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Treatment regimens combining moxifloxacin and rifampin for drug-susceptible tuberculosis are being
studied intensively. However, rifampin induces enzymes that transport and metabolize moxifloxacin. We
evaluated the effect of rifampin and the human multidrug resistance gene (MDR1) C3435T polymorphisms
(P-glycoprotein) on moxifloxacin pharmacokinetic parameters. This was a single-center, sequential design
study with 16 volunteers in which sampling was performed after four daily oral doses of moxifloxacin (400 mg)
and again after 10 days of combined rifampin (600 mg) and moxifloxacin. After daily coadministration of
rifampin, the area under the concentration-time curve from 0 to 24 h (AUC,_,,) for moxifloxacin decreased
27%. Average bioequivalence between moxifloxacin coadministered with rifampin and moxifloxacin alone was
not demonstrated: the ratio of geometric means (RGM) of the moxifloxacin AUC,,_,, was 73.3 (90% confidence
intervals [CI], 64.3, 83.5) (total P value, 0.87 for two one-sided ¢ tests). Peak moxifloxacin concentrations,
however, were equivalent: the RGM of the maximum concentration of the drug in serum was 93.6 (90% CI, 80.2,
109.3) (total P value, 0.049). Concentrations of the sulfate conjugate metabolite of moxifloxacin were increased
twofold following rifampin coadministration (AUC,_,,, 1.29 versus 2.79 pg - h/ml). Concomitant rifampin
administration resulted in a 27% decrease in the mean moxifloxacin AUC,_,, and a marked increase in the
AUC,_,, of the microbiologically inactive M1 metabolite. Additional studies are required to understand the
clinical significance of the moxifloxacin-rifampin interaction.

There is increasing interest in the possible role of newer
fluoroquinolone antibiotics in the treatment of drug-suscepti-
ble tuberculosis. In a murine model of tuberculosis treatment,
the substitution of moxifloxacin for isoniazid allows treatment
to be shortened from 6 months to 4 months (10). Moxifloxacin-
containing regimens are currently being evaluated in phase II
treatment trials (1; Tuberculosis Trials Consortium Study 28).
Moxifloxacin undergoes phase II biotransformation by two
pathways: (i) sulfate conjugation, with the resultant metabolite
(M1 conjugate) accounting for 38% of an oral dose of moxi-
floxacin, and (ii) glucuronide conjugation, with the resultant
metabolite (M2 conjugate) accounting for 14% of an oral dose
(16). The CYP450 system does not play a role in moxifloxacin
metabolism. Although best known for its effects on the
CYP450 system, rifampin can also up-regulate the phase II
metabolic glucuronidation pathway (5).

P-glycoprotein is a protein found in the intestinal mucosa,
liver, and kidney that plays an important role in the absorption,
distribution, and elimination of xenobiotics (8). The multidrug
resistance gene (MDR1) codes for P-glycoprotein, and poly-
morphisms in the MDR1 gene can lead to altered P-glycopro-
tein function. For example, subjects homozygous for the
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MDR1 C3435T polymorphism had lower intestinal P-glyco-
protein concentrations and higher plasma digoxin concentra-
tions (6, 7). P-glycoprotein is induced by rifampin (9, 12). This
observation suggests another possible mechanism for a ri-
fampin-induced drug-drug interaction. We evaluated the ef-
fects of rifampin and MDR1 C3435T polymorphisms on the
pharmacokinetics of moxifloxacin.

The primary objective of the study was to compare the phar-
macokinetics of daily moxifloxacin without and with coadmin-
istration of rifampin. A secondary objective was to characterize
the effects of MDR1 C3435T polymorphisms on moxifloxacin
pharmacokinetics.

(Some of the results of this study have been reported pre-
viously in abstract form [18]).

MATERIALS AND METHODS

Experimental design. This was a single-center, two-period, open-label, sequen-
tial-design pharmacokinetic study. The first pharmacokinetic sampling was per-
formed with the fourth daily dose of oral moxifloxacin (400 mg once daily).
Rifampin (600 mg once-daily, given at the same time as moxifloxacin) was then
added, and a second sampling was performed with the 10th dose of rifampin (the
14th dose of daily moxifloxacin). The study was performed with healthy adults
(age, =18 years) without tuberculosis recruited from the VAMC San Antonio.
‘Women of child-bearing potential who agreed to practice an adequate method of
birth control (barrier or abstinence) were eligible. Exclusion criteria included
current or planned therapy with drugs that have interactions with study drugs, a
history of prolonged QTc syndrome, or concurrent treatment with drugs associ-
ated with prolongation of the QTc interval. Concomitant medications were not
administered orally to study subjects during the 14 days of study drug adminis-
tration, except for one subject who self-administered acetaminophen (1,500 mg)
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for headache on the day prior to the initial pharmacokinetic sampling. Institu-
tional Review Boards of the CDC and of the University Texas approved the
study. Written informed consent was obtained from all participants. Adverse
events were classified as definitely, probably, possibly, or not associated with
study drug therapy and graded with a severity toxicity scale adapted from the
National Cancer Institute (1a).

Sample collection and gene analyses. All study drugs were administered to
subjects in a fasting state. For pharmacokinetic sampling, no food was allowed
from 8 h before to 4 h after drug administration. Blood samples were collected
just before observed doses of the study drug(s) and then 0.5, 1.0, 1.5, 2, 3, 4, 6,
8, 12, 16, and 24 h thereafter. MDR1 C3435T polymorphisms were detected
using TagMan real-time PCR (15).

Drug determinations. (i) Moxifloxacin and metabolites. Moxifloxacin was
analyzed using a reverse-phase high-performance liquid chromatography
(HPLC) method with fluorescence detection (Bayer internal method report
BAY 12-8039/HPLC/S/1.01). Sample preparation included protein precipitation
using acidified acetonitrile followed by dilution with buffer. The calibration range
of the procedure was 0.026 to 4.0 pg/ml. The interday precision, based on the
quality control samples, during the analysis of samples ranged from 2.2 to 4.8%,
and accuracy ranged from 102.8 to 105.7%.

Metabolite M1 (sulfate) was analyzed using reverse-phase HPLC with tandem
mass spectrometry detection (Bayer internal method report BAY 12-8039/M/
LCMS/P/YX/1.01). Sample preparation included protein precipitation using
acidified acetonitrile. The calibration range for the method was 0.0156 to 0.525
pg/ml. The interday precision, based on quality control samples, during the
analysis of samples ranged from 8.5 to 10.6%, and accuracy ranged from 98.1 to
101.6%. In general, if a subject had one sample in which the M1 metabolite was
below the level of quantification, it was collected at the 24-h time point; if two,
at 16 and 24 h; if three, at 12, 16, and 24 h. For moxifloxacin administration
alone, 4 subjects had two samples, 2 subjects had one sample, and 10 subjects had
no samples in which the M1 metabolite was below the level of quantification. For
coadministration of moxifloxacin and rifampin, six subjects had three samples,
five had two samples, four had one sample, and one had no samples in which the
M1 metabolite was below the level of quantification.

Metabolite M2 (glucuronide) was analyzed by the same procedure that was
used for moxifloxacin (Bayer internal method report BAY 12-8039/MJL/M/
2.0E). Levels of metabolite M2 were determined after it had been converted to
moxifloxacin, since no reference standard for metabolite M2 was available. This
method included enzymatic hydrolysis of plasma to convert metabolite M2 to
moxifloxacin. Samples were further processed using the same procedure that was
carried out for the analysis of moxifloxacin. Metabolite M2 was measured by
subtracting free-moxifloxacin levels from total-moxifloxacin levels. The interday
precision, based on quality control samples, during the analysis of samples
ranged from 3.9 to 6.2%, and accuracy ranged from 100.3 to 100.9%. The lower
limit of quantitation for the M2 metabolite was 0.026 pg/ml.

(ii) Rifampin. Standard techniques were used to determine plasma rifampin
concentrations, as previously described (11), with the following modifications.
The HPLC procedures for analysis were performed with the following equip-
ment: a ThermoFinnigan (San Jose, CA) model P4000 pump, a model AS 3000
fixed-volume autosampler, and a model UV2000 detector. The standard curves
for the concentration of rifampin in plasma covered a range from 0.5 to 50 pg/ml.
The absolute recovery of rifampin from serum was 95.5%. The within-day pre-
cision of validation quality control samples was 2.4 to 4.6%, and the overall
validation precision was 6.3 to 7.1%.

Statistical and pharmacokinetic analyses. A sample size of 12 subjects was
estimated to provide 80% power to detect a 10% change in the mean area under
the concentration-time curve from 0 to 24 h (AUC,_,,) for moxifloxacin, assum-
ing that the standard deviation of the moxifloxacin AUC,_,, would be twice that
observed in previous pharmacokinetic studies (Avelox package insert; Bayer
Pharma). Additional subjects were enrolled to ensure that an adequate number
of subjects would complete the study.

Analyses of AUC_,, were performed using noncompartmental techniques
(WinNonlin, version 4; Pharsight Corporation, Mountain View CA). M1 phar-
macokinetic values are estimates, because M1 concentrations during the later
times of both sampling periods approximated the lower limits of detection of the
M1 assay. For binominal data, differences between groups were determined
using the chi-square or Fisher exact test. Pharmacokinetic data were reported as
arithmetic means (* standard deviations), geometric means, and ratios of the
geometric means (RGM) (with 90% confidence intervals [CI]) for moxifloxacin
plus rifampin to the geometric means for moxifloxacin alone. Data were trans-
formed with natural logarithms to obtain geometric means, 90% CI, and the
RGM. The data were then back-transformed to the original scale. Average
bioequivalence of moxifloxacin with rifampin to moxifloxacin alone was demon-
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strated to have occurred if the 90% CI for the RGM of the moxifloxacin AUC,,_»4
fell entirely within the equivalence range of 80 to 125%. Equivalence and two
one-sided ¢ tests were performed for the moxifloxacin AUC,,, and peak con-
centration using WinNonlin, version 4. Moxifloxacin pharmacokinetic parame-
ters were examined for associations with covariates of age, sex, race, weight, and
MDRI1 C3435T genotypes (see Table 2) by univariate analysis. If independent
variables were found to be possibly associated (with a P value of <0.2) with a
pharmacokinetic dependent variable by univariate analysis, the variables were
further examined by multivariate forward and backward stepwise regression
analyses. Differences between groups were considered statistically significant at
a P value of <0.05. Data analyses were performed using SAS software (Statview
for Windows, version 5.0.1; SAS, Cary, NC).

RESULTS

Subjects. Seventeen subjects enrolled in the study. One sub-
ject who did not adhere to protocol criteria was removed from
the study prior to pharmacokinetic sampling. The median age
(interquartile range) of the 16 remaining volunteers who un-
derwent pharmacokinetic sampling was 35.5 (30.5 to 53.0)
years, and the median (interquartile range) body weight was
83.5 (75.3 to 100.3) kg. Twelve subjects were male, and four
were female. The race/ethnicity distribution was as follows:
black (n = 4), white, non-Hispanic (» = 3), white, Hispanic
(n = 8), and Asian (n = 1). Medical conditions reported by
subjects included a history of migraines (n = 3), hypercholes-
terolemia (n = 2), degenerative joint disease (n = 2), osteo-
arthritis (n = 2), hepatitis C virus infection (n = 1), and
chronic obstructive pulmonary disease (n = 1). The only non-
study concomitant medication started during the study was a
topical clotrimazole preparation for a woman who developed
candidal vaginitis while on study medications. One subject
self-administered acetaminophen (1,500 mg) for headache on
the day prior to the initial pharmacokinetic sampling.

Interaction between moxifloxacin and rifampin. The moxi-
floxacin AUC,_,, was 28.4 g - h/ml after the administration
of moxifloxacin plus rifampin compared to 38.7 pg - h/ml for
moxifloxacin alone. Average bioequivalence was not demon-
strated (RGM, 73.3 [90% CI, 64.3, 83.5]) (Table 1; Fig. 1),
since the 90% CI for the RGM of the moxifloxacin AUC,_,,
was outside the equivalence range of 80 to 125%. Peak con-
centrations of moxifloxacin were equivalent for the two time
periods (RGM, 93.6 [90% CI, 80.2 to 109.3]). The moxifloxacin
half-life was shorter after rifampin coadministration (6.5 versus
10.2 h).

The AUC,_,, and peak concentration of the M1 metabolite
(the sulfate conjugate) were twofold and fourfold higher, re-
spectively, with rifampin coadministration than with moxifloxa-
cin alone, even though the half-life of this metabolite in serum
was reduced (Table 1; Fig. 1B). Concentrations of the M2
metabolite (the glucuronide conjugate) in serum were detected
only in a minority of patients and were somewhat higher fol-
lowing rifampin coadministration (Fig. 1C).

Moxifloxacin exposure and MDR1 polymorphisms. The
MDRI1 3435 CC genotype was detected in six study subjects,
the CT genotype in eight, and the TT genotype in two. In
univariate analyses of the pharmacogenetic data obtained with
moxifloxacin plus rifampin, a significant increase in the time to
the peak concentration of moxifloxacin (7,,,,) (2 versus 1.1 h
[P = 0.03]) was found for cases with the MDR1 3435 CC
genotype compared to the other genotypes, but the differences
in the mean peak concentration of moxifloxacin (a 23% lower
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FIG. 1. Mean plasma moxifloxacin (A), moxifloxacin metabolite
M1 (B), and moxifloxacin metabolite M2 (C) concentrations versus

0.08]) and the

moxifloxacin AUC,,, (a 16% lower geometric mean [P

16). Values are arithmetic means; error bars,

standard errors. The lower limit of quantitation was 0.0156 pg/ml for

M1 and 0.026 pg/ml for M2.

time (hours) resulting from an oral dose of moxifloxacin (400 mg)

without (A) or with (@) coadministered rifampin (600 mg) at steady

state (pharmacokinetic sampling at days 4 and 14 of moxifloxacin
tivariate regression analyses, no significant association was

0.16]) were not significant (Fig. 2; Table 2). In stepwise mul-
found between pharmacokinetic values and MDR1 3435 ge-
notype groups when the MDR1 genotype was adjusted for

geometric mean for the 3435 CC genotype [P

administered daily; n

TABLE 1. Pharmacokinetic parameters of moxifloxacin, the M1 moxifloxacin metabolite, and rifampin for 16 healthy volunteers

Value for:
Drug parameter and time of Moxifloxacin M1 metabolite (sulfate conjugate) Rifampin
h kineti li a
PRATMACOKIMEHE samprng Arithmetic Geometric d RGM of P <m.:co mow Arithmetic Geometric RGM of Arithmetic Geometric
ay 14 to day 4 equivalence’ day 14 to day 4
mean (+ SD) mean (90% CI) (<80%/>125%) mean (+ SD) mean (90% CI) mean (+ SD) mean

AUC 54 (pg - h/ml)

Day 14 (moxifloxacin + rifampin) 292 +175 28.4 73.3 (64.3-83.5) 0.87/<0.0001 2.79 = 1.28 2.58 238 (177-319) 44.0 = 18.6 40.9

Day 4 (moxifloxacin alone) 394 =177 38.7 1.29 + 0.63 1.08
Peak concn (g/ml)

Day 14 (moxifloxacin + rifampin) 36+1.1 3.5 93.6 (80.2-109.3) 0.047/0.002 0.71 £0.24 0.67 403 (303-535) 9.9 3.6 9.2

Day 4 (moxifloxacin alone) 3.8*+08 3.7 0.20 = 0.14 0.17
Half life (h)

Day 14 (moxifloxacin + rifampin) 6.5*09 6.5 3.18 = 4.70 2.30 1.9+03 2.0

Day 4 (moxifloxacin alone) 10.4 = 2.0 10.2 9.97 £5.07 8.80
T ()

Day 14 (moxifloxacin + rifampin) 1.56 = 0.91 1.34 1.75 = 1.03 1.54

Day 4 (moxifloxacin alone) 1.97 = 0.97 1.73 1.84 + 0.98 1.60

“ By two one-sided ¢ tests.

> Of moxifloxacin with rifampin to moxifloxacin alone.
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FIG. 2. Mean plasma moxifloxacin concentration versus time
(hours) resulting from an oral dose of moxifloxacin (400) mg with
(A) or without (B) coadministered rifampin (600 mg) at steady state
grouped by MDRI1 3435 CC (@) versus other genotypes (A). Values
are arithmetic means; error bars, standard errors.

weight and sex (for AUC,,,) or adjusted for weight (for the

peak concentration of moxifloxacin and T,,,) (Table 2).
Tolerability of drug administrations. Nine of 16 subjects

reported no symptoms attributed to study drug administration.
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No serious adverse experiences occurred. Seven subjects re-
ported a total of 13 grade 1 or 2 adverse experiences consid-
ered at least possibly study drug related. These adverse expe-
riences were gastrointestinal (nausea [n = 2], anorexia [n = 2],
diarrhea [n = 1], change in taste [z = 1], dry mouth [n = 1]),
neurological (headache [# = 2] and abnormal vision [n = 1]),
systemic (fatigue [n = 1] and pruritis [n = 1]), and urogenital
(vaginitis [n = 1]). No association was found between the
adverse experiences and moxifloxacin or M1 metabolite con-
centrations (data not shown).

DISCUSSION

Treatment regimens combining moxifloxacin and rifampin
for drug-susceptible tuberculosis are being studied intensively.
In this study, however, a significant drug interaction between
moxifloxacin and rifampin was found among healthy volun-
teers. With coadministration of rifampin, the geometric mean
AUC,_,, of moxifloxacin decreased 27% and the half-life de-
creased 36%, although no change in the peak concentration in
serum was identified. This effect appeared to be mediated in
part by increased activity of the sulfate conjugation pathway of
moxifloxacin metabolism, because coadministration of ri-
fampin resulted in marked increases in levels of the M-1 me-
tabolite. Polymorphisms of the MDR1 gene had no effect on
pharmacokinetics when moxifloxacin was administered alone.
In pilot data for coadministration of moxifloxacin and rifampin
among cases with the MDR1 3435 CC genotype, the concen-
trations of moxifloxacin were decreased in the first 3 h after
drug administration, suggesting an effect on the absorption of
moxifloxacin. However, no significant decrease in moxifloxacin
exposure (AUC,_,,) was found for six cases with the MDR1
3435 CC genotype compared to other genotypes.

The pharmacodynamics of moxifloxacin activity against My-
cobacterium tuberculosis are not well understood. By using in
vitro and in vivo models of tuberculosis treatment, lower con-
centrations and doses of moxifloxacin are associated with de-
creased activity (14). However, it is not known whether the
concentrations of moxifloxacin achieved in humans are close to

TABLE 2. Univariate and multivariate analyses of pharmacokinetic parameters of moxifloxacin grouped by MDR1 3435 CC genotype
versus CT or TT genotype

Drug parameter and

Day 14 (moxifloxacin + rifampin)

Day 4 (moxifloxacin alone)

time of pharmacokinetic

: . Geometric Univariate Multivariate Geometric Univariate
sampling mean P value (¢ test) P value mean P value (¢ test)
AUC, 54 (ng - h/ml)
CC genotype 25.5 0.16 0.42 37.2 0.53
CT or TT genotype 30.3 39.7
Peak concn (ug/ml)
CC genotype 2.94 0.08 0.14 3.53 0.51
CT or TT genotype 3.83 3.81
T (1)
CC genotype 1.98 0.03 0.06 1.47 0.84
CT or TT genotype 1.05 1.91
Half-life (h)
CC genotype 6.51 0.92 10.90 0.29
CT or TT genotype 6.46 9.77
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some threshold value for drug activity. Therefore, we are un-
certain whether the decreases in moxifloxacin concentrations
seen in this study would significantly affect its treatment effi-
cacy. Additional studies on patients with tuberculosis will be
required in order to determine whether the effect of rifampin
on moxifloxacin is clinically relevant.

With rifampin coadministration, the increase in the M1 me-
tabolite AUC,_,, and peak concentration are consistent with
increased phase II sulfation of moxifloxacin. Rifampin induc-
tion of phase II sulfation of propafenone has been reported
(3). Although rifampin induction of phase II glucuronidation
has been described (5), only minimal concentrations of the M2
(glucuronide) conjugate were detected in this study (Fig. 1C).
Both metabolites M1 and M2 are reported to be pharmaco-
logically inactive (16).

P-glycoprotein is an ATP-binding membrane protein that
exports unnecessary or harmful substances from cells. It is
thought to play an important role in the absorption, distribu-
tion, and elimination of xenobiotics (8, 13), and quinolones are
reported to be a substrate of the transporter (2, 17). P-glyco-
protein located in the intestinal mucosa may limit absorption,
and in the liver and kidney it may accelerate secretion into bile
and urine, respectively (4, 13, 19). The frequency of MDR1
C3435T single-nucleotide polymorphisms differs among races.
Also, single-nucleotide polymorphism effects may differ with
drug, P-glycoprotein induction, and MDR1 haplotype analyses.
In pilot pharmacogenetic data, no significant differences in
moxifloxacin pharmacokinetic values among patients with
different MDR1 3435 genotypes were identified. Additional
studies with a larger study group are needed to evaluate an
association between MDRI genotype and the moxifloxacin-
rifampin interaction.

This pharmacokinetic study has several limitations. First,
this was a two-period, one-sequence design, and a period effect
of the study cannot be excluded. Second, the study subjects
were a diverse group of individuals enrolled in the Veterans
Administration health care system. However, the medical con-
ditions of subjects were not believed to influence the pharma-
cokinetics of moxifloxacin or rifampin, and concomitant med-
ications were not administered systemically (except for a single
dose of acetaminophen prior to pharmacokinetic sampling in
one case). Patients with tuberculosis may have other reasons
for altered moxifloxacin pharmacokinetics, and the rifampin
interaction may differ from that found in this relatively healthy
group of subjects. The sample size of the pharmacokinetic
interaction study was powered to detect a 10% change in the
moxifloxacin AUC,_,, but had only limited power in pilot
secondary analyses of MDRI1 gene polymorphisms. Further,
residual confounding by measured or unmeasured variables is
possible.

In summary, concomitant rifampin administration resulted
in a 27% mean decrease in the moxifloxacin AUC,, ,,. Addi-
tional studies are required to understand the possible role of
MDRI1 gene polymorphisms and the clinical significance of the
moxifloxacin-rifampin interaction.
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