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This study aimed to characterize the stereoselective pharmacokinetics of oral eflornithine in 25 patients with late-stage Trypano-
soma brucei gambiense sleeping sickness. A secondary aim was to determine the concentrations of L- and D-eflornithine required
in plasma or cerebrospinal fluid (CSF) for an efficient eradication of the T. brucei gambiense parasites. Patients were randomly
allocated to receive either 100 (group I, n = 12) or 125 (group II, n = 13) mg/kg of body weight of drug every 6 h for 14 days. The
concentrations of L- and D-eflornithine in the plasma and CSF samples were measured using a stereospecific liquid chromato-
graphic method. Nonlinear mixed-effects modeling was used to characterize the plasma pharmacokinetics. The plasma concen-
trations of L-eflornithine were on average 52% (95% confidence interval [CI], 51, 54%; n = 321) of the D-enantiomer concentra-

tions. The typical oral clearances of L- and D-eflornithine were 17.4 (95% CI, 15.5, 19.3) and 8.23 (95% CI, 7.36, 9.10) liters/h,
respectively. These differences were likely due to stereoselective intestinal absorption. The distributions of eflornithine enan-
tiomers to the CSF were not stereoselective. A correlation was found between the probability of cure and plasma drug exposure,
although it was not more pronounced for the L-enantiomer than for that of total eflornithine. This study may explain why oral
treatment for late-stage human African trypanosomiasis (HAT) patients with racemic eflornithine has previously failed; the
more potent L-enantiomer is present at much lower concentrations in both plasma and CSF than those of the p-enantiomer. Ef-
lornithine stereoselective pharmacokinetics needs to be considered if an oral dosage regimen is to be explored further.

H uman African trypanosomiasis (HAT), also known as
sleeping sickness, is a parasitic disease transmitted by the
tsetse fly and has a mortality rate of nearly 100% if left un-
treated (1, 2). The disease is prevalent in 36 sub-Saharan Afri-
can countries, with 60 million people at risk of being infected
(3). It has been ranked as the world’s third most important
parasitic disease when adjusted for life years lost (1). In 1997,
an estimated 450,000 individuals were infected (4). Although
this number has decreased in recent years, thanks to coordi-
nated campaigns, it remains a neglected disease, with numer-
ous patients not having access to treatment (5).

There are two parasitic subspecies that cause HAT, Trypano-
soma brucei rhodsiense and T. brucei gambiense. The majority of
the reported cases (>90%) are caused by the T. brucei gambiense
subspecies (6). The disease is divided into two stages, an early
hemolymphatic stage and a late encephalitic stage (1). For the late
stage, there are few treatment options, i.e., melarsoprol and eflo-
rnithine. Eflornithine is administered either as monotherapy or in
combination with orally administered nifurtimox (1, 2, 7). The
arsenical drug melarsoprol, administered intravenously, causes
severe side effects and shows signs of resistance (8, 9). As a result,
eflornithine, which is effective mainly against the T. brucei gam-
biense subspecies, is more frequently recommended as a first-line
treatment (2, 10-11). The main problem with eflornithine is the
complicated mode of administration (intravenous infusion of 100
to 150 mg/kg of body weight every 6 h [QID] for 10 to 14 days),
which leaves numerous patients untreated (11, 12). Although the
introduction of nifurtimox-eflornithine combination treatment
(NECT) has allowed the eflornithine dosage regimen to be re-
duced to intravenous infusions of 200 mg/kg of body weight every
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12 h (BID) for 7 days while retaining efficacy, this dosage regimen
still requires specialized health facilities and personnel. An oral
eflornithine-based treatment would greatly reduce the burden on
health care personnel and allow more patients to have access to
treatment. However, previous attempts to develop an oral mono-
therapy treatment with eflornithine have failed (12).

Eflornithine elicits its trypanostatic effect on parasites mani-
fested in both the hemolymphatic and central nervous system
(CNS) (13). In the late stage of HAT infection, eflornithine has
been proposed to elicit its main effect in the CNS (14). In addition,
since eflornithine is a trypanostatic drug, it is rather slow acting
and therefore needs to be present at sufficient levels in plasma or
CNS for a certain time period. Eflornithine (a-difluoromethylor-
nithine [DFMOY]) is a 50:50 racemic mixture of its L- and D-enan-
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tiomers. It has been shown that the enantiomers display different
potencies in vitro, with the L-enantiomer having up to a 20-fold-
higher affinity for the target enzyme ornithine decarboxylase (15).
The L-enantiomer also appears to be more potent in cultured T.
brucei gambiense parasites (R. Brun, Swiss Tropical Institute, per-
sonal communication). Consequently, measuring exposure to the
active enantiomer becomes important when investigating the pos-
sibilities of an oral-based treatment.

There are currently no peer-reviewed published studies with
human data on the stereoselective pharmacokinetics of eflorni-
thine; only a few published studies exist with data in rats after
single oral and intravenous administration (16, 17). No difference
in clearance was found between the enantiomers, but the L-enan-
tiomer displayed a relatively lower bioavailability (30%) than that
of the D-enantiomer (59%). Based on the results of the deconvo-
lution of oral plasma concentration-time profiles, enantiomeric
ratios in feces, and in vitro permeability measurements in Caco-2
cells, this difference was suggested to be due to a mechanism oc-
curring in the gut or at the absorption site. Neither showed a
stereoselective difference in bioavailability as a consequence of
presystemic metabolism. Although the mechanistic explanation
for the stereoselective difference in the bioavailability of eflorni-
thine remains unidentified, these preclinical data might explain
why previous attempts to develop an oral treatment have failed. In
patients with HAT, it is possible that the systemic exposure of the
more potent enantiomer is lower than expected.

The present investigation aimed to characterize the stereospe-
cific pharmacokinetics of eflornithine in late-stage HAT patients
receiving the oral racemic drug. In addition, the plasma and cere-
brospinal fluid (CSF) concentrations of L-eflornithine or total ef-
lornithine required for the eradication of T. brucei gambiense were
investigated.

MATERIALS AND METHODS

Patients and study design. The study was conducted during 2000 to 2002
at the Project de Recherches Cliniques sur la Trypanosomiase (PCRT),
Daloa, Céte d’Ivoire. Prior to the study initiation, approval of the study
protocol was obtained from the Ministry of Public Health, Cote d’Ivoire.
Detailed descriptions of the study design, drug administration, clinical
and parasitological assessment, and blood and CSF sampling protocol
have been described (12). A total of 25 (16 males and 9 nonpregnant
nonlactating females) late-stage T. brucei gambiense patients age 18 to 69
years and weighing 43 to 63 kg were included in the study. None were
unconscious, critically ill, or had any condition that necessitated imme-
diate and concomitant treatment, and none had a chronic medical illness.
No patient had a history of trypanosomicidal pretreatment for the infec-
tion episode at the time of the study. A summary of the demographic,
clinical, and laboratory data according to treatment group is presented in
Table 1.

The patients were randomly allocated to receive one of the two oral
treatment regimens of racemic eflornithine as follows: group I (n = 12)
received 100 mg/kg of body weight every 6 h for 14 days, and group II (n =
13) received 125 mg/kg of body weight every 6 h for 14 days. The doses
from day 8 and onward were reduced from the initial calculated doses in
five patients (three in group I and two in group IT) due to weight loss in the
patients, about 10 and 36% in four patients and one patient, respectively.
Except for additional trypanosomicidal drugs (e.g., pentamidine, melar-
soprol, and nifurtimox), all drugs necessary for the welfare of the patients
were allowed. The signs and symptoms of trypanosomiasis were assessed
during treatment, at the end of treatment (24 h after last dose), and at 1, 3,
6, and 12 months after the end of treatment. At these follow-ups, a lumbar
puncture for CSF examination of T. brucei gambiense and white blood cell
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TABLE 1 Summary of patient demographics according to dose group at
study initiation

Data for group:

Patient characteristic” 1 11

No. of patients 12 13

Age (median [95% CI]) (yr) 27.5 (23, 39) 25 (20, 40)
No. of males 6 10

No. of females 6 3

Wt (median [95% CI]) (kg)

Ht (median [95% CI]) (cm)

WBC in CSF (median [95% CI])
(cells/pl)

Hemoglobin (median [95% CI]) (g/dl) 10.7 (9.8, 11.5) 10.3 (8.6, 13.2)

%95% CI, 95% confidence interval; WBC, white blood cells; CSF, cerebrospinal fluid.

50 (45, 52)
167 (161, 174)
142.0 (98, 620)

55 (49, 60)
168 (163, 175)
366 (96, 704)

counts, including an examination of lymph node aspirate (if typical nodes
were present) and blood for trypanosomes (using microhematocrit cen-
trifugation and miniature anion-exchange centrifugation technique)
were performed. Cure was defined as the disappearance of parasite in
blood, lymph node, and CSF samples at the end of treatment, with no
subsequent reappearance during the 12-month follow-up.

A total of 14 heparinized blood samples (3 ml each) were collected
from each patient in each group before the first dose on day 1 and the
second dose on day 10. Frequent blood samples were obtained following
the last dose on day 15 at 0 (pretreatment), 10, 20, 30, and 45 min, and 1,
2,3,6,9, 14, and 24 h after dosing. The CSF samples (3 ml each) were
collected through a lumbar puncture before treatment and at 5 min before
the second dose on day 10 and the last dose on day 15. The plasma and CSF
samples were stored at —196°C in liquid nitrogen until they were trans-
ported (in dry ice) to Thammasat University, Thailand. At Thammasat
University, the samples underwent nonstereoselective analysis and there-
after were stored at —196°C liquid nitrogen until they were transported
(in 2008), under dry ice, to Gothenburg University, Sweden. At Gothen-
burg University, the samples were stored at —80°C until they were rean-
alyzed in 20009.

Drug analysis. The concentrations of L- and p-eflornithine in plasma
and CSF samples were determined according to the previously described
stereospecific liquid chromatographic method (18). p-/L-Eflornithine
(p,L-a-difluoromethylornithine) hydrochloride was provided by the
WHO/Special Programme for Research and Training in Tropical Diseases
(TDR) (Geneva, Switzerland). To evaluate potential racemization, the
L-eflornithine and p-eflornithine enantiomers were synthesized by Lipitek
International, Inc. (San Antonio, TX, USA). The mean accuracies (%
error) for the L- and p-eflornithine assay in plasma at concentrations of 3,
400, and 1,000 pM were —7.3, 7.1, and 4.9% and —5.0, —6.8, and 4.0%,
respectively. The corresponding values for intraday precision (% coeffi-
cient of variation [%CV]) were 7.1, 3.8, and 6.7%, and 5.4, 4.7, and 6.0%,
respectively. The corresponding values for interday precision (%CV) were
8.9,5.7,and 1.9%, and 5.3, 6.3, and 4.0%, respectively. The lower limit of
quantification (LLOQ) was set to 1.5 wM. The quantification of L- and
p-eflornithine in the CSF samples was identical to that described for
plasma, except that artificial CSF was used for the calibration curve and
quality control (QC) samples (19). Accuracy and precision were within
15% error for all concentrations (4.5, 35, and 150 M each enantiomer)
during the analytical runs. The LLOQ was set to 1.5 M. Racemic eflorni-
thine was previously shown to be stable for a minimum of 6 months at
—80°C with no observed tendency toward degradation. Neither freeze nor
thaw cycles (n = 3) degrade racemic eflornithine (20).

To investigate possible racemization, blank plasma was spiked with
either 1- or p-eflornithine corresponding to final concentrations of 390
and 450 M, respectively. The prepared samples were divided into ali-
quots (75 wl) and stored, together with blank plasma, at either 8°C or
—27°C for 3 months. The samples were then reanalyzed to investigate the
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stabilities of the separate enantiomers and to investigate whether the
spiked enantiomer could form the other enantiomer. For the samples
spiked with a separate enantiomer, the peak area corresponding to the
retention time of the opposite enantiomer was integrated and compared
to that of the blank plasma. The mean (standard error) peak areas (n = 3)
for r-eflornithine when stored at 8°C and —27°C were 2,229 * 50 mVs
and 2,212 * 99 mVs, respectively. The corresponding peak areas for p-
eflornithine were 2,334 = 113 mVs and 2,379 = 77 mVs, respectively. In
both the - and p-eflornithine-spiked samples, no peak areas of the oppo-
site enantiomer were detected in the samples stored at 8°C and —27°C,
respectively. No further statistical analysis was done, as no difference in
peak area was detected. Thus, eflornithine enantiomers were stable and
did not show signs of racemization when stored at 8°C for 3 months.

Plasma and CSF concentrations of L- and p-eflornithine. The sum of
the determined plasma and CSF concentrations of - and p-eflornithine
were compared to the previously determined total concentrations (12)
using three approaches: (i) a comparison of the average plasma concen-
tration for each sampling time point of each enantiomer, (ii) an investi-
gation of the number of samples that showed >30% and 15% difference,
and (iii) a direct comparison of the newly determined concentrations (the
sum of L- and p-enantiomer) and the previously determined total concen-
trations (12).

Pharmacokinetic and pharmacodynamic analysis. (i) Population
pharmacokinetic modeling. In the pharmacokinetic modeling, per-pro-
tocol doses were used (for each enantiomer, 50% of the total racemic dose
in molar units). The units for dose and concentrations were molar. The
plasma concentrations of L- and p-eflornithine were modeled separately
by nonlinear mixed-effect modeling using NONMEM version 7.2 (Icon
Development Solutions, Ellicott City, MD, USA). The pharmacokinetic
data were analyzed using first-order conditional estimation with interac-
tions (FOCE INTER) (21). The R-based program Xpose4 and PsN were
used throughout the modeling procedure for handling the model files and
graphics (22-24). Several structural pharmacokinetic models were evalu-
ated during the modeling process. For drug distribution, one-, two-, and
three-compartment models with linear elimination clearance were evalu-
ated. In addition, nonlinear intercompartmental clearance and nonlinear
binding to the peripheral compartment were also assessed (17, 25, 26). For
the absorption process, the models with a first-order absorption constant
with and without lag time were evaluated. Alternatively, the lag time was
replaced by manually adding a number of transit compartments (n = 1 to
15) prior to reaching the absorption site (27, 28). In addition, models with
either sequential zero- to first-order absorption or simultaneous zero-
and first-order absorption, both with or without lag time, were tested.
Since patients received an oral dose only, the absolute bioavailabilities of
the separate enantiomers in these patients were not determined. Thus,
clearance, intercompartmental clearance, and volume of distribution
were apparent parameters (oral) parameters. To explore the interindi-
vidual variability of the relative bioavailability (F), this value was fixed to
one. Between-subject variability of all pharmacokinetic parameters was
modeled as exponential models, assuming a log-normal distribution.
Random residual variability was modeled as a proportional and an addi-
tive error of the observations. Throughout the modeling process, shrink-
age was monitored for between-subject and random residual variability
(29). The potential covariates for plasma pharmacokinetics (dose level,
body weight, age, gender, concomitant medication, and hemoglobin
level) were visually explored and added later on as linear or categorical
covariates. The inclusion of covariates was assessed by using the log like-
lihood ratio, in which the difference in the objective function value (OFV)
between the full and reduced models was asymptotically chi-square dis-
tributed. A decrease in the OFV of 3.84 between two nested models (1
degree of freedom) was considered to indicate a statistically superior
model (P < 0.05). Model selection was based on structural diagnostic
plots, mechanistic plausibility, OFV, and the precision of the parameter
estimates. The diagnostic plot visual predictive checks (VPC) were also
applied (30). Throughout the modeling process, the robustness of the
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parameter estimate was evaluated using bootstrap analyses. The final
model was used to generate a VPC plot by simulating 1,000 new data sets
based on the design of the original data set. These simulations were used to
compute the 95% confidence intervals (95% CI) for the 10th, 50th (me-
dian), and 90th percentiles of the concentrations at each time point. These
simulations were then compared graphically with the 10th, 50th, and 90th
percentiles derived from the observed data. The robustness of the plasma
pharmacokinetic parameters was evaluated using a nonparametric boot-
strap of 1,000 data sets.

(ii) Cerebrospinal fluid analysis. The ratios of the CSF concentrations
of .- and p-eflornithine from day 10 onwards were determined in order to
assess the steady-state status of each enantiomer. The correlation between
the CSF and plasma concentrations of each enantiomer was evaluated
using linear regression analysis. The correlation was considered statisti-
cally significant if the 95% CI of the slope was greater than zero.

(iii) Pharmacodynamic analysis. Binary logistic regression was ap-
plied for an assessment of the relationship between the probability of
relapse and plasma or the CSF levels of L-eflornithine and total eflorni-
thine (the sum of 1- and p-eflornithine) concentrations. For plasma, the
average trough concentration at steady state (C, ..;,,)» the concentration
at 3 h after the last dose, and the area under the concentration-time curve
in a dosing interval (AUC,) were used. The C _;, was calculated for each
patient by averaging the concentrations attained on day 10, prior to the
last dose on day 15, and that at 6 h after the last dose. AUC_ was calculated
from the individual estimate of model-based oral clearance (CL/F) as
AUC, = dose/CL/F, where the dose corresponds to the micromolar dose
of each enantiomer at a dosing interval. For CSF, the average of the con-
centrations from days 10 and 14 were used. The probability of being cured
[P(cure)] was modeled as a binary function of the observed L- and total
eflornithine concentrations, as follows: P(cure) = (@ 0 > eflornithine) g 4.
ele + b > eflomithine)] “yhoere g is the intercept, and b is the slope of the
probability changes with an increase in eflornithine concentration or ex-
posure (AUC,). The pharmacodynamic data were analyzed using FOCE
and the LAPLACE option in NONMEM 7.2. The parameter estimates and
precision for the relationship between cure and drug exposure were ob-
tained from a nonparametric bootstrap of 1,000 data sets. The correlation
was considered statistically significant between the probability of being
cured and drug exposure when the 5th and 95th percentiles of the slope
were greater than zero.

RESULTS
Plasma and CSF concentrations of L- and D-eflornithine. The
sum of the L- and D-eflornithine [L+D] concentrations agreed well
with the total [E] concentrations previously reported for the non-
stereospecific analysis of eflornithine concentrations in the same
group of patients (Fig. 1) (12). The mean (95% CI) [L+D]/[E]
ratio in a total of 316 samples was 1.08 (0.99, 1.17). When regress-
ing the sum of 1- and D-eflornithine plasma concentrations
against the total concentrations, the mean (95% CI) slope and
intercept were 0.97 (0.93, 1.01) and 6.8 (—6.1, 19.6), respectively.
Of the measured samples, 33 and 16% deviated from the previ-
ously reported total concentrations by >15 and 30%, respectively.
This was primarily at total concentrations of <100 wM. Two in-
dividual measurements were 40% higher than the previously re-
ported concentrations. Five samples collected at the last sampling
points that were previously reported to be below the LLOQ were
measurable with the enantiospecific method. For the CSF sam-
ples, the corresponding mean ratio of [L+D]/[E] was 1.12 (95%
CI, 1.05, 1.19; n = 50). The mean slope and intercept for the
regression equation were 0.98 (95% CI, 0.84, 1.11) and 5.03 (95%
CI, —1.49, 11.5), respectively.

L- and D-eflornithine plasma pharmacokinetics. No chro-
matographic peak corresponding to L- or D-eflornithine was de-
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FIG 1 The average plasma concentration profiles of total (D+L) eflornithine
after the last dose on day 15, with oral administration of racemic eflornithine at
100 or 125 mg/kg in late-stage HAT patients. The gray lines correspond to the
previously published data, where the solid line is the average and the dashed
lines correspond to the 95% CI of the average concentration profile. The black
lines correspond to the sum of L- and D-eflornithine, where the solid and
dashed lines correspond to the average and the 95% confidence intervals,
respectively.

tected in the plasma samples collected from all patients prior to
drug administration. The plasma concentrations of L-eflornithine
were, on average, 52% (95% CI, 51, 54%; n = 321) of the D-
enantiomer concentrations. The plasma pharmacokinetics of

L-eflornithine

1000 =
100 mg/kg qid

0 4 8 12 16 20 24

125 mgl/kg qid

DFMO concentrations (M)

0o 4 8

12 16 20 24

both enantiomers were best described by a two-compartment
model with linear clearance and zero- to first-order absorption
rate with lag time (Fig. 2, 3, and 4 and Table 2). The median
simulated and observed data of each enantiomer agreed well in the
two dosing groups (Fig. 2).

The population-estimated absorption model parameters lag
time (T,,), zero-order drug transfer to the absorption compart-
ment (duration), and the first-order absorption constant (K,)
were nearly identical for L- and D-eflornithine. Other pharmaco-
kinetic parameters of the L-enantiomer were significantly (95%
CIs not overlapping) greater than those of the D-enantiomer (Ta-
ble 2). The shapes of the plasma concentration-time profiles were
very similar for the two enantiomers, although the actual concen-
trations of L-eflornithine were about half of those of b-eflornithine
(Fig. 4). A marked interindividual variability (IIV) was observed
for K, and the peripheral volume of distribution (V,,/F). Random
residual variability was modeled as proportional to the observed
values. The additive part of the residual error was set to zero, as it
was not identified. The shrinkages for interindividual and random
residual variability were between 7.5 and 18% for all parameters,
except for IIV on CL/F for the L-enantiomer, for which shrinkage
was 26%. The exclusion of the two individuals that deviated by
>40% from the previously reported concentrations did not affect
the population estimates, and the data were therefore retained in
the population analysis. The parameter estimates after bootstrap-
ping agreed well with the original model (Table 2). None of the
covariates evaluated (dose level, body weight, age, gender, con-
comitant medication, and hemoglobin level) was found to be as-
sociated with the kinetic parameters (OFV < 3.84).

Cerebrospinal fluid analysis. No peak corresponding to L-ef-

D-eflornithine

100 mg/kg qid

10

0 4 8
Time after dose (hrs)

12 16 20 24

FIG 2 Visual predictive check of the final L- (left) and p-eflornithine (right) model according to treatment group. The circles are the measured concentrations,
and the black solid lines are the 10th, 50th, and 90th percentiles of the observed data. The dashed lines are the model-simulated 10th, 50th, and 90th percentiles.
The gray shaded areas are the 95% confidence intervals around the 10th and 90th simulated percentiles.
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FIG 3 Goodness-of-fit plots for the L-eflornithine (left four graphs) and p-eflornithine (right four graphs) pharmacokinetic model. (Panels a) Measured
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dashed line is the LOESS and should not give a pronounced slope along the x axis (panels ¢ and d, each set of graphs).

lornithine was observed in the chromatograms of CSF samples
obtained prior to administration of the first dose. For D-eflorni-
thine, however, a peak was found, and this was on average 9%
(n = 50; standard deviation [SD] = 8%; range = 1 to 36%; 95%
CI, 7,9%) of the measured levels on days 10 and 15. This area was
therefore subtracted from the measured peaks on days 10 and 15.
The CSF concentrations of the two enantiomers on days 10 and 15
were similar, suggesting the attainment of steady-state level at least
from day 10 onwards. The mean (95% CI) concentration ratios
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FIG 4 Simulated plasma concentration-time profile of L- (solid line) and D
eflornithine (dashed line) based on the population pharmacokinetic parame-
ter estimates at a dose of 100 mg/kg of racemic eflornithine given every 6 h.
Depicted are the last two doses during the study period.

February 2015 Volume 59 Number 2

Antimicrobial Agents and Chemotherapy

between days 15 and 10 were 0.99 (0.83, 1.15) and 0.99 (0.84, 1.16)
for L- and D-eflornithine, respectively. The concentrations of the
L-enantiomer on days 10 and 15 were on average 49% (95% CI, 47,
50%) of the concentrations of the D-enantiomer. A significant
correlation was observed between the CSF and plasma concentra-
tions of the two enantiomers (95% CI of slope greater than zero,
Fig. 5). There was no difference in the CSF-to-plasma concentra-
tion ratios between the two enantiomers.

Pharmacodynamic analysis. Of the 25 patients included in the
study, six were reinfected within 6 months after the end of treat-
ment. There appeared to be an association (although not statisti-
cally significant) between the probability of being cured and CSF
concentrations of >23 wM L-eflornithine and 68 uM total eflo-
rnithine, respectively (Table 3 and Fig. 6, top). For plasma (Table
3 and Fig. 6, middle), C ,.,;, was significantly associated with cure
(5th and 95th percentiles greater than zero; Table 3 and Fig. 6,
middle), and concentrations of >105 M L-eflornithine and 310
.M total eflornithine cured all patients.

Plasma samples taken 3 h after the last dose did not provide a
clearer relationship than did C ,;, (data not shown). AUC, (Ta-
ble 3 and Fig. 6, bottom) appeared to provide the best relationship
to the probability of being cured; AUC, values of 750 and 2,200 h -
pmol/liter for L- and total eflornithine, respectively, were associ-
ated with a cure response in all patients.

DISCUSSION

Eflornithine and eflornithine-based treatments are commonly
recommended as first-line treatments for late-stage HAT (2, 10,
11). For an efficient eradication of the Trypanosoma parasites,
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TABLE 2 Eflornithine pharmacokinetic parameter estimates of 1- and p-eflornithine after oral racemic doses of 100 or 125 mg/kg QID for 14 days

in patients with African trypanosomiasis

Original data set”

Bootstrap data set*

Median estimate (2.5th, Median ITV %
Parameter” Estimate (95% CI) IV % (RSE) 97.5th percentile) (median RSE)
L-Eflornithine
CL/F (liters/h) 17.4 (15.5,19.3)¢ 17.9 (32.1) 17.24 (15.6, 19.3)¢ 16.6 (61.4)
VJ/F (liters) 55.3 (44.3, 66.3)7 55.0 (39.2, 71.4)7
V,/E (liters) 64.8 (42.3, 87.3)¢ 81.1 (20.0) 66.3 (42.4, 108)" 77.1 (40.5)
CL,/F (liters/h) 8.05 (4.61, 11.5)" 8.01 (3.31, 15.0)4
F 1 (FIX) 26.1 (18.8) 1 (FIX) 24.7 (36.0)
Lag time (h) 0.433 (0.312, 0.554) 0.447 (0.359, 0.581)
K, (1/h) 1.098 (0.68, 1.51) 109 (11.0) 1.16 (0.654, 2.27) 108 (32.3)
Duration (h) 1.96 (1.54, 2.38) 2.00 (1.72, 2.96)
Proportional residual error (%) 18.9 (15.7,22.1) 18.8 (15.5,21.9)
D-Eflornithine
CL/F (liters/h) 8.23 (7.36,9.10)* 17.9 (33.5) 8.21 (7.50, 8.95)¢ 18.4 (53.9)
V/F (liters) 30.6(22.9, 38.3)* 31.6 (26.3,37.9)¢
V,/E (liters) 13.5 (9.95, 17.05)¢ 51.4 (26.4) 14.3 (9.99, 19.2)¢ 55.1 (46.2)
CL,/F (liters/h) 1.39 (0.686, 2.09)¢ 1.27 (0.477, 2.28)¢
F 1 (FIX) 28.8 (25.6) 1 (FIX) 28.0 (48.9)
Lag time (h) 0.340 (0.202, 0.478) 0.344 (0.184, 0.520)
K, (1/h) 1.39 (0.834, 1.95) 115 (13.6) 1.44 (0.925, 2.83) 114 (30.0)

Duration (h)

2.06 (1.86, 2.26)

Proportional residual error (%) 15.6 (12.8,18.4)

2.08 (1.88,2.38)
15.0 (12.3, 18.3)

“ The parameters correspond to a typical body weight of 52.4 kg. CL/F, apparent oral clearance; V./F, apparent central volume of distribution; V,/F, apparent peripheral volume of
distribution; CLp,/F, apparent intercompartmental clearance; F, relative bioavailability, set to 1; lag time, time after when absorption starts; K, absorption rate constant; duration,

zero-order absorption time.
b CI, confidence interval; RSE, relative standard error; I1V, interindividual variability.

¢ Bootstrap estimates correspond to the parameters by bootstrapping 1,000 data sets, of which 946 and 943 runs for L- and p-eflornithine were successful, respectively. The

successful runs were used to calculate the percentiles.

4 Pharmacokinetic parameters that were significantly greater (95% CI not overlapping and 2.5th and 97.5th percentiles not overlapping) for L-eflornithine than for p-eflornithine.

sufficient levels of eflornithine must be achieved in both plasma
and the CNS (14, 32). In vitro data suggest that it is the L-form that
is the principal active enantiomer when eflornithine enantiomers
are present in equimolar amounts (15; R. Brun, Swiss Tropical
Institute, personal communication). Taken together, these data
suggest that the stereoselective pharmacokinetics of both enan-
tiomers need to be addressed when evaluating the possibility of
developing a simplified mode of eflornithine dosing. The present

D-eflornithine

L-eflornithine

CSF concentration (uM)

0 50 100 150 200 250 O 100 200 300 400 500
Plasma concentration (umol/L)

FIG 5 Correlation between cerebrospinal fluid (CSF) and plasma concentra-
tions for L- (left) and p-eflornithine (right). The solid line constitutes the best
line of fit allowing a fitted intercept, and the dashed line corresponds to the best
line of fit using origin as an intercept. The mean slope and intercept for L-
eflornithine were 0.096 (95% CI, 0.047, 0.145) and 6.22 (95% CI, 1.34, 11.1).
For D-eflornithine, the mean slope and intercept were 0.107 (95% CI, 0.050,
0.163) and 9.70 (95% CI, —2.29, 21.7), respectively. The slopes for L- and
D-eflornithine when using origin as an intercept were 0.15 (95% CI, 0.134,
0.174) and 0.15 (95% CI, 0.131, 0.169), respectively.
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study is the first report of stereoselective pharmacokinetics of ef-
lornithine enantiomers in patients with late-stage HAT.

It has been an issue of discussion on how different analytical
methods for drug concentration data should be most appropri-

TABLE 3 Parameter estimates for logistic regression model for
probability of being cured versus CSF, C,,.in» and model estimated
plasma AUC in a 6-h dosing interval”

Median (5th and 95th percentiles):
Parameter by

enantiomer” Slope
CSF
L-Eflornithine
Total eflornithine

Intercept

0.116 (—0.0278, 0.417)
0.0460 (—0.00448, 0.155)

—0.499 (—3.86, 31.5)
—0.841 (—4.70, 1.66)
Cesmin
L-Eflornithine
Total eflornithine
AUC,
L-Eflornithine
Total eflornithine

0.0343 (0.0103, 0.0891)
0.0125 (0.00393, 0.0327)

—1.82 (—5.83,0.741)
—2.17 (—6.80, 0.423)

0.00865 (0.00345, 0.0272)
0.00368 (0.00178, 0.0914)

“ CSF, cerebrospinal fluid; C ,.,;,,, average trough concentration at steady state. The
estimates are presented as the median and 5th and 95th percentiles based on 1,000 data
sets generated by a nonparametric bootstrap of the original data set.

b CSF concentrations are the average concentrations on days 10 and 15 (n = 2). Coomin
is the average plasma concentration prior to the next dose or 6 h after the last dose (n =
3). AUC, is the area under the plasma concentration-time curve in the dosing interval
(1 = 6 h). The total eflornithine is the sum of the L- and p-eflornithine concentrations.
The bootstrap estimates correspond to parameters by bootstrapping 1,000 data sets for
each enantiomer and exposure measurement. Runs without successful conclusion
(“MINIMIZATION SUCCESSFUL”) were omitted for analysis (1 = 1 to 29); 979 to
999 runs were included when calculating the percentiles.

—4.47 (—15.2, —0.843)
—6.07 (—16.8, —2.32)
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FIG 6 Probability of cure versus L-eflornithine (left) and the sum of L- and D-eflornithine (total eflornithine, right) drug exposures. The top row depicts the
probability of cure regressed against the average observed cerebrospinal fluid concentration (CSF) from days 10 and 15. The second row shows the probability
of cure regressed against the average plasma concentration prior to dose administration (C ,..;,). The bottom row displays the probability of cure regressed
against the model-estimated AUC in a dosing interval (AUC,). The solid lines correspond to the median values, and the dashed lines correspond to the 95th and

5th percentile model fits obtained from 1,000 nonparametric bootstrap data sets.

ately compared to identify possible biases between the methods
(33). In the present study, three approaches were applied, and the
results showed a higher deviation between the measurements at
concentrations of <100 wM. Whether this was a consequence of
poor precision of the enantiospecific or the nonenantiospecific
assay was not definitely concluded. However, since the results of
the two methods generally agreed well for plasma and CSF, no
further investigations of this were deemed necessary. For the D-
eflornithine enantiomer, a peak was found in the CSF samples
prior to dose administration. Although the peak was minor in
relation to the measured D-eflornithine concentrations (on aver-
age, 9%), it suggests that should this bioanalytical method be used
for future studies, the endogenous peak should be identified and
CSF samples should be taken prior to the administration of eflo-
rnithine.

The pharmacokinetics of L- and D-eflornithine were modeled
using a zero- to first-order absorption rate with lag time and a
two-compartment model with linear clearance. Based on this ab-
sorption model, the results suggest that the absorption rate ex-
pressed in absolute amounts of eflornithine enantiomers in-
creased up to approximately 2 h after dosing and thereafter
displayed a monoexponential decline. This absorption/input pro-
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file is very similar to that previously observed in rats following
single doses and the deconvolution of oral plasma concentration
profiles of both enantiomers (17). Physiologically, this might be a
consequence of drug transport along the gastrointestinal tract,
although these types of mechanisms are usually described with a
first-order process (27, 34). The zero- to first-order absorption
model can also be parameterized, so that the zero-order rate is in
proportion to amount of the administered drug (amount per unit
time) that would result in a dose dependency of time to reach
maximum plasma concentrations. In a rat after single oral dose,
there was a dose dependency in the time to reach maximum
plasma concentrations when covering a wide dose range (40 to
3,000 mg/kg of body weight of racemic eflornithine) (17). In the
present study, with a relatively narrow dose range (100 to 125
mg/kg of body weight QID), there was no improvement in the
model fits using this reparameterization, which was therefore
omitted. The multicompartmental (three or four) profile of eflo-
rnithine in humans has been reported after short-term (5-min)
intravenous infusions (35). In rats, the pharmacokinetic profile
after intravenous infusions (60 to 420 min, at the doses of 100 to
2,700 mg/kg of body weight) exhibited a three-compartmental
model with saturable binding to one of the peripheral compart-
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ments (17). These data suggest a more complex multicompart-
mental profile of eflornithine; however, further extension of the
pharmacokinetic model was not supported by the present data. It
is also of note that if the present model is applied for the subse-
quent planning of future oral eflornithine-based clinical studies,
the terminal phase after the last dose during the 2-week QID dos-
ing period has minimal impact on drug efficacy, due to its low
contribution to the total AUC, for the treatment of late-stage HAT
patients.

No covariates under investigation were found to significantly
affect the pharmacokinetic parameters of the two enantiomers of
eflornithine. A slightly lower clearance was observed in females
(approximately 5% for both L- and p-eflornithine), and clearance
was also slightly positively correlated with body weight. Eflorni-
thine is primarily eliminated by renal excretion (fraction excreted,
>80%); no metabolites have been found, and the drug does not
bind to plasma proteins (36). Its intravenous clearance is low (1.2
to 2 ml/min/kg) and is similar to the glomerular filtration rate (14,
36, 37). It is believed that these observed relationships, although
not significant, might be a consequence of the influence of gender
and body weight on the glomerular filtration rate (38).

The difference in the systemic exposure of each enantiomer of
eflornithine was clearly observed. A close-to-identical observation
was also found in rats, which was shown to be due to the difference
in the extent of the stereoselective absorption of each enantiomer
(16, 17). The underlying mechanism was suggested to be either
stereoselective paracellular absorption, chiral chemical complex
formation, or active uptake in the gastrointestinal tract (17). The
CSF-to-plasma concentration ratios were similar for the two
enantiomers, suggesting that entry into and out of CSF is a non-
stereoselective process. The CSF-to-plasma concentration ratio
agreed with the previously published nonstereospecific analysis
(12). A sufficient concentration of eflornithine in the CNS has
been suggested to be a determinant of treatment efficacy in late-
stage HAT patients (32, 39). It is noted that the CSF samples used
in the present study were collected from each patient by lumbar
puncture, and the concentrations at this site may not always cor-
relate well with the concentrations closer to the brain. It has been
recommended that CSF concentrations of >50 pmol/liter are re-
quired to be maintained during therapy to avoid treatment failure
(11). The recommendation is based on the information on CSF
levels after intravenous administration of racemic eflornithine.
Based on the available data from studies in rats (17), it is likely that
steady-state plasma and CSF concentrations for the enantiomers
are equivalent after intravenous dosing in humans. Considering
that the L-enantiomer is the principal active enantiomer, the min-
imum CSF concentration of L-eflornithine required to eradicate
the parasite is considered to be 25 wM following oral administra-
tion of racemic eflornithine. The results from the present study
showed that CSF concentration was not a reliable predictor of
treatment response (nonsignificant relationship), although
steady-state CSF concentrations of >23 wM L-enantiomer and 68
M total eflornithine cured all patients. The lack of correlation
might be explained by sampling or analytical error, or by an inad-
equate number of study subjects. The present data also indicate
that Cy i, might be used instead of CSF concentration as a pre-
dictor of treatment response.

Plasma AUC, appeared to be the parameter that was most cor-
related to the probability of being cured. The concentrations of the
L-enantiomer did not reveal a clearer relationship than that with

1306 aac.asm.org

Antimicrobial Agents and Chemotherapy

total eflornithine. Based on the logistic regression, an AUC, of
L-eflornithine of =800 h - pmol/liter is required for a cure. This
would necessitate an oral racemic dose of 125 mg/kg of body
weight QID for 14 days. Considering the estimated variability in
oral clearance and the relative bioavailability in this study (esti-
mated through Monte Carlo simulations), a racemic dose of up to
205 mg/kg of body weight QID for 14 days (820 mg/kg of body
weight/day) would be required to ensure that this exposure level is
maintained in >95% of the patients. A tolerability assessment of
this dose level is essential. Approaches to increase the bioavailabil-
ity of eflornithine should be considered, in particular for the more
potent L-enantiomer.

The recent introduction of nifurtimox-eflornithine combina-
tion treatment (NECT) has allowed the intravenous infusion of
eflornithine to be reduced from 100 to 150 mg/kg of body weight
QID for 14 days to 200 mg/kg of body weight BID for 7 days (40).
With this dose regimen, it is expected that the total drug exposure
of eflornithine, defined as the daily AUC times the treatment pe-
riod, would be reduced by half. Whether this might enable the
combination of oral eflornithine and nifurtimox to be used as an
effective treatment requires further investigation. A pharmacoki-
netic investigation of each enantiomer, particularly the L-enan-
tiomer, is required.

The results of the present study may explain why the oral treat-
ment of late-stage human HAT patients with racemic eflornithine
has hitherto failed, and it emphasizes that stereoselective pharma-
cokinetics needs to be considered when any oral eflornithine-
based dosage regimen is explored.
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