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Abstract

This study aimed to develop a physiologically-based pharmacokinetic (PBPK) model to predict changes in the phar-
macokinetics (PK) and pharmacodynamics (PD, PDE4 inhibition) of roflumilast (ROF) and ROF N-oxide when co-
administered with eight CYP3A4/1A2 perpetrators. The population PBPK model of ROF and ROF N-oxide has been
successfully developed and validated based on the four clinical PK studies and five clinical drug-drug interactions
(DDlIs) studies. In PK simulations, every ratio of prediction to observation for PK parameters fell within the range 0.7
to 1.5. In DDI simulations, except for tow peak concentration ratios (C,,,,) of ROF with rifampicin (prediction: 0.63 vs.
observation: 0.19) and with cimetidine (prediction: 1.07 vs. observation: 1.85), the remaining predicted ratios closely
matched the observed ratios. Additionally, the PBPK model suggested that co-administration with the three perpe-

trators (cimetidine, enoxacin, and fluconazole) may use with caution, with CYP3A4 strong inhibitor (ketoconazole

and itraconazole) or with dual CYP3A41A2 inhibitor (fluvoxamine) may reduce to half-dosage or use with caution,
while co-administration with CYP3A4 strong or moderate inducer (rifampicin, efavirenz) should avoid. Overall, the pre-
sent PBPK model can provide recommendations for adjusting dosing regimens in the presence of DDIs.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a pro-
gressive respiratory condition characterized by persistent
airflow limitation and respiratory symptoms [1]. It is a
leading cause of chronic morbidity and mortality world-
wide, accounting for approximately global prevalence
of 11.7% [2] and 5% of all deaths worldwide [3]. Cyclic
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adenosine monophosphate (cAMP) has been associated
with COPD for several decades [4]. Phosphodiesterase-4
(PDE-4) is an enzyme that plays a crucial role in regulat-
ing cAMP levels within cells [4, 5]. PDE4 has been stud-
ied extensively and identified as a promising therapeutic
target for COPD for many years [6].

Roflumilast (ROF) is a first selective PDE-4 inhibi-
tor indicated as a treatment to reduce the risk of COPD
exacerbations [7]. Clinical use has been approved by FDA
for once-daily (OD) administration of 0.25 mg and 0.5
mg tablets [8]. In vitro, ROF is primarily metabolized by
cytochrome P450 (CYP) enzymes, specifically CYP1A2
and CYP3A4, leading to the formation of approximately
10 metabolites [9]. Among these metabolites, roflumi-
last N-oxide (ROF N-oxide) is the most important active
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metabolite, exhibiting comparable activity to ROF and
approximately 11 times higher plasma exposure [9].
While ROF itself inhibits 10% of PDE4, in vivo, 90% of
PDE inhibition is contributed by ROF N-oxide [9].

In clinic practice, patients may be treated with the
concurrent use of multiple drugs, which put them at the
risk of drug-drug interactions (DDIs) [10]. Furthermore,
pharmacokinetic (PK)-related and pharmacodynam-
ics (PD)-related DDIs are vital considerations in clinical
practice as they can affect the efficacy and safety of drug
therapy [11]. PK-related DDIs mediated by CYP enzymes
have garnered significant attention over the past decades.
In contrast, PD-related DDIs have received relatively lit-
tle attention, despite the fact that their frequencies are
approximately 1.9-fold higher than those of PK-related
DDIs [12].

Physiologically-based pharmacokinetic (PBPK) mod-
eling is a valuable tool used for simulating and predict-
ing the PK of drugs in the human. Additionally, PBPK
models were commonly utilized to evaluate the pos-
sibility of clinical PK-based DDIs involving multiple
drugs [13], as well as PD-related DDIs that had rela-
tively few reported cases [12, 14]. By utilizing PBPK
models, the magnitude and importance of DDIs can be
predicted, thereby facilitating dose adjustments or the
selection of alternative therapies to minimize the risk
of adverse events [12, 14, 15].

Our objective was to develop a PBPK model to evaluate
the impact of eight single and dual CYP3A4/1A2 perpe-
trators on the PK and PD (i.e., PDE4 inhibition) of both
ROF and ROF N-oxide when co-administrated. Specially,
the PBPK model was used to (i) predict the area under
the curve (AUC) and maximum concentration (C_,,)
of ROF and ROF N-oxide in healthy individuals and in
COPD patients; (ii) predict PK- and PD-related DDIs of
ROF when used in combination with eight CYP3A4 and
CYP1A2 perpetrators, respectively; and (iii) recommend
an optimal dosing regimen for DDIs. By employing the
PBPK model, we aimed to enhance our understanding of
how the co-administration of ROF and these perpetra-
tors may influence the PK and PD. This information can
ultimately guide dosage adjustments in the presence of
DDlIs.

Methods

PBPK model structures

As described in previous paper [12], the PBPK model
consists of multiple compartments interconnected by
blood flow rate, including the mucosa (gastro-intestine),
blood (arterial supply and venous return), eliminat-
ing and non-eliminating tissues. The mucosa includes
the duodenum, jejunum, ileum, cecum, colon, and rec-
tum. The mucosa is characterized by its volume, gastric
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emptying time (with a mean of 15 min), small intesti-
nal transit time (with a mean of 2.10 h), large intestinal
transit time (with a mean of 44.20), as well as the mean
pH of stomach (2.0) and different intestinal segments
pH(ranging from 5.60 to 7.46). Each tissue compartment
is defined by its volume, fraction of vascular and intracel-
lular components, as well as pH (blood cells, interstitial
fluid, intracellular fluid, and plasma). The distribution of
ROF and ROF N-oxide is defined using the interstitial-to-
plasma partition coefficient (K,,,p) and intracellular-to-
plasma partition coefficient (Kj,..p).

The human tissue distribution and cellular perme-
ability of ROF and ROF N-oxide were described by
Rodgers and Rowland, and the PK-Sim standard meth-
ods, respectively. The intrinsic unbound clearance
(CL,,) and plasma clearance (CLp) were estimated by

int,u.
Egs. (1, 2 and 3) [16, 17].
Enz;
CLint,u = (1)

ISEF; x expression;

Where CL;, , (uL/min/pmol) is the unbound intrin-
sic clearance by the CYP3A4 or CYP1A2 enzyme; Enz;
represents metabolic the rate by the CYP3A4 or
CYP1A2 enzyme (pL/min/mg); ISEF represents the
intersystem extrapolation factor, with ISEF values of
0.33 and 0.39 for CYP3A4 and CYP1A2, respectively
[18]. expression, represents the abundance of CYP3A4
or CYP1A2 (137 and 52 pmol/mg protein for CYP3A4
and CYP1A2, respectively [18]). Enz, was estimated

using the following Eq. (2).
Enz; = P——— (2)

Where V_,, is maximal rate of metabolism by CYP3A4
or CYP1A2. K, is the Michaelis-Menten constant for the
conversion of ROF to ROF N-oxide. C; is unbound ROF
concentration. Values for V., and K, were available
from the literature [9]. The relationship between CL
and CL; can be expressed as follows:

int,u

CLint,u

CLp = Ryp x Q[ ———24
CLint,u + Q?b:

(3)

Where Ry, is blood/plasma concentration ratio; Q is
tissue blood flow, the average Q is 90 L/h in human [19];
f,p is fraction of unbound drug in plasma.

Population PBPK model development

The PBPK model of ROF and ROF N-oxide was devel-
oped using PK-Sim (Version 10.0, Bayer Technology
Services, Leverkusen, Germany) with the modelling
parameters listed in Table 1. The modeling parameters
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Table 1 The used PBPK modelling parameters for ROF and ROF N-oxide

Parameters (Units) Values Source and comments
ROF ROF N-oxide

MW(g-mol™") 403.21 41921 Chemspider
pKa (Base) 13.3 (acid); 2.4 (base) 12.92,0.65 [9], Optimized for ROF N-oxide
LogP 35 2.6 Optimized
Solubility (ug-mL™") 0.5 (@pH7.4) - [9]
Popp (X107 cms™) 001 - [20]
fup 0.011 0.034 [9]
Rop 0.73 0.62 Calculated by PK-Sim
CYP3A4 CLy,, , (UL/min/mg)? 0.90/0.55 0.010/0.0093 Optimized based on the observed human PK
CYP1A2 CLyy, (ML/min/mg)? 0.55/0.33 - Calculated based on lower clearance in COPD patients
CL, (uL/min/mg)? - 0.10/0.093
CLg(L/h) GFR*f, Default
GFR fraction 1.0 Default
Kinsp SCale 50 - Optimized based on the observed human PK
Partition coefficients Rodgers and Rowland Optimized based on the observed human PK
Cellular permeabilities PK-Sim Standard
Concentration (UM/L liver tissue)

CYP3A4 432 Default

CYP1A2 1.80
Abundance in HLM (pmol/mg protein)

CYP3A4 137 [21]

CYP1A2 52
Kdeg

CYP3A4 0.019 h™'(liven),0.03 h™' (intestine) [22]

CYP1A2 0.017 h™'(liver), 0.03 h™' (intestine)
K CYP3A4 (UM) 279 - 9]

-No data, MW Molecular weight, pKa Dissociation constant, Log P Lipophilicity, P,

app

Caco-2 cell permeability, f,,, Unbound fraction in plasma, Ry, Blood-to-plasma

concentration ratio, CYP3A4/1A2 CL;,,, unbound intrinsic clearance, CL, Additional clearance, CL, Renal clearance, GFR fraction Fraction of filtered drug in the urine,
GFR Glomerular filtration rate, K, , interstitial-to-plasma partition coefficient, kg, turnover of the metabolizing enzyme, K; Concentration resulting in a 50% inhibition

?Values in healthy subjects and COPD patients, respectively

were primarily taken form published papers [9, 20-22].
Some parameters were optimized to improve the descrip-
tion of human PK of ROF and ROF N-oxide. Log p was
optimized to 3.5, providing a better fit to the observed
C,ox compared to the original value of 3.99 [9]. The K|, .,p
scale for ROF was optimized to 5.0 to better describe the
tissue distribution. However, a few parameters were not
available in the literature, and were estimated by PK-Sim
(Ry,,) or optimized (Log p of ROF N-oxide) by comparing
the predicted and observed PK profiles.

The metabolism of ROF to ROF N-oxide is primarily
mediated by CYP1A2 and CYP3A4. In the PBPK model,
the metabolism parameters are described by their CL; ..
Based on the HLM metabolism data in the paper [9], the
CYP3A4 and CYP1A2 CL,;,, values for ROF were esti-
mated as 45.7 (78.2% metabolism contribution [9]) and
11.8 pL/min/mg (20.2% metabolism contribution [9]),
respectively, assuming a substrate concentration of 1.0
uM. Using Eq. (1), the CL;,; , (uL/min/pmol) values were

calculated to be 1.01 and 0.58 pL/min/pmol, respectively.
For the PBPK model, the final CL;,; , values for CYP3A4
and CYP1A2 were slightly optimized as 0.90 and 0.55 pL/
min/pmol.

The Oral CL, of ROF N-oxide was estimated to be an
average value of 0.95 L/h [9]. ROF N-oxide is metabo-
lized by CYP3A4, CYP1Al, and CYP2C9. In the PBPK
model, the final CL;, , value for CYP3A4-mediated
metabolism of ROF N-oxide was optimized to 0.010 pL/
min/pmol, and additional clearance (CL,, encompassing
CYP1A1, and CYP2C9) was optimized to 0.10 mL/h/kg.
Additionally, it has been reported that in COPD patients,
PK exposures of ROF and ROF N-oxide are 60% and 8%
higher, respectively, compared to healthy subjects. Con-
sequently, in COPD patient population, the CL;,, val-
ues for ROF mediated by CYP3A4 and CYP1A2 were
decreased to 0.55 and 0.33 pL/min/pmol, respectively.
Furthermore, the CL,,, value for ROF N-oxide by

int,u

CYP3A4-mediated metabolism and the CL, in COPD



Jia et al. BMC Pharmacology and Toxicology (2024) 25:4

patients were decreased to 0.0093 pL/min/pmol and
0.093 mL/h/kg, respectively. Moreover, there were no
reports indicating the involvement of kidney transport-
ers or tubules in the influx or efflux of ROF and ROF
N-oxide. Therefore, the both fractions of GFR were set at
1.0. Figure 1 illustrates the workflow of ROF PBPK model
development and validation.

Population PBPK model validation

The four clinically observed PK profiles and data of ROF
and ROF N-oxide in both healthy subjects and COPD
patients were taken from the published papers [23-26]
using Digit software (Version 1.0.4, Simulations Plus,
USA). The developed PBPK model was validated by
comparing the predicted PK profiles and data with the
observed values. The prediction-to-observation ratios
of AUC and C_,, were calculated, and the commonly
accepted criterion for these ratios is between 0.5 and
2.0. This criterion helps assess the accuracy of the model

Physico-chemical
parameters

ADME data
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predictions by evaluating the agreement between the
predicted and observed PK parameters.

Population DDI simulations

The PBPK modeling parameters for eight CYP3A4 and
CYP1A2 inhibitors and inducers are provided in Supple-
mentary Table S1. The inhibition and induction param-
eters of these perpetrators against CYP3A4 and CYP1A2
enzymes are listed in Table 2 [27-32]. The PBPK model
of ROF and ROF N-oxide was combined with the PBPK
models of these eight perpetrators to simulate the effects
of the perpetrators on the PK and PD (PDE4 inhibition)
of ROF and ROF N-oxid. The total PDE4 inhibition val-
ues (tPDE4i) were calculated according to the following

Eq. (4)

AUCROF N—oxide X JUDsROF N—oxide
IC50,ROF N—oxide X T
(4)

AUCROF X fup,ROF
ICso,r0F X T

tPDE4i =

Physiological
parameters

| Initial PBPK model |

p—

Select tissue distribution and cellular
permeability method

Rodgers and Rowland,
and PK-Sim standard

| Optimize Kiqs,p scale

Describe better the tissue

distribution

Clinical PK data —_—

| Optimize LogP value

Fit better with the
observed Cpax

\| Optimize CLinu for CYP3A4 and 1A2 |_’

Reproduce better the
observed PK

Model Validation

> | Final PBPK model |

DDI inhibition and

induction parameters

DDI simulations

Validation

\
P |
PBPK models of CYP3A4 /

|

DDIAUC and
Chuax ratios

and 1A2 perpetrators |

Model applications |

|

and in COPD patients

® Predict AUC and Cuayx, and PDE4 inhibition in healthy individuals

® Predict PK- and PD-related DDIs
® Suggest dosing recommendations when co -administered with
CYP3A4 and CYP1A2 perpetrators

Fig. 1 Workflow of ROF PBPK model development and validation
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Table 2 The inhibition and induction parameters of CYP3A4 and CYP1A2 perpetrators

Perpetrators CYP3A4 K; (M) CYP1A2K; (M) EC.ax ECso (UM)
Ketoconazole (inhibitor, KET) [27] 0.0054 32

[traconazole (inhibitor, ITR) [28] 0.0013

Hydroxy-itraconazole [28] 0.0023

Fluconazole (inhibitor, FLU) [29] 16.6

Fluvoxamine (inhibitor, FLUV)? 0.52 0.011

Enoxacin (inhibitor, ENO) [30] - 110

Cimetidine (inhibitor, CIM) [31, 32] 106 140.7

Rifampicin (inducer, RIF) [28] 9.0 0.34
Efavirenz (inducer, EFA)° 52 0.07

@ metabolite of itraconazole
® built in the PK-Sim

Where AUCrqr and AUCror N_oxide ar€ AUC of ROF
and ROF N-oxide (pg-h/mL), respectively; f,,ror and
fup,ROF N—oxide are free fraction of ROF and ROF N-oxide
in plasma, respectively; ICy, zor and ICs5y N_oyiqe (HE/L)
are concentration of ROF and ROF N-oxide resulting in
50% PDE4 inhibition in vitro, respectively; T is dosing
interval at repeated-doses (24 h). IC5 pop and ICy5 N oyide
are 0.3 and 0.8 pg/L in the literature [9].

The DDI simulations were verified by comparing the
AUC and C_,, ratios with and without perpetrators
between predicted and observed, as reported in the ref-
erenced papers [27, 33-36]. In the DDI simulations, the
dosage regimens for ROF and five perpetrators (KET,
FLUV, RIF, ENO, and CIM) were determined based on
the information provided in the published papers [27,
33-36]. However, for remaining three perpetrators (ITR,
FLU, and EFA) for which no specific dosing information
was available in the literature, the dosage regimens were
set as follows: a single-dose of ROF at 0.5 mg OD with
repeated-doses of ITR at 200 mg OD, FLU at 150 mg OD,
and EFA at 600 mg OD for consecutive 14 days. Moreo-
ver, all DDI simulations were specifically conducted in
healthy subjects.

The demographic characteristics data

The demographic characteristics data used in the PBPK
model were collected from the respective clinical studies.
The virtual population information included age range,
body weight, height, and the proportion of female partici-
pants. In cases where specific data was missing, the mean
values provided in PK-Sim were used as a substitute.

Results

Validation of the population PBPK model for ROF and ROF
N-oxide

Figure 2 depicts the predicted and observed plasma con-
centration-time profiles in healthy subjects (Fig. 2A-D)

and COPD patients (Fig. 2E/F) following oral admin-
istration of single or multiple doses at steady-state. The
simulations suggest that the population PBPK model
may agree well with the observed PK profiles of ROF and
ROF N-oxide [23-26]. Table 3 presents the ratios of pre-
dicted and observed geometric mean AUC and C_,,, all
of which range between 0.7 and 1.5. Notably, the majority
of ratios fall within the range of 0.8—1.25. The simulations
indicate the successful development of the population
PBPK model, demonstrating its ability to accurately pre-
dict the AUC and C_,, of ROF and ROF N-oxide at single
and repeated doses in both healthy subjects and COPD
patients.

Sensitivity analysis

A sensitivity analysis was conducted on the optimized
parameters of the PBPK model by varying each param-
eter by £100%. The results are presented in Supplemen-
tary Table S2. It was found that the AUC and C_,, values
for ROF were most sensitive to changes in Log P, with a
sensitivity coefficient (SC) of -1.80. Similarly, Log P was
identified as the primary factor influencing C_,, for ROF
N-oxide, with a SC of -0.71. Upon examining Table S2, it
is observed that among all the optimized parameters, the
SC value for Log P of ROF is greater than 1.0, indicating
its significant impact on the C_,, for ROE. Subsequently,
the SC value was further assessed when the Log P of ROF
was varied from 3.5 (as used in this study) to 3.99 (the lit-
erature value) [9]. The assessed SC value was found to be
1.11, slightly higher than 1.0.

Validation of PBPK models for CYP3A4/1A2 inhibitors

and reducers

Figure 3 presents the mean predicted PK profiles and
clinically observed data for eight CYP3A4/1A2 inhibi-
tors and reducers. The predicted and observed PK data
are given in Supplementary Table S3. By comparing
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Fig. 2 Simulations of plasma concentration-time profiles of ROF and ROF N-oxide after administration of single dose and repeated doses. The
predicted and observed plasma concentration-time curves of ROF and ROF N-oxide in healthy subjects at a single dose of 0.5 mg (A), repeated
doses of 0.25 mg (B) and 0.5 mg (C), repeated doses of 0.5 mg (D), as well as in COPD patients at repeated doses of 0.25 mg (E) and 0.5 mg (F). The
blue open squares (RFO) and red solid up-triangles (RFO N-oxide) denote the clinically observed data

predictions with observations of eight perpetrators, the
accuracies of PK prediction by the PBPK models of per-
petrators have been verified. Table S3 shows that each
ratio falls between 0.5 and 2.0. The simulations demon-
strate that the PBPK models for the eight perpetrators
have been successfully developed and match well with
their clinically observed PK values.

DDl simulations

The DDI simulations were conducted using the PBPK
model of ROF and ROF N-oxide in combination with the
PBPK model of eight CYP3A4/1A2 perpetrators, respec-
tively. Figure 4 illustrates the predicted and observed
plasma concentration-time profiles in healthy individuals
after the simultaneous administration of ROF with five
CYP3A4 and CYP1A2 perpetrators for which DDI studies
could be obtained from the papers [27, 33-36]. The DDI

simulations indicate that the PBPK model aligns closely
with the observed PK profiles of ROF and its metabolite,
ROF N-oxide, when DDIs are present. Table 4 presents the
predicted AUC, C,,,, and tPDE4i ratios of ROF and ROF
N-oxide when concurrently administered with the eight
perpetrators, as determined by the PBPK model. With the
exception of tow C_,, ratios of ROF with RIF (prediction:
0.63 vs. observation: 0.19) and with CIM (prediction: 1.07
vs. observation: 1.85) (Table 4), the remaining predicted
ratios were very close to the observed data for five per-
petrators available in the papers [27, 33-36]. To ensure
the accuracy of DDI predictions, it is vital to validate the
interaction parameters (K;, EC_,,, ECs) utilized in this
study. This validation is necessary because variations in
these parameters can be observed across different research
papers. In order to validate the interaction parameters, we
employed the PK variables of oral midazolam (a CYP3A4
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Fig. 3 The mean predicted and observed plasma concentration-time profiles of eight CYP3A4 and CYP1A2 perpetrators. Ketoconazole, fluconazole,
and rifampicin (A); itraconazole (B); fluvoxamine (C); efavirenz (D); and cimetidine and enoxacin in healthy humans (E)

substrate) and tizanidine (a CYP1A2 substrate) in the
presence of perpetrations. Supplementary Table S4 pre-
sents the DDI predictions, indicating the reliability of the
interaction parameters for the perpetrating drugs, except
for the C_,, ratios of midazolam with RIF, which exceeded
2.0. However, due to the unavailability of clinical PK data
for the co-administration of ENO and CIM with tizani-
dine, we did not provide AUC and C_,, ratios for tizani-
dine with ENO and CIM in this work.

Of these DDI simulations, ratios of ROF were either
more than 2-fold or less than 0.5-fold occurred when
co-administered with KET, FLUV, RIF, ITR, and EFA at
repeated-doses. In contrast, the ratios of ROF N-oxide
was less than 0.5-fold (0.44-fold) only when concurrently
used with RIF. Similarly, the changes in tPDE4i ratios
mirrored PK changes of ROF N-oxide, likely due to the
90% contribution of tPDE4i provided by ROF N-oxide.

The liver’s CYP3A4 and CYP1A2 activities were eval-
uated over time during DDIs, and the simulations are
depicted in Fig. 5. The maximum inhibition of CYP3A4
occurred with ITR, while FLUV caused the highest inhi-
bition of CYP1A2. Despite RIF exhibiting a stronger
maximum induction effect on CYP3A4 compared to
EFA, the trough induction effect of RIF was lower than
that of EFA. This may explain the minor difference in
AUC ratios of ROF and ROF N-oxide with two inducers.

max

Dosage adjustment recommendations based on the DDI
simulations

In general, clinical dosing regimens should be modified
when the plasma AUC ratio increases or decreases by
more than 2-fold in the presence of DDIs [37]. However,
the clinical exposure-response for efficacy and safety sug-
gested that the maximum tolerated dose of ROF is iden-
tified as 0.5 mg OD [9]. Moreover, since ROF N-oxide
contributes 90% inhibition of iPDE4i, dosage regimen for
ROF cannot solely rely on the AUC changes of ROF itself
in DDIs. Therefore, the following criteria are defined for
dosing regimens of ROF: (D when both AUC ratios of
ROF and ROF N-oxide are within the range of 0.8—-1.25
in DDIs, ROF does not require dose adjustment; @ when
changes in AUC ratios of ROF and ROF N-oxide are
between 0.5 and 2.0, but outside the range of 0.8—1.25, in
DDIs, ROF may be used with caution; ® when changes
in AUC ratios of ROF or ROF N-oxide exceed 2-fold or
decrease to less than 0.5-fold in DDIs, co-administration
of ROF should be prohibited, rather than reducing the
dose.

As shown in Fig. 6, only when co-administered with
ENO, the average AUC ratios of ROF fell between 0.8 and
1.25, indicating no significant differences in DDIs. However,
its 90% confidence interval (CI) was still outside the range
of 0.8-125. Additionally, AUC ratios of ROF increased or
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Fig. 4 Simulations of pharmacokinetics of ROF and ROF N-oxide with ketoconazole (A), fluvoxamine (B), rifampicin (C), enoxacin (D),

and cimetidine (E)

decreased by more than 2-fold in five DDI cases (with KET,
ITR, FLUV, RIF, and EFA).In contrast, average AUC ratios
of ROF N-oxide were all between 0.8—1.25 after co-admin-
istration of ROF with four perpetrators. Furthermore, AUC
ratios of ROF N-oxide reduced by more than 2-fold only
when co-administered with RIF. This suggests ROF N-oxide
is less influenced by DDIs compared to ROF.

According to the changes in AUC ratio of ROF, the
dosage of ROF should be reduced to 0.25 mg when con-
currently used with KET, ITR and FLUV. However, con-
sidering clinical efficacy (the AUC ratios of ROF N-oxide
and tPDE4i ratios are less than 2.0-fold change), it may
be a suitable option to cautiously co-administer ROF
with the three perpetrators with caution .Although the
average AUC ratios of ROF and ROF N-oxide were all
between 0.5- and 2-fold, it was still suggested that co-
administration with the three perpetrators (CIM, ENO,
and FLU) should use with caution based on clinical
maximum toleration. Additionally, the DDI simulations
suggest that ROF should be recommended to avoid con-
tinuous co-administration of ROF with RIF and EFA. The

dosage recommendations in DDIs by the PBPK model are
in good agreement with the clinical dosing proposals [8].

Discussion
In this work, the PBPK model of ROF and ROF N-oxide
was successfully developed and was able to accurately pre-
dict the plasma AUC and C,_,, for both healthy subjects
and COPD patients. Moreover, the PBPK model accurately
predicted the ratio change in AUC, C_,,, and tPDE4i of
ROF and ROF N-oxide when concurrently administered
with eight CYP3A4/1A2 perpetrators. The prediction
accuracy of the PBPK model was supported by the mul-
tiple clinical PK studies [23-27, 33-36] (Figs. 2 and 4,
Tables 3 and 4). Furthermore, dosage recommendations of
ROF were proposed when co-administered with the eight
CYP3A4/1A2 perpetrators based on AUC ratios. Notably,
this is the first study to develop the PBPK model for ROF
and simulate the PK and PD (i.e., tPDE4i) changes in the
presence DDIs.

The two parameters, distribution method and K cal-

P
ing (Ky,,, and Ky, ), are associated with drug tissue
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Table 4 PKand PD changes of ROF and ROF N-oxide in DDls
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Perpetrators Dosing regimens Victims Predicted ratios? Observed ratios®
AUC C,, tPDE4® AUC C,, tPDE4®
KET ROF: Repeated-doses of 0.5 mg OD from days 1 to 11; KET: A single dose  ROF 143 107 - 134 106 NR
of 200 mg on day 11 ROF N-oxide 1.06 095 088 080
ROF: Single-dose of 0.5 mg OD on days 1 and 11, respectively; KET: ROF 207 118 134 201 123 110
Repeated-doses of 200 mg BID from days 8 to 20 ROF N-oxide 133 096 109 062
FLUV ROF: Single-dose of 0.5 mg OD on day 15; FLU: Repeated-doses of 50 mg ~ ROF 229 1.16 162 256 112 159
OD from days 8 to 21 ROF N-oxide 166 0.84 152 080
RIF ROF: Single-dose of 0.5 mg OD on day 12; RIF: Repeated-doses of 600 mg  ROF 020 063 044 032 019 043
OD from days 5 to 15 ROF N-oxide 044 128 049 130
ENO ROF: Single-dose of 0.5 mg OD on days 1 and 12, respectively; ENO: ROF 122 119 121 1.58 120 125
Repeated-doses of 400 mg BID from days 2 to 19 ROF N-oxide 102 112 120 086
CIM ROF: Single-dose of 0.5 mg OD on days 1 and 13, respectively; CIM: ROF 137 1.07 1.06 146 185 148
Repeated-doses of 400 mg BID from days 6 to 16 ROF N-oxide 104 094 096 127
ITR Concomitantly used at repeated-doses of ITR 200 mg OD, FLU 150 mg ROF 214 116 140 NR NR
OD, EFA 600 mg OD, respectively, and ROF 0.5 mg OD on day14 ROF N-oxide 122 070
FLU ROF 189 1.18 1.16
ROF N-oxide 1.12  0.92
EFA ROF 028 064 058
ROF N-oxide 060 1.16
2 Calculated by ratio of PK variables with and without perpetrators
b Calculated using Eq. (4)
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Fig. 5 Effect of eight perpetrators on hepatic CYP3A4 and CYP1A2 activity Remaining CYP3A4 activity after inhibition by KET, FLUV, ITR,
FLU, and CIM, respectively (A). Remaining CYP1A2 activity after inhibition by FLUV, ENO, and CIM, respectively (B). Increased CYP3A4 activity
after induction by RIF and EFA, respectively (C)
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Fig. 6 Simulations of AUC ratios and tPDE4i of ROF and ROF N-oxide in the DDIs. AUC ratios change of ROF (A) and ROF N-oxide (B), and tPDE4i
change (C) with eight CYP3A3/1A2 perpetrators. Data were shown as geometric mean values and 90% Cl

distribution in the PBPK model. In PK-Sim, tissue dis-
tribution is determined using five methods: Rodgers
and Rowland, PK-Sim standard, Schmitt, Poulin and
Theil, and Berezhkovskiy. On the other hand, cellular
permeability is calculated using two methods: PK-Sim
standard and Charge dependent Schmitt. To better
agree with the observed concentration-time profiles
of ROF and ROF N-oxide, the distribution calculation
in the PBPK model was optimized using the param-
eter identification module in PK-Sim. The identified
method for tissue distribution calculation was Rodgers
and Rowland, while the PK-Sim standard method was
selected for cellular permeability calculation. Addi-
tionally, to improve agreement with the time-concen-
tration profiles, the Kj,;, scale was optimized to 5.0
specifically for ROF. Furthermore, the sensitivity anal-
ysis presented in Table S2 demonstrated that among
the optimized parameters, Log P of ROF was identified
as the most sensitive parameter for ROF C_, . How-
ever, it was found that within the range of Log P values
from 3.99 to 3.5, it only had a slight influence on the
ROF C,,,,. Based on this observation, it can be con-
cluded that these optimized parameters fall within an
acceptable range.

KET, ITR, and FLU are competitive strong and mod-
erate inhibitors of CYP3A4. RIF and EFA are strong
and moderate inducers of CYP3A4. ENO is competitive
inhibitors of CYP1A2; FLUV and CIM are dual inhibi-
tors of CYP3A4 and CYP1A2. Although in vitro K; val-
ues of ENO and CIM against CYP3A4 and CYP1A?2 are
relatively higher compared to other inhibitors, they both
have higher free plasma concertation (0.72 and 0.84,
Supplementary Table S1). Therefore, in vivo, they could
result in a moderate DDI. These eight perpetrators were
selected to simulate the PK and PD effects on ROF and
ROF N-oxide. Previous studies have demonstrated that
a reasonable value for ky,, of CYP enzymes for accu-
rate in vivo prediction of multiple drugs is 0.03 h [22].
Hence, a k., value of 0.03 h™! was used in present PBPK
model. While some papers have shown that the activity
of CYP enzymes differs between the gut and liver [38],
the current PBPK model did not incorporate different
CYP1A2/3A4 activity. However, different kg, values were
set for gut and liver in the present PBPK model (Table 1).
Moreover, the induction parameters (E., and ECsy) of
RIF showed wide variability among different experimen-
tal papers [39, 40]. To minimize this variation, the values
from the latest PBPK model paper were used [28].



Jia et al. BMC Pharmacology and Toxicology (2024) 25:4

There are still limitations to the present PBPK model.
Firstly, in the simulation, both CYP3A4 CL;,, and
CYP1A2 CL,;,, were reduced by the same ratio in
patients with COPD compared to healthy subjects. How-
ever, it is important to note that this assumption was
made without specific empirical data supporting the
exact magnitude of the reduction at present. Moreover,
this PBPK approach does not take into consideration
other physiological differences in COPD patients as well.
A second challenge is the lack of clinical validation for
DDI simulations with ITR, FLU, and EFA.

Conclusions

In summary, the PBPK model successfully predicted
the clinical PK and PD of ROF and ROF N-oxide in
both healthy subjects and COPD patients. Addition-
ally, the model accurately predicted DDI outcomes
in combination with CYP3A4 and CYP1A2 perpetra-
tors. Furthermore, based on the PBPK model, a dosage
adjustment strategy for ROF was proposed when co-
administered in DDIs.
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