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Rifapentine and its primary metabolite, 25-desacetyl rifapentine, are active against mycobacterium tuber-
culosis. The objectives of this study were to describe the population pharmacokinetics of rifapentine and
25-desacetyl rifapentine in fasting and fed states. Thirty-five male healthy volunteers were enrolled in an
open-label, randomized, sequential, five-way crossover study. Participants received a single 900-mg dose of
rifapentine after meals with high fat (meal A), bulk and low fat (meal B), bulk and high fat (meal C), high fluid
and low fat (meal D), or 200 ml of water (meal E). Venous blood samples were collected over 72 h after each
rifapentine dose, and plasma was analyzed for rifapentine and 25-desacetyl rifapentine using high-perfor-
mance liquid chromatography. Pharmacokinetic data were analyzed by nonlinear mixed-effect modeling using
NONMEM. Compared with the fasting state, meal A had the greatest effect on rifapentine oral bioavailability,
increasing it by 86%. Meals B, C, and D resulted in 33%, 46%, and 49% increases in rifapentine oral
bioavailability, respectively. Similar trends were observed for 25-desacetyl rifapentine. As meal behavior has a
substantial impact on rifapentine exposure, it should be considered in the evaluation of optimal dosing

approaches.

Rifapentine (RFP), a cyclopentyl rifamycin, is an orally ad-
ministered drug registered by the Food and Drug Administra-
tion (FDA) for the treatment of pulmonary tuberculosis (TB).
It exerts its antibacterial activity through inhibition of DNA-
dependent RNA polymerase in susceptible strains of Mycobac-
terium tuberculosis (32). RFP has a microbiologically active
metabolite, 25-desacetyl rifapentine (25-DRFP) (10). RFP has
a long half-life (5, 17) and superior in vitro potency against M.
tuberculosis in comparison with rifampin and rifabutin (10),
making it an attractive candidate for shortening and simplify-
ing antitubercular therapy.

Currently, RFP is dosed at 600 mg either once weekly or
twice weekly in human immunodeficiency virus (HIV)-nega-
tive patients with noncavitary TB (2). There is concern that the
development of acquired rifamycin monoresistance (ARR),
treatment failure, and relapse may be associated with intermit-
tent dosing (4, 20), insufficient companion drug exposure (33),
or low rifamycin concentrations (9, 21). RFP’s sterilizing effect
has been shown to be dose dependent in murine studies which
suggest that daily doses of RFP may reduce treatment duration
to just 3 months (25, 26, 37), and higher doses of RFP are
associated with improved early bactericidal activity in humans
(29). Clinical trials are currently evaluating new antitubercu-
losis regimens containing higher doses of RFP used intermit-
tently or daily doses of RFP. Concomitant food has a marked
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effect on RFP absorption (6). The effect of food on systemic
RFP exposure may therefore impact treatment activity and
safety. The aim of this study was to investigate the effect of
meals differing in fat and bulk content on the rate and extent
of RFP absorption and 25-DRFP disposition. The study was
designed to include meals comprising largely maize, a staple
cereal in many parts of Africa and South America, and a light
meal (i.e., a reconstituted powdered chicken soup). The study
was conducted in 1999 shortly after the release of results from
studies evaluating intermittent 600-mg doses of rifapentine,
which displayed unacceptably high relapse rates in patients
with lung cavities or immune suppression. It was therefore
anticipated that future studies would evaluate higher doses of
the drug.

MATERIALS AND METHODS

Participant enrollment. Adult male healthy volunteers (n = 35) were enrolled
in an open-label, randomized, sequential, five-way, crossover design study at
Groote Schuur Hospital, Cape Town, South Africa. Volunteers were eligible if
they weighed at least 50 kg, had normal physical examination and baseline
laboratory evaluation, and were nonsmokers. Exclusion criteria included a his-
tory of TB, active allergies, excessive coffee or alcohol consumption, recent blood
donation of more than 500 ml, and clinically relevant cardiovascular, hepatic,
neurologic, endocrine, or other major systemic disease. In order to limit the risks
of unintended fetal exposure to the unregistered drug, women were excluded.
Likewise HIV- or hepatitis B virus (HBV)-infected volunteers were excluded due
to the risks of undiagnosed tuberculosis and adverse effects, respectively. Each
participant provided written informed consent before being enrolled into the
study. The study protocol (M000473/1LO1) was reviewed and approved by the
Research Ethics Committee of the University of Cape Town and the Medicines
Control Council of South Africa.

Dosage schedules and sample handling. After an overnight fast, participants
received a single 900-mg dose of RFP (200 ml of water with six 150-mg Priftin
tablets; Hoechst Marion Roussel, Italy) 30 min after the meal (Table 1). Indi-
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TABLE 1. Description of different meals ingested 30 min before administration of a single 900 mg single dose of RFP
Content (g) of:
Meal Description kJ Wt (g)
Protein Fat Carbohydrates
A (high-fat breakfast) 2 rashers of bacon (20 g), 1 fried egg (50 g), 1 18.9 27 38 1,966 627
slice white toast (30 g) with butter (7 g) and
marmalade (10 g), 2 cups decaffeinated
coffee (400 ml) with full-cream milk
(100 ml) and 2 teaspoons of sugar (10 g)
(English breakfast)
B (low-fat and bulky 1 1/2 cups soft maize meal porridge (375 g 6 3 66 1,285 645
breakfast) cooked) with 3 teaspoons of sugar (15 g), 1
cup of decaffeinated coffee (200 ml) with
full-cream milk (50 ml) and 1 teaspoon of
sugar (5 g) (maize meal porridge)
C (high-fat and bulky 1 1/2 cups soft maize meal porridge (375 g 6 28 66 2,229 670
breakfast) cooked) with 3 teaspoons of sugar (15 g)
and 5 teaspoons of lard (25 g), 1 cup of
decaffeinated coffee (200 ml) with full-
cream milk (50 ml) and 1 teaspoon of sugar
(5 g) (maize meal porridge with lard)
D (low-fat and high-fluid 2 cups of reconstituted (powder) chicken 9 4 28 774 660

breakfast)

noodle soup (400 ml), 1 cup of
decaffeinated coffee (200 ml) with skim

milk (50 ml) and 1 teaspoon of sugar (5 g)

viduals were randomized to receive the RFP dose in the fasted state (meal E) on
one occasion. Other scheduled meals included a standardized lunch and dinner
at 6 or 12 h postdose. At each visit a 20-ml blood sample was collected prior to
drug administration, and 10-ml samples were collected 2, 3, 4, 5, 6, 7, 8, 10, 12,
14, 24, 36, 48, and 72 h after the dose to obtain plasma for quantification of RFP
and 25-DRFP. Each dose was separated by a 14-day washout period. Seven
participants were randomized to each of five different meal sequences. Due to
the large number of potential meal sequences, the design was not fully balanced.
The blood samples were collected by venipuncture into lithium-heparin-coated
glass tubes and centrifuged at 2,500 rpm within 1 h of collection. The superna-
tants were transferred into two dry polypropylene tubes and stored at —80°C
away from light until analysis.

Drug determination. Plasma concentrations of RFP and 25-DRFP were de-
termined using a validated high-performance tandem liquid chromatography
(HPLC) method developed at the Division of Clinical Pharmacology, Cape
Town, South Africa (19). The assay was validated over the concentration range
of 0.5 to 30 wg/ml. Linearity values of the calibration curve (?) were 0.9975 and
0.9946 for RPT and 25-DRFP, respectively.

Population PK analysis. RFP and 25-DRFP plasma concentration versus time
data were modeled using nonlinear mixed-effects modeling in NONMEM (ver-
sion VI, double precision, level 2.0) (1). The analysis was done in two steps. First
the RFP model was developed. Thereafter, the fixed and random effects esti-
mates of oral clearance (CL/F), volume of distribution (V/F), first-order absorp-
tion rate constant (k,), mean transit time (MTT), oral bioavailability (F), and
number of hypothetical transit compartments (NN) were fixed, and the 25-DRFP
model was developed using all data. Xpose version 4 (13) and Census (35) were
used during model building for graphical analysis and data tracking, respectively.
For the RFP data, various pharmacokinetic (PK) models, including one or two
compartments with first-order absorption and first- or zero-order elimination
(12), incorporating either lag times (to describe the delay in the appearance of drug
in plasma) or transit absorption compartments (27, 28), time-varying clearance (18),
and enterohepatic recirculation (24), were fitted to the data during model develop-
ment. Time-varying clearance was introduced into the model as
CL, = {TV(CL/F)-[1 — mpast(1)] + TV(CLyF)- mpast(1)} - exp(n‘"

+ k), where CL,; is the oral clearance for the ith individual, TV(CL,/F) is the
typical oral clearance which later changes to TV(CL,/F) at model event time
(MTIME), mpast(1) remains zero until MTIME when it changes to 1, n/™" repre-
sents the interindividual variability (ITV), and k™ represents the interoccasional
variability (IOV). The above-mentioned models were also evaluated for the 25-
DRFP data. In addition, models accounting for presystemic formation of the
metabolite (16), loss of the parent drug to other metabolites (30), and saturable
clearance of the metabolite (23) and a two-compartment model with time-
varying CL/F were tested when developing the 25-DRFP model.

Covariates (age and body weight) were evaluated with respect to their impact

on IIV in F and CL/F parameters. The covariate analysis was done by a forward
inclusion procedure (a = 0.01, change in objective function value [AOFV] =
6.63) followed by a backwards deletion step (o« = 0.001, AOFV = 10.83). Clinical
relevance was assumed when the typical value of CL/F or F changed by at least
10% in order to prevent the detection of an irrelevant statistically significant
relationship. The effect of different meals was investigated simultaneously on the
typical value of F, MTT, and k,,.

The following equation was used to quantify meal effects: TVF = 0, - (1 +
RXF). TVF is the typical bioavailability, RXF is the fractional change (all five
visits) in F due to a given meal relative to the value for the fasted state, and 6,
is the value of F under fasting conditions (fixed to 1). A similar approach was
used to evaluate meal effects on the fixed effects for MTT and k,. The delay in
absorption was modeled using a transit absorption model where drug absorption
is described as drug movement through a series of hypothetical presystemic
compartments, as suggested by Savic et al. (28). Carryover effects on clearance
and MTIME values at each treatment period were evaluated relative to the first
treatment period using the equations TV(CL/F) = {TV(CL/F)-[1 -
mpast(1)] + TV(CL,/F) - mpast(1)} * (1 + 8.0ec) and TVMT = e * (1 —
Omtoce), Where 6. is the fractional change in the typical value of oral clearance
at a given treatment occasion relative to the first occasion, Oy is the typical
value of MTIME (TVMT), and 6, is the fractional change in MTIME at a
given occasion relative to the first occasion.

Estimation of typical population PK parameters and random IIV and IOV
associated with observed and predicted plasma concentrations was done using a
first-order conditional estimation method with e-m interaction (FOCE INTER)
in NONMEM. IIV and IOV were described using an exponential model (15).
Model discrimination was based on graphical assessment of conditional weighted
residuals (CWRES) versus time, basic goodness of fit (GOF) plots, and changes
in the NONMEM OFV during model development. OFV is equal to approxi-
mately —2 X log likelihood, and AOFV is assumed to be chi squared distributed.
Statistical significance was set at 5% (AOFV > 3.84) for a single degree of
freedom (i.e., addition of one model parameter) and at 1% significance level
(AOFV > 6.63) for deletion of one parameter (31). Assessment of IIV estimates
and their corresponding standard errors (SE) was done to check for n shrinkage
since m and € shrinkage values above 30% result in a model with a low power to
detect model and residual error misspecification, which may hide true relation-
ships (14). Correlations between parameters’ variability components were iden-
tified, and covariance between random effects was explored. The correlation
coefficients were calculated in Census using estimates from the NONMEM
covariance step. Final model qualification included simulation-based diagnostics,
i.e., visual predictive checks (VPC) (11). The residual variability and its corre-
sponding standard error were estimated. Additive error, power function, con-
stant coefficient of variation, and additive plus proportional error models were
evaluated (1).
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FIG. 1. Illustration of the parent metabolite model. All rifapentine
(RFP) is assumed to be converted to the major metabolite (25-DRFP).
N, represents the first hypothetical transit compartment up to N,
compartment. k,, is the transit rate constant. k, is the absorption rate
constant from the hypothetical drug depot compartment to plasma. k
(calculated as CL/V) is the elimination rate constant of rifapentine.
CL,, is the time-varying metabolite clearance. V,, represents volume of
distribution of the metabolite. k34 is the first-order rate constant of the
metabolite from plasma to the peripheral compartment, and k43 is the
first-order rate constant of the metabolite from the peripheral com-
partment back to plasma.

RESULTS

RFP and 25-DRFP plasma concentrations in 2,272 samples
from 34 participants were available. Their means (*standard
deviations) for age, weight, and height were 23.9 = 4.82 years,
74.4 £ 12.3 kg, and 177.2 = 7.33 cm, respectively. Data for 1
participant, who withdrew after a single visit, were not avail-
able. Less than 1% of the concentration-time data were below
the limit of quantification and therefore excluded in the PK
analysis. A one-compartment model with first-order absorp-
tion and time-varying clearance best described the RFP data
(Fig. 1). The delay in absorption was described using a transit
absorption model. The residual error model, selected by good-
ness-of-fit (GOF) plots, individual weighted residuals
(IWRES) versus time, and decrease in OFV had both additive
(0 opp) and proportional (6prop) error terms. The model de-
scribed the data well, as shown in Fig. 2. The population PK
parameter estimates for RFP and meal effects on RFP are
tabulated in Tables 2 and 3, respectively. All the meals we
investigated increased the bioavailability of RFP relative to
fasting conditions. No clinically significant demographic co-
variates were supported by the data. Accounting for the cor-
relation between F and MTT (correlation coefficient = 0.65)
and between CL/F and MTT (correlation coefficient = —0.56)
in the RFP model significantly improved the model. The m
shrinkage values for RFP CL/F, MTT, and F were 6%, 40%,
and 13%, respectively. 25-DRFP PK data were best described
by a two-compartment model with time-varying clearance (Fig.
1). Final PK parameter estimates for 25-DRFP are summa-
rized in Table 4.

Clinical adverse events were mild. Three volunteers were
withdrawn due to elevated alanine transaminase (ALT) levels.
One volunteer withdrew after the first RPE dose and had an
ALT level 2 times the upper normal limit (UNL). Two volun-
teers were withdrawn after the second dose; they had ALT
levels 2.2 and 6.9 times the ULN. ALT levels in these 3 par-
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FIG. 2. Visual predictive check for the final (left) and metabolite
(right) models. The lower, middle, and upper solid lines are the Sth,
50th, and 95th percentiles of the observed data, respectively. The
dotted and dashed-dotted (50th percentile) lines around each percen-
tile show the 95% confidence interval from the model prediction. The
circles are the observed concentration-time data points.

ticipants returned to the normal range after withdrawal, and
they remained clinically well and asymptomatic throughout.
There was no evidence of a relationship between toxicity and
drug concentrations or meal type.

DISCUSSION

The bioavailability of RFP and consequently 25-DRFP ex-
posure were increased when single 900-mg RFP oral doses
were administrated immediately after food. The high-fat meal
(an English breakfast which included one fried egg) had the
greatest effect (Table 3), increasing the oral bioavailability by
85.7%. This finding is consistent with previous studies (6, 18).
A study conducted in Hong Kong found that 2 eggs with toast
increased the bioavailability of RFP to almost the same extent
as a high-fat English breakfast (6). This finding forms the basis
for the concomitant meal used in the ongoing Rifaquin study,
in which patients have 2 boiled eggs and bread immediately
before each weekly 1,200-mg dose or twice-weekly 900-mg
dose of RFP. Our finding that a high-fat breakfast without eggs
(meal C) increased bioavailability of RFP by only 45.7% sup-

TABLE 2. Final parameter estimates for RFP

Parameter Estimate A% 10V¢
(RSE” [%]) (RSE [%]) (RSE [%])
CL,/F (liters/h)* 2.14 (13.6) 19.2 (24.3) 12.2 (9.1)
CL/F (liters/h)® 3.22(11.9) 19.2 (24.3) 12.2 (9.1)
MTT (h) 1.45 (10.8) 9.5 (87.0) 24.2(13.4)
F 1 (fixed) 21.4 (35.3) 29 (16.6)
MTIME (hy 43 (2.6)
VIF (liters) 60.6 (9.2)
NN 10.9 (9.6)
k, (A1 1.66 (13.1)
Residual variability
Additive error 0.206 (12.3)
(mg/liter)
Proportional 10.6 (1.81)
error (%)

“ RSE, relative standard error expressed as percentage of estimate.

11V, interindividual variability expressed as coefficient of variation (CV).
€10V, interoccasional variability expressed as CV.

4 Oral clearance of RFP before MTIME.

¢ Oral clearance of RFP after MTIME.

SMTIME is the estimated time when oral clearance of RFP changes.
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TABLE 3. Different meal effects, relative to fasted state, estimated
from the parent (RFP) model

% increase in oral

Meal” bioavailability RSE” (%)
A 85.7 20.1
B 32.7 40.4
C 45.7 29.3
D 48.9 30.7

“ Meals are as defined in Table 1. The model was parameterized for meal
effects on oral bioavailability (F), first-order absorption rate constant (k,), and
mean transit time (MTT). Meal effects on k, and MTT were dropped in the final
model since they became insignificant.

> RSE, relative standard error.

ports the notion proposed by Chan et al. (6) that eggs may be
effective in promoting RFP absorption, although the mecha-
nism is unclear. Meal effects on tablet dissolution, gastric emp-
tying time (hence duration of absorption), and pH (which may
affect solubility or absorption) may, in part, account for the
pharmacokinetic differences observed with the different meals.
Surprisingly, the low-fat chicken noodle soup (meal D) in-
creased RFP bioavailability to an extent comparable to that of
the maize meal porridge with lard (meal C). Monosodium
glutamate (MSG) was one of the ingredients in the chicken
noodle soup. MSG accelerates gastric emptying time in a high-
energy, high-protein liquid diet (36), and we suspect that it
could have played a role in meal D’s effect. Even though in our
final model we could not find statistically significant effects of
all meals on k, and MTT, meal D gave the highest increase in
k, (100% against the fasting state), showing its influence on
RFP pharmacokinetics.

The pharmacokinetics of RFP was best described by a one-
compartment model with transit absorption compartments,
first-order absorption, and first-order elimination with time-
varying clearance. Time-varying clearance is suggestive of au-
toinduction (8, 38), and this finding is consistent with a recent
study by Dooley et al. (7) in which thrice-weekly doses of RFP
were administered. In our study, the autoinduction effect was
detected with a 2-week washout between single 900-mg doses
of RFP. The baseline CL/F tended to increase slightly in a
cumulative manner with subsequent dosing occasions, and
there was a tendency for the time of change (i.e., MTIME) to
decrease slightly after each subsequent dose. Given that RFP
and 25-DRFP were still identifiable in plasma up to 72 h
postdose and that RFP is a potent enzyme inducer, it is not
surprising that the duration of its effect on clearance should be
similar to that of rifampin (22).

As RFP concentrations had a double peak, an enterohepatic
recirculation model was investigated. However, based on
AOFYV and other diagnostic procedures the data did not sup-
port an enterohepatic recirculation model. Other possible ex-
planations include analytical interference due to food ingested
6 h after the dose, absorption windows, or progressive solubi-
lization along the gastrointestinal tract and variable gastric
emptying. Our final PK models for both RFP and 25-DRFP
differ from a previously published model from our group (18).
The previous model was developed to describe patient data
where the participants were preinduced by rifampin and were
on other antituberculosis drugs. Furthermore, wider variability
is expected among the patients described in the previous model
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TABLE 4. Final parameter estimates for 25-DRFP

Parameter Estimate 1ve 10v¢
(RSE” [%]) (RSE [%]) (RSE [%])
CL,,,/F (liters/h)? 1.81 (8.7) 23.9(23.9) 30.2 (10.6)
CL,,,/F (liters/h)* 4.63 (8.1) 23.9(23.9) 30.2 (10.6)
MTIME (hy 46.8 (0.3)
Vucd/F (liters) 6.36 (5.8)
Vup/F (liters)" 22.1 (4.8)
QM (liters/h)’ 4.4 (6.9)
Residual variability
Additive error 0.211 (9.7)
(mg/liter)
Proportional 19.1 (0.7)
error (%)

“ RSE, relative standard error expressed as percentage of esimate.

TV, interindividual variability expressed as coefficient of variation (CV).

€10V, interoccasional variability expressed as CV.

@ Oral clearance of 25-DRFP before MTIME.

¢ Oral clearance of 25-DRFP after MTIME.

/MTIME is the estimated time when oral clearance of 25-DRFP changes.

& Vmco/F, apparent volume of distribution of 25-DRFP in the central compart-
ment.

" VuplF, apparent volume of distribution of 25-DRFP in the peripheral com-
partment.

" QM, intercompartmental clearance of 25-DRFP.

than in healthy volunteers. We identified a positive correlation
between II'V of oral bioavailability and MTT (r = 0.65), which
was expected since increased MTT allows more time for drug
absorption, while negative correlations between m values for
CL/F and MTT (r = —0.56) were due to the association be-
tween II'Vs for CL/F and F.

The prominent food effect has important implications for
the interpretation of studies evaluating antituberculosis regi-
mens. Assuming linear pharmacokinetics of RFP over different
dose ranges (34), our results indicate that drug exposure fol-
lowing a 600-mg dose of RFP after a high fat meal is 24%
higher than exposure after a 900-mg dose under fasting con-
ditions. While higher RFP exposure may be beneficial in en-
hancing the efficacy of regimens, there is concern that the risk
of adverse events is increased (3). Thus, rigorous trial of a new
dosing regimen would include proof of efficacy and safety when
RFP is taken with and without food, as is likely to occur under
operational conditions.

In conclusion, as RFP has dose-related activity, concomitant
food should be considered when evaluating optimal RFP doses
in RFP-based regimens. The effects of RFP should be evalu-
ated under the meal conditions that can feasibly be provided by
tuberculosis control programs in high-burden countries; in
many settings provision of meals may be an unrealistic expec-
tation.
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