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Abstract

Moxifloxacin has an important role in the treatment of tuberculosis (TB). Unfortunately, coadministration with the cornerstone TB drug rifampicin
results in suboptimal plasma exposure.We aimed to gain insight into the moxifloxacin pharmacokinetics and the interaction with rifampicin.Moreover,
we provided a mechanistic framework to understand moxifloxacin pharmacokinetics. We developed a physiologically based pharmacokinetic model
in Simcyp version 19, with available and newly generated in vitro and in vivo data, to estimate pharmacokinetic parameters of moxifloxacin alone and
when administered with rifampicin. By combining these strategies, we illustrate that the role of P-glycoprotein in moxifloxacin transport is limited
and implicate MRP2 as transporter of moxifloxacin-glucuronide followed by rapid hydrolysis in the gut. Simulations of multiple dose area under the
plasma concentration–time curve (AUC) of moxifloxacin (400 mg once daily) with and without rifampicin (600 mg once daily) were in accordance
with clinically observed data (predicted/observed [P/O] ratio of 0.87 and 0.80, respectively). Importantly, increasing the moxifloxacin dose to 600 mg
restored the plasma exposure both in actual patients with TB as well as in our simulations. Furthermore, we extrapolated the single dose model to
pediatric populations (P/O AUC ratios, 1.04-1.52) and the multiple dose model to children with TB (P/O AUC ratio, 1.51). In conclusion,our combined
approach resulted in new insights into moxifloxacin pharmacokinetics and accurate simulations of moxifloxacin exposure with and without rifampicin.
Finally, various knowledge gaps were identified, which may be considered as avenues for further physiologically based pharmacokinetic refinement.
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Tuberculosis (TB) is the leading cause of death from
a single infectious agent. In 2018, an estimated 10
million people developed TB, and 1.45 million pa-
tients died.1 Moxifloxacin is a bactericidal 8-methoxy-
fluoroquinolone with efficacy against a wide range
of infections, an acceptable safety profile, and signif-
icant exposures inside macrophages.2,3 Moxifloxacin
has different applications in TB treatment; first and
foremost, it is 1 of the 2 most frequently recommended
fluoroquinolones for patients with multidrug-resistant
(MDR)-TB, and considered a critical component of
MDR-TB treatment in general.4 Second, it might im-
prove the treatment outcomes of TBmeningitis because
of its bactericidal activity and relatively favorable cere-
brospinal fluid (CSF) concentrations.5,6 Third, it can be
used in case of intolerance against first-line TB drugs.7

Finally, it might have treatment-shortening potential
in drug-susceptible TB if dosing could be optimized,
especially when coadministered with rifampicin.7

Moxifloxacin is described to be primarily metab-
olized by the phase II enzymes uridine diphosphate-
glucuronosyltransferases (UGT) 1A1 and sulfotrans-
ferase (SULT) 2A1, contributing for 14% and 35%,
respectively.8,9 A much lower metabolizing activity by
UGT1A3, 1A7 and 1A9 has also been detected in vitro,
but the contribution of these enzymes is clinically not
relevant.8 Of note, absorption, distribution and excre-
tion of moxifloxacin has previously been suggested to
be influenced by the activity of the efflux transporter
P-glycoprotein (P-gp), for which moxifloxacin is a
proposed substrate.10,11 The aforementioned metabolic
enzymes as well as P-gp are induced by rifampicin,
the cornerstone drug in drug-sensitive TB.12–17 Multiple
daily doses of 400 mg of oral moxifloxacin result
in total exposures (ie, area under the concentration-
time curve [AUC] over the 24-hour dosing interval
[AUC0-24]) of ≈40 mg • h/L.18–20 In controlled clinical
studies, when coadministered with rifampicin, moxi-
floxacin plasma concentrations decrease by ≈30%.19,20

Given the concentration-dependent activity of moxi-
floxacin, this decreased exposure might result in de-
creased activity and acquired resistance.21

Physiologically based pharmacokinetic (PBPK)
modeling is a mechanistic approach in which
system-specific parameters (eg, human anatomic and
physiologic information) and drug-specific parameters
(eg, physicochemical and [in vitro] pharmacokinetic
information) are combined to predict absorption,
distribution, metabolism and elimination (ADME)
and the resulting pharmacokinetic (PK) profile of
a compound. In this way, the influence of multiple
covariates, including interacting drugs, dosing regimens
and routes of administration, can be evaluated
systematically in amechanistic manner.22 Furthermore,
PBPK modeling can be used to extrapolate findings to

various populations, including populations in which it
is hard to obtain samples, such as pregnant women or
children.

In this study, we combined in vitro, in silico, and
clinical approaches and developed and validated a
semimechanistic PBPK model. This was used to simu-
late moxifloxacin pharmacokinetics in vivo, including
the drug-drug interaction with rifampicin for which
we wanted to evaluate moxifloxacin dose adjustments.
Furthermore, the model was used to predict the phar-
macokinetics of moxifloxacin in pediatric populations
and to gain more insight in the pharmacokinetics of
moxifloxacin in general. Finally, we aimed to identify
knowledge gaps hindering further improvements to
PBPK modeling.

Methods
In Vitro ADME Parameters of Moxifloxacin
A detailed description of the in-house in vitro ex-
periments to determine moxifloxacin in vitro ADME
parameters—passive permeability, passive diffusion, P-
gp transporter kinetics, glucuronidation by UGT1A1,
and transport of moxifloxacin-glucuronide by mul-
tidrug resistance-associated protein (MRP) 2, can be
found in Supplemental Information S1.

PBPK Modeling Platform
A PBPK model of moxifloxacin was developed using
Simcyp simulator software version 19 release 1 (Certara
UK Limited, Simcyp Division, Sheffield, United King-
dom). The model was built using data from in-house in
vitro experiments combined with in vitro and clinical
parameters from literature. A full PBPK distribution
model with an Advanced Dissolution Absorption and
Metabolism absorption module and permeability-
limited liver model was used. Simulations were
performed using Simcyp’s virtual population of healthy
North European Caucasian volunteers. Volume of dis-
tribution (Vd) was set at 261 L for healthy volunteers23

(3.28 L/kg with an average weight of 80 kg in Simcyp)
and adjusted to fit the reported Vd in an Indonesian
patient population with tuberculosis of ≈120 L19

(1.6 L/kg with an average weight of 80 kg in Simcyp).
Each simulation was performed in 100 individuals.
The age range and proportion of women in the virtual
population were matched with the data sets used for
validation. A linear-up-log-down calculation method
was used for calculation of all predictedAUC0-24 values.

PBPK Workflow
A 4-step approach was used to build and validate the
moxifloxacin PBPK model and the drug-drug interac-
tion with rifampicin (Figure 1).

First, the model was developed with a combination
of in-house collected in vitro data and data already
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Figure 1. Work flow of the different validation steps of the moxifloxacin PBPK model in adult and pediatric populations. The type of the different
data sources for the development and the human data to which the simulations were validated are described at the right of the figure. IV, intravenous;
PBPK, physiologically based pharmacokinetic; TDM, therapeutic drug monitoring.

available from literature (in vitro and clinical). A single
dose of 400 mg of moxifloxacin was simulated in
healthy volunteers to determine the performance of the
model.

Second, a multiple-dose regimen of moxifloxacin in
a more TB-like population (Vd optimized) was simu-
lated.We simulated the PK of multiple doses of 400 mg
of moxifloxacin alone (5 doses once daily) and when
administered with 600 mg rifampicin (10 doses and
once-daily administration for both drugs). Finally, the
simulated moxifloxacin dose was increased to 600 mg
once daily to evaluate if this would compensate for the
exposure reduction of ≈30% caused by rifampicin as
seen in clinical studies.19

Third, rifampicin-moxifloxacin interaction simula-
tions were performed during the first days of combined
administration in TB treatment (2 doses of 400 or
800 mg of moxifloxacin with 600 mg of rifampicin
once daily), which were compared with clinical data.
We assumed that the concept and timing of increased
rifampicin clearance over time, that is, the phenomenon
of autoinduction with maximum autoinduction tak-

ing ≈14 and 24 days,24,25 could be transferred to
rifampicin-based induction of other phase I/II drug-
metabolizing enzymes and transporters. This would en-
tail that the moxifloxacin-rifampicin interaction in the
first 2 days of treatment is influenced only by inhibition
of enzymes and transporters caused by rifampicin. To
simulate this, the moxifloxacin PBPK model (without
induction) was combined with the rifampicin inhibition
PBPK model.

The fourth and last step in the workflow involved
PBPK model simulations in children using the virtual
pediatric population incorporated in Simcyp. The on-
togeny information as captured in the Simcyp pedi-
atric module was used.26 The ontogeny of UGT1A1
incorporated in Simcyp is mature at ≈3 months of
postnatal age, which is in line with recent findings from
Bhatt et al.27 No ontogeny has yet been considered for
SULT2A1 clearance in the version of Simcyp that was
used; therefore, adult protein abundance is assumed,
which is an arbitrary abundance, and incorporated by
using the cytosolic enzyme cytochrome C1. This would
be appropriate in the age range evaluated here, as SULT
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abundance appears mature after the neonatal period.28

Single intravenous doses of 9 (between 3 months and
<2 years), 7 (≥2 to <6 years), and 5 mg/kg (and
≥6 to ≤14 years) of moxifloxacin in different healthy
pediatric populations were simulated. Finally, multiple
oral doses of 10 mg/kg in a pediatric population (7-14
years), with the Vd of moxifloxacin derived from the TB
moxifloxacin model, was simulated.

Evaluation of Model Performance With Clinical Data
For all simulations, the performance of the model was
checked by visual inspection of the mean PK curves,
and by comparison of the simulated AUC and maxi-
mum plasma concentrations (Cmax) with clinical data
(an overview of literature provided clinical data can
be found in Table S1), expressed by predicted/observed
(P/O) ratios. According to general acceptance crite-
ria, simulated mean AUC and Cmax may not deviate
more than 2-fold (0.5-2.0 × mean) from observed PK
parameters.29 For this purpose, AUC and Cmax ratios
were calculated by dividing the simulated geometric
mean value by the observed value(s) (P/O ratios). As
a more conservative approach, we also compared P/O
ratios to the “20%decision rule”; differences in systemic
drug exposure up to 20% (on a log-scale) are considered
not clinically significant, resulting in a ratio range of
80% to 125%.

As a first validation of the model, single-dose simu-
lations of 400 mg of moxifloxacin in healthy volunteers
were compared with Stass and Kubitza23 and Stass et
al,30 Sullivan et al,31 and Lettieri et al32 (Figure 1).

As a second validation, multiple dose simulation
of moxifloxacin (400 mg) with and without rifampicin
(600 mg) were compared to data from Nijland et
al19 and to routine collected therapeutic drug moni-
toring (TDM) data from patients with mycobacterial
infections admitted to the Radboudumc-TB Expert
Center (Dekkerswald, Groesbeek, The Netherlands)
(Figure 1). As to the TDM data, data collection and
analysis was performed retrospectively and in line
with the General Data Protection Regulation of the
European Union. Patients were included if they had
been admitted between September 1, 2013, and January
31, 2019, received oral moxifloxacin (400 or 600 mg
once daily) with or without coadministration of oral
rifampicin (median dose, 1200 mg; range, 450-2000 mg,
all once daily), and had at least 2 moxifloxacin con-
centration measurements at 1 day. Patients were cate-
gorized in 3 different groups: 400 mg of moxifloxacin
once daily (group A), 400 mg of moxifloxacin once
daily next to any dose of rifampicin (group B), and
600 mg of moxifloxacin once daily with any dose of
rifampicin (group C); median rifampicin dose for both
groups B and C was 1200 mg once daily (range, 450-
2000mg). Individual AUC0-24 data were calculated with

noncompartmental PK analyses or limited sampling
formulas.18 From these data, a geometricmeanAUC0-24

per subgroup was calculated. Individual plasma con-
centrations were plotted against time and a plasma
concentration-time curve was fitted using locally es-
timated scatterplot smoothing regression in R Studio
version 1.1.463 (RStudio, Inc, Boston, Massachusetts)
after which a Cmax was determined.

The third validation of the model was performed
by simulation of 2 doses of 400 and 800 mg of mox-
ifloxacin with 600 mg of oral rifampicin in the first
days of treatment were compared to results by Ruslami
et al,5 in which patients were on combined treatment
for a median of 2 (range, 1-3) days at the day of PK
assessment (Figure 1).

As a last validation step, single-dose simulations
of moxifloxacin (9, 7, and 5 mg/kg intravenously)
without rifampicin in 3 healthy pediatric populations
were compared to clinical data from children (between
3 months and <2 years, ≥2 to <6 years, and ≥6 to ≤14
years) with different kinds of infections published by
Stass et al33 (Figure 1). Also, simulation of multiple
oral doses of 10 mg/kg of moxifloxacin in a pediatric
population was compared to clinical data from (HIV-
uninfected) children (between 7 and 15 years) with
MDR-TB, described by Thee et al34 (Figure 1).

Insight Into the Pharmacokinetics of Moxifloxacin: Routes
of Elimination
In view of our aim to gain more insight in the phar-
macokinetics of moxifloxacin, we combined available
literature data, results from our in-house in vitro exper-
iments, and analyses with our newly developed PBPK
model, and compiled a conceptual overview of routes
of elimination of moxifloxacin.

Results
In Vitro ADME Parameters of Moxifloxacin Based on In-
House In Vitro Experiments
Moxifloxacin was tested as a substrate for the canalic-
ular liver transporters transiently overexpressed in hu-
man embryonic kidney 293 cells, and it was confirmed
to be a substrate for P-gp but not for breast cancer
resistance protein, MRP2, and Bile Salt Export Pump
(Figure S1). Previously, it has been shown that mox-
ifloxacin is not a substrate for multidrug and toxin
extrusion protein 1.35 Themean passive permeability of
moxifloxacin in Madin-Darby canine kidney cells was
11.5 × 10−6 (±0.92) cm/s as compared to 8.75 × 10−6

(± 1.5) cm/s for the reference compound propranolol.
For the liver, the passive diffusion of moxifloxacin was
0.032 mL/min/10−6 hepatocytes. The initial intrinsic
clearance of moxifloxacin by P-gp was 0.13 μL/min
for intestine (Figure S2A) and 0.2 μL/min/million cells
for liver. The initial intrinsic clearance of moxifloxacin
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tomoxifloxacin-acyl-glucuronide byUGT1A1was 0.17
μL/min/mg microsomal protein (Figure S2B). Finally,
moxifloxacin-glucuronide appeared to be a substrate
for MRP2 (Figure S3).

Moxifloxacin Physicochemical and PBPK Parameters
An overview of parameter values used in the final
model is presented in Table S2. All in-house obtained
in vitro data were directly incorporated in the model,
except for UGT1A1 activity, which had to be rescaled
using Simcyp’s reverse translation toolbox. Based on
literature data, it was assumed that ≈8% of an oral
moxifloxacin dose is not bioavailable36 and ≈20% is
renally excreted unchanged,23 meaning that 70% of
moxifloxacin is metabolized in the liver. Of the total
clearance, 35% occurs via sulfation by SULT2A1,23

leaving 35% of total clearance via glucuronidation by
UGT1A1. As a result, both enzymatic processes were
assumed to contribute equally to liver metabolism. By
using the reverse translation toolbox, this resulted in
an UGT1A1 intrinsic clearance of 0.058 μL/min/pmol
enzyme. Finally, an additional clearance of 1 L/h had
to be incorporated to reach the total reported clearance
of 11.6 L/h.23

Volume of distribution at steady-state was calcu-
lated using the prediction method after Rodgers and
Rowland,37 which was optimized to match the reported
distribution volume of 261 L (3.28 L/kg with an average
weight of 80 kg in Simcyp) in healthy volunteers23

and adjusted to fit the reported Vd in an Indonesian
population of tuberculosis patients of ≈120 L (1.6 L/kg
with an average weight of 80 kg in Simcyp).19

Rifampicin Physicochemical and PBPK Parameters
The rifampicin-MD “Inhibitor file” available in Simcyp
was used. An overview of parameter values is presented
in Table S3.

Induction of UGT1A1 by rifampicin was already
incorporated in the Inhibitor file (maximal fold induc-
tion 3.2).38 The half maximal inhibitory concentra-
tion (IC50) of rifampicin for [3H]-N-methyl quinidine
transport by P-gp was 29 μM.39 Since a low sub-
strate concentration was used, the inhibitor constant
of rifampicin for P-gp is considered to be equal to
the IC50 based on the Cheng-Prusoff equation in case
of competitive inhibition.40 The IC50 (70 μM)41 of
rifampicin for estradiol glucuronidation by UGT1A1
was used since the substrate concentration was too high
to equalize this to the inhibitor constant, and it was not
clear whether there is competitive or noncompetitive
inhibition. Data on time course and rifampicin concen-
tration dependency for P-gp and SULT2A1 induction
were not available. Therefore, the intestinal and liver
relative expression factor of P-gp was increased by
3.5-fold to mimic the increase in expression at steady

state after rifampicin treatment in vivo.17,42 The same
method was applied for SULT2A1, for which a 2.44-
fold induction in mRNA expression after rifampicin
treatment was described in human hepatocytes.38

Therapeutic Drug Monitoring Data
Moxifloxacin TDM data were available for 28 unique
patients and were divided in 3 groups, oral moxifloxacin
400 mg only (group A, n = 4), oral moxifloxacin
400 mg with oral rifampicin (group B, n = 10) and
oral moxifloxacin 600 mg with oral rifampicin (group
C, n = 17). Patient characteristics per treatment group
can be found in Table S4. The AUC0-24 in group B
decreased with 53% and the Cmax with 19% upon
coadministration with rifampicin compared to group
A (Figure 2A-B), in line with findings from clinical
studies.19,20 After increasing the moxifloxacin dose to
600 mg, the AUC0-24 in group C was only slightly lower
(11%) compared to moxifloxacin alone, while the Cmax

was 42% higher compared to 400 mg of moxifloxacin
alone (Figure 2C).

Single-Dose Simulation in Healthy Volunteers
Moxifloxacin single-dose simulation is presented in
Figure 3. The simulated PK parameters and the shape
of the curves were comparable with observed clinical
PK parameters of moxifloxacin. 23,30–32 The predicted-
to-observed ratio was 0.90 to 1.29 for AUC0-∞ and 0.53
to 1.20 for Cmax.

Multiple-Dose Simulations in Adults With and Without
Rifampicin
Multiple-dose simulations showed PK curve shapes in
line with both literature and our TDM clinical data.19

The simulated AUC0-24 for the 400-mg dose without
rifampicin was 35.8 mg • h/L (Figure 4A), and the
AUC0-24 and Cmax ratio were between 0.74 to 0.86 and
0.64 to 0.97, respectively. In the simulation of 400 mg
of moxifloxacin with daily rifampicin (600 mg oral)
both the AUC0-24 and Cmax of moxifloxacin decreased
by 41% and 23% to 21.3 mg • h/L and 2.3 mg/L,
respectively (Figure 4B). The AUC0-24 and Cmax ratios
were within the acceptance criteria (0.64-1.09 and 0.72-
0.92, respectively). Of note, there was only a minor
difference between simulating once-daily rifampicin
(international guidelines) vs thrice weekly dosing of
rifampicin as used in the study by Nijland et al19

according to Indonesian guidelines (Figure S4). The
simulation of 600 mg of moxifloxacin with 600 mg
of rifampicin (Figure 4C), resulted in a comparable
AUC0-24 of 32.2 mg • h/L (ratio, 0.87) as well as a
comparable Cmax (ratio, 0.82) compared to our TDM
data.
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Figure 2. Pharmacokinetic curves of moxifloxacin with and without rifampicin coadministration of in-house collected therapeutic drug monitoring
(TDM) data for 400 mg of moxifloxacin only (A), 400 mg moxifloxacin with any dose of rifampicin (B), and 600 mg of moxifloxacin with any dose of
rifampicin (C);median rifampicin dose for both group B and C was 1200 mg once daily (range, 450-2000 mg). The x-axis indicates time after last dose.
Open circles and crosses indicate measured individual data from in-house TDM data of patients with Mycobacterium tuberculosis or nontuberculous
mycobacteria infections, respectively; the solid black lines indicate the fitted plasma concentration-time curve using locally estimated scatterplot
smoothing regression; and the gray area represents the 95% confidence interval around the regression.AUC0-24, area under the plasma concentration–
time curve from time 0 to 24 hours; Cmax, maximum plasma concentration.

Figure 3. Simulation of moxifloxacin concentration-time profile after a 400-mg single oral dose in healthy volunteers. Solid black lines indicate
simulation of the mean profile, the gray area represents the 90% confidence interval for interindividual variability, and the dotted lines indicate the
minimum and maximum values after simulation. Dots indicate (geometric) mean observed data derived from clinical studies.23,30–32 Log-transformed
concentration-time data are depicted in the right upper corner (0 values were discarded). MXF, moxifloxacin.

Simulations in Adults With Rifampicin During the First
Days of Treatment
To further validate the model, 2 doses of 400 and
800 mg of moxifloxacin coadministered with 600 mg of
oral rifampicin were simulated, and results were com-
pared to data in TB meningitis patients from Ruslami

et al .5 Figure 5A and 5B show that themean simulation
profile is in line with these data. The AUC0-24 ratio
between simulated and observed data was 1.23 and 1.14
for the 400- and 800-mg doses, respectively. The Cmax

ratio was 0.82 and 0.81 for the 400- and 800-mg doses,
respectively.
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Figure 4. Simulations of moxifloxacin concentration-time profiles in patients with tuberculosis after multiple doses. The results relate to oral
administration of 400 mg of moxifloxacin once daily for 5 days (A), 400 mg of moxifloxacin with 600 mg of rifampicin once daily for 10 days (B),
and 600 mg moxifloxacin with 600 mg rifampicin once daily for 10 days (C). The x-axis indicates time after last dose. Solid black lines indicate
simulation of the mean profile, the gray areas represent the 90% confidence interval for interindividual variability, and the dotted lines indicate the
minimum and maximum simulation. Open circles and crosses indicate measured individual data from in-house therapeutic drug monitoring data of
patients withMycobacterium tuberculosis or nontuberculous mycobacteria infections, respectively, and closed circles indicate literature individual data.19

MXF, moxifloxacin.

Simulations in Pediatric Populations
Figure 6A-C shows the simulation of a single intra-
venous dose of moxifloxacin in three healthy pedi-
atric populations. All AUC0-24 and Cmax ratios were
within the predefined acceptable ranges compared to
the clinical data from Stass et al.33 Figure 6D shows the
simulations after multiple oral doses of moxifloxacin
(10 mg/kg) in a pediatric population between 7 and
15 years. The simulated AUC from time 0 to 8 hours
(AUC0-8) and Cmax values were in line with the re-
ported value in a pediatric population with MDR-
TB (AUC0-8 ratio 1.51 and Cmax ratio 1.56).34 In

addition, to understand the performance of mg/kg
dosing in children, 10 mg/kg of moxifloxacin was
modeled for 4 days in different age groups: infants,
toddlers, preschool, middle childhood, young teens,
and teens. The geometric mean moxifloxacin AUC0-24

in children (≈50 mg • h/L irrespective of age group)
is predicted to be higher compared to exposure in
adults following a standard 400-mg daily dose, with
moxifloxacin exposures in children, without rifampicin
coadministration, remaining well above the pharma-
cologic threshold (ie, 40 mg • h/L) for all age groups
(Figure S5).
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Figure 5. Simulations of moxifloxacin concentration-time profiles in patients with tuberculosis during the first 2 days of combined treatment. The
results relate to oral administration of once-daily 400 mg of moxifloxacin with 600 mg of rifampicin (A), and 800 mg of moxifloxacin with 600 mg of
rifampicin (B) during the first 2 days of treatment. The x-axis indicates time after the last dose. Solid black lines indicate simulation of the mean profile,
the gray areas represent the 90% confidence interval for interindividual variability, and the dotted lines indicate the minimum and maximum simulation.
Dots indicate measured individual data derived from literature.5 MXF, moxifloxacin.

Figure 7 (and Table S5) show an overview of the
comparison between moxifloxacin predicted and ob-
served values of AUC (AUC0-∞, AUC0-24h or AUC0-8h)
and Cmax of all simulations performed.

Conceptual Overview of Moxifloxacin Routes of Elimina-
tion
Figure 8 gives a schematic overview of the moxifloxacin
routes of elimination. A small part of the moxifloxacin
dose is generally considered to be nonbioavailable36; for
simplicity, this is shown as parent compound directly
excreted in the feces.

Moxifloxacin and its sulfated (M1) and
glucuronidated (M2) metabolites are partially excreted
via the urine. The unbound fraction of moxifloxacin
in plasma is ≈60% of moxifloxacin,23 which would
hypothetically result in a renal clearance of 3.6 to
4.2 L/h via glomerular filtration alone. As the renal
clearance of moxifloxacin was reported to be 2.4 L/h,
we assume that renal excretion occurs via glomerular
filtration followed by partial tubular reabsorption.
After oral administration of moxifloxacin, the renal
clearances of M1 and M2 have been reported to be 13
and 9 L/h, respectively,23 suggesting active excretion
of these metabolites into the urine. Our study shows
that moxifloxacin itself is a (moderate) substrate of
P-gp, and its glucuronidated metabolite M2 a substrate
of MRP2 mediating its biliary excretion. Finally, we
hypothesize that the sulfated metabolite M1 is actively
eliminated into bile by the breast cancer resistance
protein, as this transporter preferentially exports
sulfated conjugates rather than free compounds.43,44

Stass and Kubitza23 described that ≈25% of a moxi-
floxacin dose is excreted as moxifloxacin, and 35% of
a dose is found as M1 in feces, while M2 is not. In

our in vitro study, we observed a low intrinsic clearance
of moxifloxacin by P-gp (Figure S2), suggesting a low
transporter affinity. Furthermore, sensitivity analyses
of P-gp activity in our PBPK model showed hardly
any influence on the elimination of moxifloxacin (AUC
ratio with and without P-gp, 0.91). In accordance
with Kaneko et al,45 we suggest that biliary excretion
of moxifloxacin through P-gp–mediated transport is
only minor. In addition, we hypothesize that M2 is
actively transported into the bile via MRP2, but will be
hydrolyzed in the intestinal lumen back to moxifloxacin
via gut bacterial proteases.46 These considerations (Fig-
ure 8) lead to the following assumptions: (1) ≈35% of
moxifloxacin is converted by UGT1A1 and excreted as
M2, that is, 14% via the urine and 21% via the bile; and
(2) M2 is subsequently hydrolyzed in the intestine and
excreted as moxifloxacin in the feces.23

Discussion
Here, we present a semimechanistic PBPK model for
moxifloxacin and its interaction with rifampicin. Fur-
thermore, we demonstrate the effectiveness of moxi-
floxacin dose adjustments, with moxifloxacin dose in-
creases from 400 to 600 mg once daily successfully
restoring moxifloxacin plasma concentrations in our
PBPK model as well as in clinical practice. More-
over, our PBPK model was able to adequately pre-
dict moxifloxacin exposures in healthy volunteers and
in patients with TB with and without coadministra-
tion of rifampicin. Finally, we were able to predict
moxifloxacin exposures in various pediatric patient
populations following both single-dose and multiple-
dose conditions.

The last goal of this study was to gain more insight
in the pharmacokinetics of moxifloxacin. In our in vitro
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Figure 6. Simulations of moxifloxacin concentration-time profiles in children. Single-dose 9 mg/kg intravenous (IV) in children between 3 months and
<2 years (A), single dose 7 mg/kg IV in children between ≥2 and <6 years (B), single dose 5 mg/kg IV in children between ≥6 and ≤14 years (C), and
multiple doses of 10 mg/kg once daily oral in children with multidrug-resistant tuberculosis between 7 and 15 years for 5 days (D). The x-axis indicates
time after last dose. Solid black lines indicate simulation of the mean profile, the gray area represents the 90% confidence interval for interindividual
variability, and the dotted lines indicate the minimum and maximum simulation. Dots indicate measured data (geometric mean [A-C] and mean [D])
derived from literature.33,34 MXF, moxifloxacin.

study we identified moxifloxacin as a substrate for P-
gp, but our work also suggests that the contribution
of P-gp to the excretion of moxifloxacin in vivo is
only limited. We did not identify moxifloxacin as a
substrate for MRP2 (Figure S1) nor for organic anion-
transporting polypeptide (OATP) 1B1, OATP1B3, or
OATP2B1 (data not shown), in our in vitro study, which
is in contrast with previous findings in the literature.10,47

However, we did find that MRP2 transports the
moxifloxacin-glucuronide (M2). Based on this, we hy-
pothesized, in agreement with Kaneko et al,45 that
not moxifloxacin itself, but moxifloxacin-glucuronide
is transported from the liver to the intestines. This is
followed by rapid hydrolysis by gut bacteria, resulting
in the excretion of moxifloxacin in the feces,45,46 similar
to bilirubin deconjugation.48 This theory is supported
by the observation that moxifloxacin-glucuronide is

excreted in the bile of rat liver perfusions.47 Finally,
in simulations during the first 2 days of treatment,
rifampicin was not found to significantly impact mox-
ifloxacin pharmacokinetics (data not shown), meaning
that the interaction (ie, mediated only via UGT1A1 and
P-gp inhibition at this point) is limited during the early
days of combined treatment.

Our approach has some limitations, which may be
considered as avenues for further PBPK refinement
beyond the scope of our research. First, we had to
make assumptions during model development and sim-
ulation, and introduced scaling factors in our PBPK
model. For example, volume of distribution (based
on the Rodgers et al37 prediction method) and glu-
curonidation by UGT1A1 had to be rescaled based on
clinical data. Furthermore, an additional clearance of 1
L/h had to be incorporated to match clinical observed
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Figure 7. Overview of ratios between the predicted and observed area under the concentration-time curve (left) and the maximum concentration
(right). Results are presented as mean ratios with range in case of multiple observed values.5,19,23,30–34 The solid line at the x-axis represents no
difference between the predicted and observed PK parameters AUC or Cmax (ratio 1.0), the dotted lines represent the bioequivalence range between
0.8 and 1.25 and the dashed lines the range between 0.5 and 2. The y-axis represents the various dosing regimens in the different (age) groups. AUC,
area under the plasma concentration–time curve;AUC0-∞, area under the plasma concentration–time curve from time 0 to 24 hours; or AUC0-8, area
under the plasma concentration–time curve from time 0 to 8 hours; Cmax, maximum concentration, Rif, rifampicin, TB, tuberculosis, TBM, tuberculous
meningitis.

Figure 8. Conceptual overview of moxifloxacin routes of elimination. *Calculated based on considerations and assumptions on the role of UGT1A1.
MXF, moxifloxacin; M1, sulfated metabolite; M2, glucuronidated metabolite; UGT1A1, uridine diphosphate-glucuronosyltransferase 1A1.

clearance. Yet ourmodel is “fit for purpose”; it correctly
predicts moxifloxacin pharmacokinetics in different
populations. Second, as another limitation, data on
turnover rates of P-gp and SULT2A1 are lacking and
had to be incorporated in the rifampicin interaction
model in a semimechanistic manner (ie, by increasing
the relative expression factor value). Therefore, in our
multiple-dose PBPKmodel, it is assumed that the inter-
action between rifampicin and moxifloxacin is always
at maximum and independent of development over
time and rifampicin exposure. We assume no problems
in extrapolating our multiple-dose model to higher
rifampicin dosing regimens, which are considered to
be important in increasing efficacy in TB treatment,
since available data suggest that a 300-mg rifampicin
dose already results in maximum induction.49 Because
of a lack of available data, we also could not incor-

porate a theoretical effect of changes in inflammatory
status on plasma protein binding and the expression
of drug transporters/enzymes. Furthermore, ontogeny
of SULT2A1 and P-gp is not incorporated in Simcyp.
However, since SULT2A1 is mature after the neonatal
period and we evaluated >3 months of age and the
effect of P-gp in the model is modest, we do not expect
this to have amajor effect. Third, we assumed only inhi-
bition and no induction by rifampicin when simulating
the first 2 days of combined treatment, since available
data suggest that rifampicin’s (acute) inhibitory effect
can be isolated from its (chronic) inductive effect by sin-
gle dose administration in temporal proximity with the
victim drug.50 Interestingly, our simulations revealed
only a minor impact of rifampicin-mediated inhibition
on modeled moxifloxacin exposure in this scenario.
As a result of the nonmechanistically incorporated
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interaction, moxifloxacin pharmacokinetic predictions
for coadministration with rifampicin in the period
preceding full rifampicin-mediated induction are not
possible with our PBPK model. Fourth, we know
that the PK of drugs may differ between ethnicities
and critically ill (TB meningitis) vs other patients, but
our PBPK model predicted the PK of various and
mixed populations appropriately. For Figure 4A and 4B
(Indonesian patients at the end of their TB treatment),
there was a small but systemic underprediction of mox-
ifloxacin concentrations, compared to Figure 4C and 5
(patients in a Dutch TB referral hospital and patients
with TBmeningitis at the start of treatment). Therefore,
we cannot exclude that ourmodel slightly underpredicts
moxifloxacin exposure in healthier patients with TB
or healthy Indonesians in general. Fifth, there is no
enterohepatic circulation incorporated in our model.
We cannot exclude that the parent compound, formed
in the gut lumen by deconjugation of moxifloxacin-
glucuronide, might be reabsorbed. However, based on
our conceptional overview of moxifloxacin excretion
in Figure 8, 29% would end up in the feces as mox-
ifloxacin. This is in line with the 25.4% found in
feces by Stass et al,23 limiting the probability of a
large contribution of enterohepatic circulation. Finally,
the magnitude in which described exposure differences
impact moxifloxacin efficacy and pharmacodynamics
was considered as outside the scope of this work.

Conclusion
In summary, we provided new insight into moxifloxacin
pharmacokinetics, particularly regarding the limited
role of P-gp in moxifloxacin transport and the relevant
role of MRP2 in transport of moxifloxacin-glucuronide
followed by hydrolysis in the gut. Furthermore, our
simulations showed that moxifloxacin plasma concen-
trations restore after increasing the moxifloxacin dose
to 600 mg during coadministration with rifampicin,
and point to limited effects on moxifloxacin PK via
rifampicin-mediated inhibition of P-gp and UGT1A1
as compared to rifampicin-mediated induction. Finally,
various knowledge gaps were identified, which may be
considered as avenues for further PBPK refinement.
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