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Abstract
Rifapentine (RPT) is an antituberculosis drug that may shorten treatment duration when
substituted for rifampin (RIF). The maximal tolerated daily dose of RPT and its potential for
cytochrome 3A4 induction and autoinduction at clinically relevant doses are unknown. In this
phase I, dose-escalation study among healthy volunteers, daily doses as high as a prespecified
maximum of 20 mg/kg/day were well tolerated. Steady-state RPT concentrations increased with
dose from 5 to 15 mg/kg, but area under the plasma concentration–time curve (AUC0–24) and
maximum concentration (Cmax) were similar in the 15- and 20-mg/kg cohorts. Although RPT
pharmacokinetics (PK) appeared to be time-dependent, accumulation occurred with daily dosing.
The mean AUC0–12 of oral midazolam (MDZ), a cytochrome 3A (CYP3A) probe drug, was
reduced by 93% with the coadministration of RPT and by 74% with the coadministration of RIF
(P < 0.01). Changes in the oral clearance of MDZ did not vary by RPT dose. In conclusion, RPT
was tolerated at doses as high as 20 mg/kg/day, its PK were less than dose-proportional, and its
CYP3A induction was robust.

Tuberculosis (TB) remains a major global health problem. In 2009, there were an estimated
9.4 million new cases and 1.7 million deaths from TB.1 Although effective treatment is
available, standard “short course” therapy with isoniazid, rifampin (RIF), pyrazinamide, and
ethambutol must be given for 6 months to reliably prevent relapse. Rifapentine (RPT) is a
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rifamycin antibiotic with a longer half-life and a lower mean inhibitory concentration
against Mycobacterium tuberculosis than RIF (Supplementary Figure S3).2 RPT is being
investigated as a potent TB drug that may allow reduction in the duration of TB treatment
required for cure.

In a well-established mouse model of TB, bactericidal and sterilizing activity of RPT was
shown to increase with increasing dose and frequency of administration. Therapeutic
regimens that include RPT can cure TB in mice in 3 months or less when at least 10 mg/kg
are given daily in combination with pyrazinamide and either moxifloxacin or isoniazid.3,4

Recent experiments in immunodeficient mice have shown that, at the same mg/kg dose, RPT
produces negative lung cultures more quickly and protects better against the emergence of
isoniazid resistance as compared with RIF.5 Therefore, RPT holds promise as a drug agent
that can shorten treatment duration in an exposure-dependent manner. In humans, the
optimal RPT dose and regimen are unknown.

RPT is approved by the US Food and Drug Administration at 600 mg orally twice weekly
during the intensive phase of TB treatment, followed by 600 mg once weekly during the
continuation phase. Clinical trials using this regimen have shown unacceptably high relapse
rates in some patient populations, and the use of higher and/or more frequent doses is
probably necessary to achieve acceptable cure rates.6–8 Because RPT was initially
developed and licensed as an intermittently dosed TB drug, the maximally tolerated daily
dose has not been determined, and the dose-linearity of RPT concentrations with daily
dosing has not been established. Furthermore, the impact of increasing RPT doses on
induction of cytochrome P450 metabolizing enzyme activity has not been assessed. Like
RIF, RPT induces cytochrome P450 enzyme activity and may also induce its own
metabolism or clearance.9–12

We conducted a phase I, open-label, dose-escalation trial of RPT in healthy volunteers to
evaluate the maximal tolerated daily dose of RPT (up to a predened maximum of 20 mg/kg);
the pharmacokinetics (PK) of higher daily doses of RPT; the relationship between dose and
autoinduction of RPT metabolism or clearance; and the association between RPT dose and
induction of cytochrome P450 3A (CYP3A) metabolizing enzymes. We used oral
midazolam (MDZ) as a probe drug and RIF as a comparator drug.13–15

RESULTS
Study population

Of 37 enrolled participants, 33 received at least one dose of RPT or RIF (Figure 1). In this
sample, 7 (21%) were women, the median age (IQR) was 45 (38, 52) years, the median
weight was 78 (69, 85) kg, and the median body mass index was 26 (24, 29) kg/m2; the
majority were African American (22 (69%)) or white (10 (31%)). A total of 29 participants
completed both inpatient PK sampling visits, and 28 were included in the PK analysis (one
was excluded from PK analyses for apparent nonadherence to the regimen). Median RPT
doses by cohort were 450, 750, 1,200, and 1,650 mg orally, once per day.

Safety and maximal tolerated daily dose of RPT
Clinical symptoms related to the study rifamycins were rarely reported, and there were no
grade 2 or higher clinical adverse events (Table 1). Grade 2 or higher laboratory toxicities
occurred in 9 (27%) of the participants. Dose-limiting toxicities were observed in three
subjects, one each in the RIF, RPT 10 mg/kg, and RPT 15 mg/kg cohorts. A 48-year-old
African-American man developed grade 3 neutropenia after nine RIF doses. He had no fever
or associated symptoms, and the neutropenia resolved with discontinuation of the study
drug. A 36-year-old African-American man in the RPT 10 mg/kg cohort developed grade 3
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serum liver transaminase elevation after seven RPT doses. He was asymptomatic and had no
elevations in total bilirubin; in this participant, transaminase values declined with
discontinuation of RPT. A 59-year-old white woman in the RPT 15 mg/kg cohort developed
grade 3 lymphopenia one day after completion of all study drug doses. She had associated
fever, dizziness, and grade 1 elevations in liver function enzymes. These symptoms and
laboratory abnormalities resolved without any specific intervention. Because there were not
two or more dose-limiting toxicities in any dosing cohort, dose escalation proceeded to the
predefined maximum dose of 20 mg/kg. There was no specific toxicity that increased in
frequency or severity with increases in RPT dose.

Single-dose and multiple-dose PK of rifamycins and their metabolites, by dose
Figure 2 shows mean RPT plasma concentration–time curves after a single dose and after 14
consecutive daily doses of RPT, by dosing cohort. The median RPT single-dose maximum
concentration (Cmax) and area under the plasma concentration–time curve (AUC0–24)
increased nearly dose-proportionally from 5 to 15 mg/kg but were similar in the 15 and 20
mg/kg cohorts (Table 2). Multiple-dose RPT exposures increased less than dose-
proportionally with two-, three-, and fourfold increases in dose resulting in only 1.38-, 2.29-,
and 2.17-fold increases in Cmax and 1.51-, 2.57-, and 2.22-fold increases in AUC0–24,
respectively. At the maximum dose tested (20 mg/kg), the median steady state Cmax,
AUC0–24, and half-life (T1/2) were 34.1 μg/ml, 483 μg·h/ml, and 16 h, respectively. Median
single-dose Cmax and AUC0–24 of RPT’s desacetyl metabolite (desRPT) increased nearly
dose-proportionally with increases in RPT dose from 5 to 15 mg/kg but were similar in the
15 and 20 mg/kg cohorts (Table 2). With multiple dosing, however, desRPT AUC0–24
increased 1.31-fold, 3.21-fold, and 2.15-fold with 2-, 3-, and 4-fold increases in RPT dose,
respectively, and the ratios were similar for Cmax. There were no significant associations
between RPT or desRPT PK parameters and observed toxicities. Median steady-state RIF
AUC0–12, Cmax, and T1/2 were 45.2 μg·h/ml, 7.5 μg/ml, and 2.4 h, similar to values seen in
other studies (see Supplementary Table S1 and Supplementary Figure S1 online).16

MDZ concentrations when coadministered with RIF or daily RPT
The PK of MDZ and its 1-OH-MDZ metabolite when MDZ was administered alone and
when it was coadministered with either RIF or RPT are presented in Figure 3 (see also
Supplementary Figure S2) and summarized in Table 3. The mean AUC0–12 of MDZ was
diminished by 75% when coadministered with RIF and by 92, 92, 93, and 91%, respectively,
when coadministered with multiple-dose RPT dosed at 5, 10, 15, or 20 mg/kg. The mean
Cmax of MDZ was diminished by 74% by coadministration with RIF and by 82, 84, 84, and
87%, respectively, by coadministration with RPT doses of 5, 10, 15, and 20 mg/kg. MDZ
oral clearance increased by 1,750% in the combined RPT arms and by 925% in the RIF arm
(Student’s t-test P = 0.05). In all the cohorts, the concentrations of the metabolite 1-OH-
MDZ were reduced when MDZ was coadministered with rifamycins.

Autoinduction by RPT and RIF
After repeated once-a-day dosing, the mean (coefficient of variation (%CV)) accumulation
index (Rac) values were 1.52 (29), 1.40 (29), 1.68 (42), and 1.27 (20), respectively, for the
RPT 5, 10, 15, and 20 mg/kg cohorts. The mean (%CV) AUC0–24 values at steady state,
divided by the AUC0–inf values after a single dose (AUC0–24hss/AUC0–infsd) were 0.84
(37), 0.86 (33), 0.82 (40), and 0.56 (39), respectively. In the combined cohort, the mean
(%CV) estimated AUC0–24hss/AUC0–infsd was 0.76 (38). This was significantly different
from 1 (P = 0.001), suggesting that the PK of RPT is time dependent. With multiple dosing,
T1/2 decreased (22.9 vs. 16.7 h, P = 0.01) and clearance increased (23.5 vs. 32.0 mg/h/kg, P
= 0.02) as compared with single-dose values. By comparison, the mean (%CV) Rac for RIF
was 0.65 (33), and the mean (%CV) AUC0–24hss/AUC0–infsd was 0.58 (36), which was
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significantly different from 1 (P = 0.001). Both RIF and desacetylrifampin AUC0–12 were
lower after multiple doses than after a single dose (see Supplementary Figure S1 online).

DISCUSSION
In this dose-escalation study in healthy volunteers, the maximal tolerated daily dose of RPT
was at least 20 mg/kg. The average dose administered in this cohort (1,650 mg daily) is the
highest daily dose of RPT tested to date in humans and substantially higher than the Food
and Drug Administration–approved dose of 600 mg twice weekly. The approved dose has
been associated with increased risk of TB relapse among high-risk patients with TB and, in
some populations, with relapse with acquired rifamycin monoresistance.6,8,17–19 The
optimal RPT dose and schedule for treating TB in humans have not been established, but the
mouse model suggests that RPT bactericidal and sterilizing activity increases virtually
without plateau up to doses of 160 mg/kg and that daily dosing improves outcomes.3,5,12,20

The PK/PD parameters and targets necessary to achieve cure without relapse in humans are
yet to be determined, but in vitro and in vivo PD studies suggest that the killing of the bacilli
by rifamycins is concentration dependent.21 Taken together, the preclinical and clinical data
suggest that the likelihood of RPT contributing to a treatment-shortening regimen would be
highest if RPT is given at the highest dose consistent with acceptable safety. In this study,
we found no specific toxicities that increased with increasing RPT dose. The safety profile
of RPT appeared to be similar to that of RIF 10 mg/kg, which is a widely used rifamycin
dose; however, the sample size was too small to allow for firm conclusions to be made about
safety. The safety and PK data from this study support the evaluation of daily doses of RPT
as high as 20 mg/kg in patients with TB. Safety can be assessed more fully among patients
taking multidrug therapy of standard duration, and PK/PD correlates can be explored to
optimize dosing for future pivotal studies.

From a PK perspective, we found that increases in RPT dosage resulted in less-than-dose-
proportional increases in single-dose and multiple-dose Cmax. This suggests a decrease in
bioavailability with increasing doses, especially at the highest doses. The mechanisms for
this are not readily obvious but may include solubility and dissolution limits of multiple
coadministered RPT tablets; saturability of transport across the gut wall; dose-dependent
upregulation of hepatic or gut presystemic biotransformation or clearance (although this
effect would have to occur even with a single dose); and sampling error.22 RIF, a close
structural analog of RPT, is subject to a first-pass effect (presystemic biotransformation or
clearance) that is saturated at a daily dose of 300–450 mg, resulting in higher-than-dose-
proportional increases in concentrations at daily doses >450 mg.23 Our data suggest that this
phenomenon does not extend to RPT, at least at the doses tested in this study. This may be
of clinical concern if the treatment-shortening potential of RPT24 can be achieved only with
exposures higher than those acheived by a dose of 15 mg/kg. A given mg/kg dose may result
in lower RPT concentrations in patients with TB than in healthy volunteers, and therefore
the dose at which maximum exposures will be achieved may be higher in patients with
TB.25 A current clinical trial of escalating doses of RPT administered as part of multidrug
treatment to patients with TB has a nested PK component. The results of the trial will be
vital for addressing these questions (TBTC Study 29, ClinicalTrials.gov NCT00694629).

With repeated dosing, concentrations of RIF decreased, accompanied by shorter T1/2 and
higher oral clearance (CL/F), demonstrating that RIF’s PK is time-dependent.26 As
described previously, decreases in exposure levels of RIF and its metabolite at steady state
probably result from increased gut and/or hepatic clearance with or without secondary
biotransformation of the metabolite.23,27 In our study, there was evidence that the PK of
RPT was time-dependent, with shorter T1/2 and higher CL/F at steady state as compared
with after a single dose, and with AUC0–24hss/AUC0–infsd < 1. The mechanism for time-
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dependent PK (or autoinduction) has not been fully elucidated with respect to either RIF or
RPT, but rifamycins are known to be strong inducers of pregnane X receptor, the activation
of which leads to a cascade of downstream events, including upregulation of P450 enzymes,
phase II enzymes, and transporters.28,29 Upregulation of metabolizing enzymes or
transporters (including gut or hepatic P-glycoprotein efflux transporters or hepatic
OATP1B1 influx transporters) could be responsible for the increases in clearance seen with
multiple dosing.29,30 However, increased production of the enzymes that metabolize
rifamycins is unlikely to be solely responsible for this because concentrations of the desRPT
metabolite also decline with multiple dosing. Increased biliary clearance of
desacetylrifampin occurs with multiple dosing, and this phenomenon may partially explain
decreases in desRPT in response to increases in the dose of the parent drug from 15 to 20
mg/kg.31 Further work is needed to elucidate the mechanisms through which rifamycins
“autoinduce” their metabolism and/or clearance. Of note, despite evidence of time-
dependent oral clearance, accumulation of RPT occurred with daily dosing in contrast to
RIF, a drug with a much shorter half-life.

Rifamycins are promiscuous, potent inducers of metabolizing enzymes and transporters. The
use of a rifamycin-containing TB regimen complicates medical therapy of other diseases by
reducing the concentrations of coadministered drugs, such as antiretrovirals used in treating
HIV. Cytochrome P450 isoenzyme 3A is expressed in both enterocytes and hepatocytes and
is involved in the metabolism of approximately half of all currently licensed drugs. MDZ is
a benzodiazepine that is metabolized by hydroxylation to 1-OH-MDZ, a reaction mediated
almost exclusively by CYP3A.32,33 MDZ is commonly used as a probe drug to determine
whether a candidate drug affects CYP3A enzyme activity and therefore would be expected
to affect drug clearance of a CYP3A substrate.34 When administered orally, MDZ can be
used to evaluate the effect of a drug on overall CYP3A activity (presystemic plus systemic,
comprising induction or inhibition of both gut and liver CYP3A).33 In this study, RIF at
standard doses increased MDZ clearance eightfold, as has been seen in other studies;35,36 1-
OH-MDZ concentrations were also reduced when MDZ was coadministered with RIF or
RPT. Increases in MDZ CL/F were higher with coadministered RPT than with
coadministered RIF. This was an unexpected finding because in vitro studies have shown
RIF to be more potent than RPT in inducing CYP3A.10 However, this is not surprising,
given that steady-state concentrations of RPT (Cmax: 22 μg/ml and area under the plasma
concentration–time curve (AUC): 330 μg·h/ml) are much higher than for RIF (Cmax: 7.5 μg/
ml and AUC: 45 μg·h/ml) for the same mg/kg dose. On a micromolar scale, the average
concentrations of RIF and RPT at 10 mg/kg were 2.3 and 15.7 μmol/l, respectively. There
was no evidence of a dose–response relationship between RPT dose and CYP3A induction
at the doses studied. These data suggest that recommendations for dose adjustments
resulting from drug–drug interaction studies involving RIF and companion drugs may not
lend themselves to ready extrapolation to RPT. Careful testing of interactions involving RPT
at clinically relevant doses and drugs metabolized by key cytochrome P450 enzymes will
help guide dosing considerations in the future.

Our study had some limitations. First, the small sample size did not allow for full
characterization of the safety and toxicity of RPT at different doses. However, there was no
evidence of dose-dependent increases in specific toxicities that are common to the rifamycin
class. To assess safety fully, these doses could be tested for a longer duration in patients
with TB who are on multidrug therapy. Second, the single-dose sampling scheme may have
prevented accurate estimation of the AUC0–inf, thereby affecting evaluation of the time-
dependence of RPT PK. However, there was no evidence of a gamma elimination phase
after 24 h in the multiple-dose data, and it is therefore likely that single-dose AUC0–inf
estimates using 24-h data were reasonably well approximated. Third, the complex
relationships between RPT dose and the PK of the parent drug and its metabolite, including
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time and dose dependencies and covariate effects are best assessed using nonlinear mixed-
effects modeling. These secondary analyses will be reported separately. Finally, preclinical
toxicology studies did not support the testing of doses higher than 20 mg/kg in humans;
therefore, although the maximum tolerable dose was not established, it is at least 20 mg/kg/
day.

In conclusion, RPT, an antituberculosis drug with potential treatment-shortening properties,
was tolerated by healthy adults at doses as high as 20 mg/kg/day. Average drug exposures
were similar at the two highest doses tested. In humans, RPT is at least as strong a CYP3A
inducer as RIF when administered orally at the same mg/kg dose. These results provide
safety and tolerability data to support clinical trials of RPT at high daily doses among
patients with TB who are on multidrug regimens.

METHODS
Study population

The subjects were healthy adults 18–65 years of age, recruited in Baltimore, MD. The
eligibility criteria included negative tests for HIV and hepatitis C virus antibodies, and
normal liver function tests. Those with serum creatinine >1.5 mg/dl, albumin <3.5 g/dl,
hemoglobin <12.0 g/dl (men) or <11.0 g/dl (women), neutrophil count <1,250/mm3, platelet
count <125,000/mm3, or positive pregnancy test were excluded. All eligible subjects
provided written informed consent. The study was approved by the institutional review
boards of the Johns Hopkins University School of Medicine and the Centers for Disease
Control and Prevention, and registered at http://www.clinicaltrials.gov (NCT01162486).

Experimental protocol
This was a phase I open-label, multiple-dose, pharmacokinetic dose-escalation study.
Sequential cohorts of six subjects received oral RPT at 5, 10, 15, or 20 mg/kg daily. Another
six subjects were enrolled in a 10 mg/kg RIF comparator arm. All the subjects received two
single oral doses of MDZ 15 mg on study days 1 (administered alone) and 15
(coadministered with RPT or RIF) (Figure 4). The assigned dose of RPT or RIF was
administered after a low-fat (865 kcal, 20% (20 g) fat, 5.1 g fiber) breakfast on study days
2–15. Plasma samples for PK analysis were collected after each MDZ dose and after the first
and last doses of RPT or RIF. Samples for calculating trough concentrations were collected
after 1, 5, 8, and 13 doses of RPT. RPT dosing started at 5 mg/kg and was escalated by 5
mg/kg for each successive cohort either up to 20 mg/kg or until the maximal tolerated dose,
the dose at which dose-limiting toxicities (grade ≥3 drug-related adverse events occurred in
at least two subjects) was reached. Adverse events were graded in accordance with the
National Cancer Institute Common Toxicity Criteria, version 2.0. In this study, the
prespecified maximum RPT daily dose was 20 mg/kg because the results of preclinical
toxicology studies did not support the testing of higher doses.

Drug concentration analysis
The rifamycins and their desacetyl metabolites (see Supplementary Figure S3 online) were
quantitated using a validated liquid chromatography–mass spectrometry assay (see
Supplementary Materials and Methods online and Supplementary Figure S4 and Tables S2–
S4 online). For RIF and its desacetyl metabolite, this method had substantially less
carryover, making it possible to achieve greater sensitivity and larger dynamic range than
with previous methods.37 Plasma MDZ and 1-OH-MDZ concentration levels were
determined using a validated high-performance liquid chromatography–mass spectrometry
procedure that has been previously described.38
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Statistical considerations and pharmacokinetic analysis
PK parameters of RPT, RIF, and MDZ (and their metabolites), including AUC, Cmax, T1/2,
CL/F, and volume of distribution, were calculated using standard noncompartmental
methods and WinNonlin software, version 6.1 (Pharsight, Cary, NC). The values of time to
Cmax were computed from the respective concentration–time curves. The mean
accumulation index, Rac, namely, the ratio of the multiple-dose AUC0–24 to the single-dose
AUC0–24, was calculated for each dosing cohort. For testing the time invariance of the drug
kinetics, the mean ratio of the multiple-dose AUC0–24 to the single-dose AUC0–inf
(AUC0–24hss/AUC0–infsd) was estimated. Statistical analyses were performed using SAS
(version 9.2; SAS Institute, Cary, NC). The Student’s t-test was used for comparison of PK
parameters and an analysis of variance test for analyzing the differences in PK parameters
among dose cohorts.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Participant flow in Tuberculosis Trials Consortium Study 29B. PK, pharmacokinetics.
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Figure 2.
Single-dose and multiple-dose rifapentine (RPT) and desacetylrifapentine (desRPT)
concentrations. (a) Mean plasma RPT concentrations (μg/ml) vs. time after single doses of 5
mg/kg (open triangles), 10 mg/kg (open circles), 15 mg/kg (filled circles), or 20 mg/kg
(filled squares). (b) Mean plasma RPT concentrations vs. time after 14 daily doses of 5 mg/
kg (open triangles), 10 mg/kg (open circles), 15 mg/kg (filled circles), or 20 mg/kg (filled
squares). (c) Mean plasma desRPT concentrations vs. time after single doses of 5 mg/kg
(open triangles), 10 mg/kg (open circles), 15 mg/kg (filled circles), or 20 mg/kg (filled
squares) of RPT. (d) Mean plasma desRPT concentrations vs. time after 14 daily doses of 5
mg/kg (open triangles), 10 mg/kg (open circles), 15 mg/kg (filled circles), or 20 mg/kg
(filled squares) of RPT. The values shown represent arithmetic means with SE bars.

Dooley et al. Page 11

Clin Pharmacol Ther. Author manuscript; available in PMC 2013 November 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Mean (SD) values of (a) Cmax and (b) AUC0–12 of midazolam (MDZ) and 1-OH-midazolam
(OH-MDZ) when oral MDZ (15 mg) is coadministered with steady-state rifampin (RIF) or
rifapentine (RPT), expressed as percentages of the respective concentrations when MDZ (15
mg) is administered alone. AUC, area under the concentration–time curve; Cmax, maximum
concentration.
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Figure 4.
Schematic of the dosing regimen and sample collection for pharmacokinetic testing.
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