then administered con-
tinuously twice-daily (b.i.d.) for two weeks in the multiple-
dose period. Plasma samples were collected at 0.5, 1.0,
2.0, 3.0, 4.0, 6.0, 8.0, 12.0, and 24.0 hours post-dose on
day 1 and at 0, 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, and/or 12.0
hours post-dose on day 15 from 72 subjects with a total of
833 timepoints. Study protocol and patient informed con-
sents were approved by an institutional review board at
each study center. The study was conducted in accordance
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with the principles of the Declaration of Helsinki and Good
Clinical Practice. The clintrial.gov number for BMS-911543
is NCT01236352.

PBPK modeling and simulation
A PBPK model was constructed for BMS-911543 using a
population-based ADME simulator (V12; SimCYP, Sheffield,
UK). The compound-related parameters used to build the
PBPK model for BMS-911543 are based on ADME proper-
ties available before this study and the results described in
this article (Supplementary Tables S1 and S3).

The total clearance of BMS-911543 was primarily defined
by the metabolic clearance. The metabolic clearance was
defined by enzyme kinetic parameters. Vmax and Km values
were determined from the formation rate of metabolite M1
in CYP1A2, CYP3A4, and CYP2J2 recombinant systems
(Figure 1). The fumic, the unbound fraction of the BMS-
911543 in incubation with 0.25 mg/mL microsomal protein,
was predicted to be 0.78 using the built-in method. A meta-
bolic scaling factor of 4 was applied to the parameters of
Km (input as Km/4) for CYP1A2, CYP3A4, and CYP2J2 to
recover the discrepancy observed from in vitro to in vivo
extrapolation. The value of scaling factor was obtained by
the best fitting to the FIH day 1 plasma concentration data.

The magnitude of BMS-911543 accumulation after multi-
ple dosing was mainly defined by CYP1A2 TDI and induc-
tion parameters. The parameters describing the potency of
CYP1A2 TDI and induction were determined from in vitro
experiments. The input for CYP1A2 KI (11.2 lM) was
allowed to deviate from the experimental value (2.9 lM) to
achieve the best fitting to the clinical data. The values for

other parameters (the maximal fold induction over vehicle
Emax, inducer concentration that supports half maximal
induction EC50, and TDI inactivation parameter kinact) were
input as the experimental values.

The plasma concentration-time profiles of BMS-911543
in humans were simulated at 5, 10, 20, 40, 80, 120, 160,
200, and 240 mg, according to the dosing regimens set in
the clinical protocol. Simulation was performed in 10 trials,
with 10 subjects in each trial, which led to a total of 100
simulations per dose. A healthy volunteer population was
used for the demographics data, as provided in the soft-
ware. All other demographic, physiological, and genomic
parameters were used as the default values.

RESULTS
BMS-911543 metabolism
The formation rate profiles of M1 after incubation of BMS-
911543 (0.1–10 mM) in recombinant CYP1A2, CYP3A4,
CYP2J2, and pooled HLM are shown in Figure 1. Prelimi-
nary studies had shown that these three enzymes were the
only CYP enzymes capable of producing M1 (data not
shown). The observed enzyme kinetic values for Vmax and
Km are listed in Figure 1. Metabolite M1 was the only drug-
related component detected in cDNA-expressed CYP
enzymes and pooled HLMs, indicating that the formation of
this metabolite is the primary biotransformation pathway for
BMS-911543. All three CYP enzymes, CYP1A2, CYP3A4,
and CYP2J2, were found to mediate the formation of M1
(Figure 1). The kinetic data, along with the CYP inhibition
study using HLMs in the presence of specific CYP inhibitors

Figure 1 The formation rate profiles of metabolite M1 after incubation of BMS-911543 in pooled human liver microsomes (HLMs) and
in recombinant CYP1A2, CYP3A4, and CYP2J2. Values are the mean of three measurements 6 SD.

Investigation of PK Nonlinearity by PBPK Modeling
Zhou et al.

288

CPT: Pharmacometrics & Systems Pharmacology

http://clintrial.gov


(data not shown), indicated that CYP1A2 was the primary
enzyme mediating the formation of M1 and also suggested
that CYP3A4 and CYP2J2 played a minor role.

CYP1A2 TDI by BMS-911543
The TDI effect of BMS-911543 on acetaminophen forma-
tion from phenacetin in HLMs is shown in Figure 2. The ini-
tial rate constant for enzyme inactivation (the slope, k) at
each concentration of BMS-911543 (0, 0.39, 0.78, 1.56,
3.125, 6.25, 12.5, and 25.0 mM) is shown in Figure 2a. The
determination of the TDI parameters (KI and kinact) is
depicted in Figure 2b. The values of KI and kinact were
determined to be 2.9 6 0.9 lM and 1.4 6 0.1 h21,
respectively.

Pharmacokinetics of BMS-911543
Figure 3 shows the plasma concentration vs. time profiles
for BMS-911543 after single and multiple administration of
BMS-911543 to patients with cancer. BMS-911543 was
absorbed rapidly after oral administration. After absorption
was completed, the plasma concentration of BMS-911543
decreased quickly. The values of t1/2 were smaller than 3
hours at 5–40 mg doses (2.0, 1.9, 2.8, and 2.8 hours at
doses of 5, 10, 20, and 40 mg, respectively). However, at
doses higher than 40 mg, t1/2 values were prolonged. The

values of t1/2 were 3.2, 2.7, 5.7, 4.0, and 4.9 hours at
doses of 80, 120, 160, 200, and 240 mg, respectively.
BMS-911543 did not accumulate in plasma after two-week
multiple dosing at doses of 5, 10, and 20 mg. Accumulation
was observed at doses of 40 mg b.i.d. and higher and
increased with increase of dosage. Figure 4 depicts
observed dose-dependence of peak plasma concentration
(Cmax) and area under the curve (AUC) after single (solid
dots in Figure 4a and 4b) and multiple (solid dots in
Figure 4c and 4d) dosing of BMS-911543. The exposure
(Cmax and AUC) of BMS-911543 was presented as an
approximately dose-proportional increase on day 1. Con-
sistent with the accumulation observed after multiple dosing
(�40 mg), the values of Cmax and AUC increased in a
greater than dose proportional manner after multiple dosing
at doses higher than 40 mg. These results suggested
dose-dependent and time-dependent change of CL/F. Vol-
ume of distribution at steady state (Vss)/F could not be cal-
culated because of insufficient data after repeated dosing.
However, preliminary population PK analysis suggested
that Vss/F was about 50 L.

PBPK modeling and simulation
The initial modeling attempts were based on BMS-911543
ADME properties available before this study and the elimi-
nation enzyme kinetics described in this article (Supple-
mentary Table S1). The initial models overpredicted the
day 1 plasma concentration-time profiles in general, and
failed to describe the accumulation of BMS-911543 concen-
trations in plasma after multiple dosing (data not shown).

The fully optimized model was constructed after the
incorporation of the nonclinical parameters described in this
article. Figure 2 shows the predicted dose-dependence of
Cmax and AUC after single (open squares in Figure 4a and
4b) and multiple (open squares Figure 4c and 4d) dosing
of BMS-911543. The predicted dose-dependent changes of
Cmax and AUC were consistent with the observed data. The
observed concentration-time profiles for all doses were well
contained within the simulated 5th and 95th percentiles
(data not shown). A representation of observed vs. pre-
dicted plasma concentrations-time profiles of BMS-911543
is shown in Figure 5 (see Supplementary Table S2 for
observed plasma concentrations). The model predicted the
absorption rate constant (ka) to be 4.138 h21. The fraction
of dose absorbed (Fa) was predicted to be dose-dependent
and would decrease from 1 to 0.42 over the dose range of
5–240 mg, suggesting the absorption of BMS-911543 is a
saturable process.

The predicted fraction of drug escaping the gut wall

metabolism (Fg) was unity, suggesting metabolic enzymes
in the gut were not involved in the elimination of BMS-

911543. The predicted fraction of metabolism by CYP1A2

was 96% of the total clearance, indicating CYP1A2 was the

dominant enzyme responsible for the elimination of BMS-

911543. Multiplying the day 1 apparent clearance

(dose/AUCday 1) by Fa to negate the effect of changes in

absorption, the adjusted apparent clearance (CLadjusted 5

Fa 3 dose/AUCday 1) decreased from 11.3 to 7.3 L/h over

the dose range. Because Fg was unchanged, CLadjusted

reflects hepatic metabolism only. The values of CLadjusted

Figure 2 The time-dependent inhibitory effect of BMS-911543 on
CYP1A2 in human liver microsomes. (a) A plot of the log percent
CYP1A2 activity remaining vs. incubation time. (b) A plot of the
initial rate constant of inactivation (k) vs. the initial inhibitor con-
centration (I). Values are the mean of three measurements 6 SD.
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decreased suggesting saturation of hepatic metabolism

(e.g., CYP1A2) occurred. Dose-dependent decrease of

CLadjusted after single dosing of BMS-911543 is shown in

Figure 6a. The effect on CYP1A2 activity by time-

dependent inhibition and induction in the liver over 15-day

dosing of 200 mg BMS-911543 is depicted in Figure 6b.

Figure 3 The mean plasma concentration-time profiles of BMS-911543. Day 1 data is indicated by filled triangles. Day 15 data is rep-
resented by filled circles. Values are mean 6 SD. The patient number is indicated by “n.”

Figure 4 Observed vs. predicted dose-dependence of peak plasma concentration (Cmax) and area under the curve (AUC) after single
(a and b) and multiple (c and d) dosing of BMS-911543. AUC values reported are mean AUC(INF) for day 1 and mean AUC(0–12 h)
for day 15.
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The CYP1A2 activity was reduced gradually over the

course of dosing. By day 15, there was �62% of the

CYP1A2 activity remaining in the liver in the presence of

impact by both TDI and induction (grey line, Figure 6b).

Because CYP1A2 induction will attenuate TDI, simulations

were performed in the absence of induction to determine

the magnitude of attenuation by induction. The percentage

of CYP1A2 activity remaining dropped to 54% by day 15 in

Figure 5 A representation of the observed vs. predicted concentration-time profiles of BMS-911543 for 15 days at 200 mg dosing.
(a) The day 1 predicted mean concentration-time profile (line) and observed data (dots). (b) The day 15 predicted mean concentration-
time profile (line) and observed data (dots). (c) The concentration-time profiles of BMS-911543 over 15-day dosing. The thin lines rep-
resent individual trials and the thick line is the mean of the 10 trials. Mean observed data is indicated by solid dots.

Figure 6 Effect of saturation of metabolism on clearance of BMS-911543 (a) and the impact of time-dependent inhibition (TDI) and
autoinduction of CYP1A2 on active CYP1A2 level (b) simulated by the physiologically based pharmacokinetic (PBPK) model. (a) Dose-
dependent decrease of adjusted apparent clearance (CLadjusted) after single dosing of BMS-911543 (day 1) reflected saturation of
metabolism. CLadjusted is a product of multiplying the apparent clearance (dose/AUCday 1) by Fa to negate the effect of changes in
absorption. (b) The decrease of active CYP1A2 enzyme level in liver reflected time-dependent changes in BMS-911543 metabolism
over 15-day dosing of BMS-911543.
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the absence of induction (black line, Figure 6b), indicating

that TDI alone produced a 46% reduction of the CYP1A2

activity. The difference in CYP1A2 activity remaining in the

presence or absence of induction was 8%, suggesting that

the magnitude of attenuation on TDI by induction was 17%
(8% of 46%).

DISCUSSION

Modeling of compounds in early clinical development is
challenging because of a lack of understanding of many
aspects of the compound’s PK/ADME behavior. For BMS-
911543, the early modeling efforts demonstrated that there
were gaps in our understanding leading to a poor descrip-
tion of the nonlinear PK behavior and that we needed to
refine our dataset, especially around the enzymatic clear-
ance of the compound.

The final PBPK model suggested that the dose-
dependent and time-dependent nonlinearity of BMS-911543
exposure is driven by the interplay between four ADME
properties of the compound: (1) the low solubility of the
compound limits its absorption at high doses; (2) saturation
of metabolism contributes to the nonlinearity by producing
a decrease in hepatic clearance (from 11.3–7.3 L/h) over
the dose range; (3) CYP1A2 TDI is the key factor leading
to the time-dependent PK nonlinearity; (4) CYP1A2 auto-
induction produces attenuation of TDI. BMS-911543 pro-
duced an approximately dose-proportional increase in
exposure on day 1 because of the following two reasons.
First, solubility-limited absorption apparently eliminated the
effect of saturation of metabolism on day 1. Second, the
effect of both CYP1A2 TDI and induction is limited because
each effect is time-dependent and would be expected to
take longer than 1 day to produce significant impact on
BMS-911543’s exposure. On day 15 after two weeks of
dosing, the impact of TDI and induction are likely to be fully
exhibited, which manifests as a dose-dependent increase in
exposure because of the predominant effect of TDI.

The PBPK model was utilized to tease out the impact of
solubility and permeability on the absorption of BMS-
911543. Sensitivity analysis of the impact on absorption by
the solubility and permeability parameters revealed that
BMS-911543 absorption was dose-dependent (Supple-
mentary Figure S3). The finding that Fa is not sensitive to
the changes of permeability (Supplementary Figure S3A)
is in agreement with the in vitro observation that permeabil-
ity of BMS-911543 across caco-2 monolayers was high.
BMS-911543 has a permeability coefficient (5 3

1025 cm/s) comparable to the values for compounds that
exhibit good absorption in humans. Supplementary Figure
S3B demonstrates that Fa is sensitive to the changes in
solubility, indicative of solubility-limited absorption. Thus,
enhancement in solubility (e.g., by formulation) could
improve the absorption of BMS-911543 if a higher dose is
required for BMS-911543 development.

In the initial model, the Vss was estimated to be �2 L/kg
(140 L for a subject with 70 kg body weight) based on the
tissue-to-plasma partitioning coefficients predicted by the
compound’s physicochemical properties.9 The estimate for

the Vss value obtained from population PK analysis of the
clinical data was �25 L when F was assumed to be 0.5
(clinically observed Vss/F:�50 L). The discrepancy between
the Vss predicted by the initial PBPK model and the clinical
observation suggested that more detailed understanding of
tissue distribution would improve the modeling efforts. For
this reason, a rat tissue distribution study was conducted to
help fill knowledge gaps regarding distribution. There are
several assumptions when making the Vss prediction using
the rat tissue distribution data. First, the distribution of
BMS-911543 in human tissues is similar to the distribution
in rat tissues. Second, the tissue-to-plasma ratio of total
radioactivity is a close estimate for the value of unchanged
BMS-911543. Third, experimental data obtained from rat
tissues after single dosing represent the tissue-to-plasma
partition coefficients at steady state. By replacing the in sil-
ico calculated tissue-to-plasma partition coefficients with
the observed data in rats, the estimate of Vss was
decreased to 0.26 L/kg (18.2 L for a subject with 70 kg
body weight), which was generally in line with the values
observed in humans.

The metabolic clearance was characterized by the
enzyme kinetics in cDNA-expressed CYP enzymes
(Figure 1). Because the model incorporating the kinetic
parameters from the expressed CYP enzyme systems gave
an overprediction of the plasma concentrations compared
to the clinical observation, we proposed that such discrep-
ancy of the in vitro-in vivo extrapolation was due to an
underestimation of the metabolic clearance of BMS-
911543. To eliminate the possibility that BMS-911543 is
metabolized by other unknown metabolic pathways, the
human plasma samples were analyzed to look for unknown
metabolites (Supplementary Figure S2). The results from
human plasma profiling work revealed three additional sec-
ondary metabolites (M2, M3, and M4; Supplementary Fig-
ure S1). M2, M3, and M4 were partially or completely
characterized and all judged to be downstream metabolites
formed from M1. In the absence of other unknown meta-
bolic pathways, a metabolic scaling factor of 4 was incorpo-
rated into the enzyme kinetics of the known pathways to
compensate for the underestimation of the metabolic clear-
ance. The decision to apply the scaling factor of 4 to the
parameter of Km was based on the fitting performance to
the day 1 concentration-time profiles observed in the FIH
study (alternatively, one could change Vmax). We acknowl-
edge that many factors could hamper the estimation of
metabolic clearance and confound the in vitro-in vivo
extrapolation.10 The metabolism pathways of BMS-911543
used for elimination in humans can only be completely
established by human ADME study with radiolabeled BMS-
911543.11 A reevaluation of the clearance of BMS-911543
followed by refinement of the PBPK model will be neces-
sary when human ADME results for BMS-911543 become
available.

CYP1A2 TDI inactivation parameters were not determined
before the FIH study and not incorporated into the initial
model. However, saturation of metabolism alone did not
explain the magnitude of PK nonlinearity observed after
multiple dosing. In search of the additional underlying
mechanism, sensitivity analysis was conducted to explore
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the impact of the TDI inactivation parameters (KI, kinact) on
AUC at various doses. Both CYP1A2 TDI inactivation
parameters produced a significant impact on the AUC of
BMS-911543 with changes of dose (Supplementary
Figure S4). The results of sensitivity analysis suggested that
CYP1A2 TDI might be the key factor leading to the greater
than dose-proportional exposure after multiple dosing of
BMS-911543. Investigation of the TDI by determination of
kinetic parameters (KI and kinact) in human liver microsomes
confirmed the TDI of CYP1A2 at clinically relevant concen-
trations (Figure 2). However, quantitative translation of the
in vitro kinetic parameters to model the in vivo effect proved
to be challenging. Based on the fitting performance to the
clinical concentration-time profiles, the KI value was allowed
to vary from the experimental value of 2.9 6 0.9 mM. The
best fit was obtained with a KI value of 11 6 3.4 mM. Predic-
tion of TDI in human studies using parameters generated
from in vitro experiments continues to be a major challenge
for all CYP enzymes.12 As well, it has been well recognized
that there are significant differences in values of inactivation
parameters generated among laboratories.13 This is analo-
gous to the issue of interlaboratory differences for permeabil-
ity values using caco-2 cell monolayers.14 This has led to
the adoption of a “best practice” recommendation to correct
interlaboratory variation in caco-2 permeability values that
includes conducting analysis against dual calibrators, such
as verapamil and metoprolol. A calibration algorithm has not
been developed to correct for such differences in TDI inacti-
vation parameters. In addition, the rate constant of the
enzyme degradation (kdeg) also significantly impacts the
magnitude of TDI-mediated inactivation. For simplicity, the
default value for kdeg was used in our prediction.

The validity of the model is supported by the good predic-
tion of the complicated PKs observed in the clinical study
described in this article, which included both single and mul-
tiple dosing regimens ranging from 5 to 240 mg across 9
dose levels. However, the model should continue evolving
once new clinical data become available. In particular,
the input values for both Km and KI parameters are modified
from experimental data by fitting the model to clinical
observation, and, thus, they are not identifiable. Additional

studies, for instance, human ADME and drug-drug interac-
tion studies would provide additional constraining power to
enable more accurate estimation of their true values.

PBPK modeling has become a powerful tool that provides
mechanistic understanding of a compound’s PK behavior and
when properly constructed can be very useful in predicting
changes in behavior in various clinical settings.15 However,
there are many challenges in constructing a PBPK model to
adequately describe the human PKs for a compound during
the early phase of clinical development. Initial PBPK models,
based on ADME data obtained either from in vitro systems or
from animal species, often fail to describe clinical observa-
tions in FIH studies. Reasons for the model failure can be
the insufficient information describing the ADME processes
available during early development or the inadequate translat-
ability of the available ADME data from preclinical to clinical.
However, discrepancies in predicted behavior vs. observed
behavior revealed by the initial model often contain valuable
information. The discrepancies revealed may indicate the
presence of knowledge gaps stemming from incomplete infor-
mation or may challenge the validity of calculated or meas-
ured parameters and lead to additional nonclinical
experimentation to fill the gaps. This is a model-guided
reverse translation process that can also help determine
which nonclinical study should be conducted with high prior-
ity. The initial model can then evolve with the addition of the
newly generated drug-related properties. This refinement
cycle can continue through additional iterations once new
clinical data become available. Eventually, the optimized
PBPK model can be used to achieve satisfactory forward
translatability for future clinical PK predictions. Figure 7 illus-
trates the bidirectional translation of BMS-911543’s ADME
information based on PBPK modeling.

In conclusion, the results presented here indicate that the
bidirectional PBPK model-based translation of ADME infor-
mation is a useful strategy in general practice for mechanis-
tic understanding of a compound’s disposition during early
clinical development. Integration of a plausible PBPK model
into early clinical development was possible even for a
compound with complex ADME properties like BMS-
911543 (namely, low solubility and TDI and induction of an
enzyme while being a substrate for the same enzyme) that
exhibits dose-dependent and time-dependent nonlinear
pharmacokinetics, but will likely require researchers to use
a forward and back translation paradigm between experi-
mental data and model.

Acknowledgment. The authors thank Dr Iain Gardner (SimCYP,
Sheffield, UK) for helpful discussions.

Conflict of Interest. The authors were all employees of Bristol-
Myers Squibb at the time of conducting the research described in the
article.

Author Contributions. L.Z., J.G., H.Y., and J.L. designed
research. X.G. and J.L. performed research. L.Z., J.G., H.Y., X.G., and
J.L. contributed new reagents or analytical tools. L.Z., J.G., H.Y., and J.L.
analyzed data. L.Z., J.G., H.Y., J.L., E.M., and W.G.H. wrote the
manuscript.

Figure 7 Physiologically based pharmacokinetic (PBPK) model-
guided bi directional translation of the compound’s absorption,
distribution, metabolism, and excretion (ADME) information to
determine the mechanism of time-dependent and dose-
dependent nonlinear pharmacokinetics after compound’s early
clinical studies. Arrows denote the continuing bidirectional trans-
lation of ADME information.
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