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Abstract Enantioselective pharmacokinetics and absorp-
tion of eflornithine in the rat was investigated using popula-
tion pharmacokinetic modeling and a modified deconvolution
method. Bidirectional permeability of L- and p-eflornithine
was investigated in Caco-2 cells. The rat was administered
racemic eflornithine hydrochloride as a single oral dose
[40-3,000 mg/kg bodyweight (BW)] or intravenously (IV)
(100-2,700 mg/kg BW infused over 60—400 min). Serial
arterial blood samples were collected and L- and p-eflorni-
thine were quantitated with a previously published chiral
bioanalysis method. The D:L concentration ratio was deter-
mined in rat faeces. Intravenous L-and p-eflornithine plasma
concentration—time data was analyzed using population
pharmacokinetic modeling and described with a
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3-compartment pharmacokinetic model with saturable bind-
ing to one of the peripheral compartments. Oral plasma
concentration-time data was analyzed using a modified
deconvolution method accounting for nonlinearities in the
eflornithine pharmacokinetics. Clearance was similar for both
enantiomers (3.36 and 3.09 mL/min). Oral bioavailability
was estimated by deconvolution at 30 and 59 % for L- and
p-eflornithine. The D:L concentration ratio in feces was 0.49
and the Caco-2 cell permeability was similar for both enan-
tiomers (6—-10 x 1078 cm/s) with no evident involvement of
active transport or efflux. The results presented here suggest
that the difference in the bioavailability between eflornithine
enantiomers is caused by a stereoselective difference in
extent rather than rate of absorption. The presented modified
deconvolution method made it possible to account for the
non-linear component in the suggested three-compartment
pharmacokinetic model thus rapidly estimating eflornithine
oral bioavailability.

Keywords Deconvolution - Eflornithine -
Pharmacokinetics - NONMEM - Rat

Introduction

Eflornithine (DL-a-difluoromethylornithine, DFMO) is an
irreversible inhibitor of ornithine decarboxylase (ODC),
the enzyme responsible for polyamine biosynthesis [1, 2].
Polyamines are required for optimal cell growth both in
bacteria and eukaryotic cells. Eflornithine was initially
developed as a possible cancer treatment but never mar-
keted for that indication. However, lately it has again been
proposed for treatment of colon cancer [3-7].

During the early 1980’s eflornithine was found to be
trypanostatic and it was suggested to be efficacious for
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treatment of Human African Trypanosomiasis (HAT), also
known as African sleeping sickness [2]. HAT is a parasitic
disease with a near 100 % mortality if left untreated [8]. It
is estimated that 60 million people are at risk of being
infected in sub-Saharan Africa, and the disease has been
ranked as the world’s third most important parasitic disease
when adjusted for life years lost [9]. HAT disease pro-
gression is divided into two stages; an early, haemolym-
phatic, stage and a late, encephalitic, stage. The early stage
is characterized by diffuse influenza like symptoms and in
the late encephalitic stage, once the parasite has entered
into the central nervous system, an array of neurological
symptoms occur that finally leads to death [9]. For the
treatment of late-stage HAT, only a few drugs are avail-
able. The most commonly used treatments depend on either
melarsoprol or eflornithine [10]. The arsenical drug mel-
arsoprol is administered intravenously, known to cause
severe side effects and recently parasite resistance has
emerged [11]. Eflornithine-based treatment is recom-
mended as first-line against late-stage HAT. Phase III
clinical studies have shown that intravenous eflornithine
combined with oral nifurtimox is a promising new treat-
ment [12, 13]. This combination was recently adapted by
the WHO [14]. The main problem with eflornithine treat-
ment is the complicated mode of administration, consisting
of intravenous infusions of 100-200 mg/kg BW, every 6th
to 12th h for 7-14 days. Consequently, numerous patients
are left untreated [12, 13, 15]. A simplified mode of
administration, preferably oral, would enable more patients
to gain access to treatment but attempts to develop an oral
treatment has so far failed [15].

Eflornithine is administered as a racemic mixture and it
has been shown that the enantiomers display different
in vitro potency. The L-enantiomer has up to a 20-fold
higher affinity for the target enzyme, ODC [1]. The
L-enantiomer also appears to be more potent in cultured
Trypanosoma brucei parasites (R. Brun, Swiss Tropical
Institute, personal communication). The differing potency
of the enantiomers suggests that it is primarily the L-form
that elicits the trypanostatic effect. When considering
alternative modes of administration it is therefore crucial to
assess exposure of enantiomers separately.

The amino acid like drug eflornithine is a small (MW:
182.2 g/mol) hydrophilic compound (logP = —2.31) and
does not bind significantly to plasma proteins [16]. Clinical
non-stereoselective pharmacokinetics of eflornithine display
a low volume of distribution of 0.2-0.8 L/’kg BW, a low
clearance of 1.2-2 mL/min/kg BW, of which 80 % is com-
posed of renal clearance and a reported bioavailability of
50-100 % [16—18]. Eflornithine has no identified metabo-
lites. There is previously only one peer-reviewed publication
regarding the stereoselective pharmacokinetics of eflorni-
thine where the pharmacokinetics after single oral and
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intravenous administration in rat was studied [19]. The study
revealed that, after oral administration of a racemic mixture,
the plasma concentrations of the L-enantiomer were
approximately half compared to the p-enantiomer. In con-
trast, after intravenous administration enantiomer plasma
concentrations were similar up to the last sampling point, 2 h
after dose. It was also found that the absorption was non-
linear at the studied doses. The difference in exposure after
oral administration was suggested to be a consequence of
stereoselective absorption over the gastrointestinal tract.
However, due to the low sensitivity of the stereoselective
bioanalytical method at hand, the dose levels used were high
[20]. Racemic oral and intravenous doses of 750-3,000 and
375-1,000 mg/kg BW, was given. This compared to doses of
100-200 mg/kg BW two to four times daily given to patients.
In addition, enantiomeric data was sparse preventing a
detailed analysis of the stereoselective pharmacokinetics. A
recently developed bioanalytical method enabled a more
thorough investigation of the stereoselective pharmacoki-
netics of eflornithine at more clinically relevant doses [21].
The overall aim of the present study was to characterize the
enantioselective population pharmacokinetics of eflornithine
after intravenous infusion to the rat and to deconvolute rat oral
plasma concentration—time data with a modified deconvolu-
tion method, thus providing an increased mechanistic
understanding of the stereoselective eflornithine absorption.
Eflornithine was studied after single oral administration and
intravenous infusions to the rat covering a wide dose range
(40-3,000 mg/kg BW) to detect potential non-linearities.
Presystemic enantiomeric metabolism was investigated by
quantitation of eflornithine enantiomers in feces and bidi-
rectional permeability was investigated in Caco-2 cell mon-
olayers both in presence and absence of a Pgp-inhibitor.

Materials and methods
Chemicals

Eflornithine hydrochloride monohydrate (MW 236.65 g/mol)
was kindly donated by WHO/TDR (Geneva, Switzerland).
Isoflurane (Forene; Abbot Scandinavia AB, Solna, Sweden)
and heparin (Leo Pharma AB, Malmo, Sweden) were
obtained from Apoteket AB (Sweden). All chemicals were of
analytical grade, and all solvents were of high-performance
liquid chromatography (HPLC) grade.

Animals

Male Sprague-Dawley rats (Charles River, Germany)
weighing 300-365 g (average weight 338 g) were accli-
matized for at least 5 days after arrival at a certified animal
facility (Experimental Biomedicine at University of
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Gothenburg, Gothenburg, Sweden). The animals were
housed under controlled environmental conditions (12-h
light—dark cycle at 25-27 °C and 60-65 % humidity). Four
rats were kept in each cage prior to surgery and thereafter
were kept separately. Food (Harlan, USA, B&K Feeds
Ponca City OK USA) and tap water were available
ad libitum prior to and after surgery. All invasive experi-
ments were performed during the light phase of the cycle.
Blood samples were however collected during both cycles.
The study was approved by the Ethics Committee for
Animal Experiments, Goteborg, Sweden (255/2005).

Animal surgery

The animals were anesthetized by inhalation of isoflurane
(2.9-3.7 % in air). Independent of route of administration,
the left jugular vein was catheterized using MRE040 1.02-
mm-outer-diameter (OD), 0.64-mm-inner-diameter (ID)
tubing and the right carotid artery were catheterized using
PE-50 0.96-mm OD, 0.58-mm-ID tubing (AgnThos,
Lidingo, Sweden), prefilled with 100 IU/ml of heparin in
saline solution. Both catheters were tunnelled subcutane-
ously to emerge at the back of the neck. Catheters were
kept patent with heparinized saline solution (20 IU/ml)
between sampling to prevent blood clotting. All animals
were allowed to recover over night after surgery. Food was
removed 6 h prior to dose administration and replaced 6 h
after start of administration.

Experimental in vivo design

Eflornithine hydrochloride was administered either orally
or as intravenous infusion. The rats were randomly divided
into dose groups. Dose levels for oral administration ran-
ged from 40 to 3,000 mg/kg BW of racemic eflornithine
hydrochloride (Table 1). Solutions for oral administration
were prepared by dissolving dry eflornithine hydrochloride
powder (crystals) in saline solution. Intravenous infusions
ranged from 100 to 2,700 mg/kg BW over 60—400 min.
Infusions were carried out to resemble the oral plasma
concentration—time profile (Table 1). Eflornithine solutions
for intravenous administration were prepared likewise but
pH was adjusted to 7.2 with sodium hydroxide solution.

From every fourth rat a plasma sample was taken prior
to dose administration to ensure that endogenous com-
pounds did not chromatographically interfere with eflor-
nithine enantiomers. After drug administration, between 7
and 13 blood samples were collected for determination of
eflornithine enantiomers in plasma.

Oral doses were administered by gavage at a volume of
10 mL/kg BW for each dose level (Table 1). Intravenous
infusions were administered at a volume of 10 mL/kg BW,

Table 1 Experimental design for the in vivo study

Route of Racemic dose Length of No.
administration (mg/kg BW) infusion (min) of rats
Intravenous 100 60" 5
550 160-163 5
2,700 400 5
Oral 40 - 5
150 - 5
400 - 6
1,200 - 5
3,000 - 5

 one rat at this dose level received half the racemic dose during a

60 min infusion and the remaining amount as a 10 min infusion

with durations varying between 60-400 min, and were
designed to resemble the plasma concentration profile after
oral administration (Table 1). During infusions, rats were
connected to a balancing arm and swivel, ensuring they
were freely moving. After the end of infusion, rats were
disconnected from the balancing arm.

Feces fractions were collected from 11 (1-4 rats per
dose level) rats receiving eflornithine orally for determi-
nation of the L- to p-eflornithine ratio.

Caco-2 cell studies

Bidirectional transport studies were performed on Caco-2
cell monolayers according to a previously published method
[22]. Caco-2 cells (ATCC, passage 94-100) were seeded on
cell culture inserts maintained at 10 % CO, in an incubator
with a humidified atmosphere at 37 °C. Cells were seeded on
polycarbonate cell culture inserts (4.4 x 10° cells per cm?,
Transwell system, diameter 12 mm, pore size 0.4 um,
Corning Costar, The Netherlands) and were allowed to dif-
ferentiate for 24-25 days (1 days in DMEM supplemented
with 10 % fetal calf serum, 1 % nonessential amino acids,
and PEST). The mean transepithelial resistance values of the
monolayers were 255 + 16 (SD) Q cm® (n =9 filters)
before the experiment and decreased to 217 Q cm? after the
transport studies. Experiments were performed in Hank’s
balanced salt solution (HBSS) at a pH of 7.4 on both the apical
and basolateral side. During transport experiments, samples
were taken at regular time intervals (0, 40, 80, 120 min) and
replaced by an equivalent volume of pre-tempered HBSS.
Racemic eflornithine was used in the experiments, cor-
responding to donor enantiomeric concentrations of 0.75
and 12.5 mM. Eflornithine was studied in both apical-
to-basolateral and basolateral-to-apical direction. Pgp-
inhibition studies in the presence of GF120918 (0.01 mM)
was done at eflornithine enantiomer concentration of 0.75
mM. To ensure that polycarbonate cell culture insert
were not a barrier for eflornithine, inserts in the absence of
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Caco-2 cells were incubated at a concentration of 12.5 mM
of each enantiomer. The apparent permeability (Papp)
were calculated according to Papp = dQ/dr x 1/(A X cyp),
where dQ/dt is the steady-state flux (umol/s), A is the
surface area of the filter (cm?), and C, is the initial con-
centration in the donor chamber (UM).

L- and p-eflornithine determinations

L- and p-eflornithine were quantitated in plasma according
to a previously described method based on precolumn
derivatization and liquid chromatography with UV detec-
tion [21]. Prior to quantitation of enantiomers in the rat
plasma samples it was ensured that human plasma could be
used for calibrators and quality controls. Rat and human
plasma were prepared at concentrations of 1.5, 3.75, 25,
125, 500 and 2,000 uM of each enantiomer and analyzed in
triplicate at each level for both species. For the L-enan-
tiomer, the mean (Zstandard error) slope and intercept
were 1.028 + 0.019 and 5.17 £ 81.7, respectively. For the
D-enantiomer the mean slope and intercept were
1.030 £ 0.021 and 0.307 % 94.5. The slope and intercepts
did not deviate significantly from 1 and 0 (n = 18, 7 test;
P > 0.95). The corresponding peak area for rat and human
plasma were compared at each concentration level and
enantiomer. The mean ratio between rat and human were
1.14 (n = 18,95 % CI: 0.88-1.39) and 0.99 (n = 18,95 %
CI: 0.96-1.03), for L- and p-eflornithine. A calibration
curve, prepared in human plasma, ranging from 1.5 to
1,250 uM of each enantiomer was used to determine
eflornithine enantiomers. Quality control samples at three
levels (3, 400, 1000 uM of each enantiomer) were ana-
lyzed in triplicates with each analytical assay. Accuracy
and precision at each analytical assay were within 15 %.

Quantitation of eflornithine enantiomers in HBSS did
not require sample preparation and was directly injected for
analysis. Two calibration curves were prepared in HBSS:
one ranging from 0.0127 to 1.03 uM (low calibration
curve) and one range from 3.086 to 750 pM (high cali-
bration curve) of each enantiomer. To increase sensitivity
of the bioanalytical method in HBSS, detection of the low
calibration curve was done with a Jasco 821-FP Intelligent
Spectrofluorometer (Jasco, Tokyo, Japan) set at wavelength
340/440 nm (excitation/emission). The high calibration
curve was detected with a Shimadzu SPD 10-A UV-Vis
detector (Shimadzu Corp., Kyoto, Japan). The back cal-
culated concentrations never deviating by more than 7 %
from the nominal values. Caco-2 cell samples with a
concentration higher than 750 uM were diluted in HBSS so
they were within the range of the calibration curve.

The reference curve for feces was prepared by collecting
feces from four rats not exposed to eflornithine. The feces
was pooled and divided into six separate tubes and then
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diluted (4 droppings in 2 mL solution) with either blank
deionized water, stock solution of 5, 100, 500, 1000, or
3000 uM of racemic eflornithine. These samples were used
as a reference to ensure that the peak area ratio of L- and
p-eflornithine was equivalent at the mentioned concentra-
tions and were analyzed in the same analytical run as the
rat samples.

The collected feces from rats administered eflornithine,
was diluted with deionized water (4 droppings in 2 mL)
and incubated at room temperature for 30 min under gentle
agitation, simultaneously with the aforementioned refer-
ences. Samples were then mixed with ice-cold methanol
(2 mL) and stored at 8 °C for 30 min. Tubes were centri-
fuged (6 min, 1,770xg) and the supernatant was trans-
ferred to new tubes and centrifuged for an additional
10 min at 12,000xg. The supernatant was transferred to
new tubes and evaporated to dryness at 50 °C, under a
gentle stream of air. Dried samples were redissolved in
200 pL. deionized water and 75 pL of the solution was
transferred to injection vials and placed in the autoinjector
for analysis. Rat feces samples with a higher peak area
compared to the highest concentration reference were
diluted (1:200 vol:vol) in deionized water and reanalyzed.

Pharmacokinetic analysis

The eflornithine plasma concentration—time data were
analyzed in two steps. The intravenous data for L- and
D-eflornithine was modeled with a population approach
using nonlinear mixed effects modeling as implemented
in NONMEM version VII (Icon Development Solutions,
Ellicott City, Maryland, USA) [23]. The obtained popula-
tion IV pharmacokinetic parameters from the modeling
were in a second step used to deconvolute oral plasma
concentration—time data to obtain bioavailability [24].

In the first step, several pharmacokinetic models were
tested and model selection was based on mechanistic
plausibility, parameter estimate precision, the objective
function value (OFV) and for the suggested model (Fig. 1),
a bootstrap (500 samples) was done to assess parameter
precision, (%RSE, Table 2). Diagnostic plots including
visual predictive check (VPC) (500 replicates) for the
suggested model was also included in model discrimina-
tion. Additionally, discrimination between two nested
models could be achieved by using the log-likelihood ratio
since the difference in the OFV between the full and
reduced models is approximately Chi square distributed.
Decreases in the OFV for FOCE of 3.84 and 6.63 between
two nested models (1 degree of freedom) implied the
model with the smallest OFV being statistically superior
(P <0.05 and P < 0.01, respectively). In the parameter
estimation, data were simultaneously fitted by the first-
order conditional estimation (FOCE) method [23].
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Fig. 1 Schematic illustration of
the selected pharmacokinetic
model. The model describes the
L- and p-eflornithine disposition
after intravenous infusion of
racemic eflornithine.
Pharmacokinetic parameters are

‘ Infusion I

defined in Table 2

‘ Binding -~

kon X (R -C o ) i
| ton ( max b) Central e > Per1pheral
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Table 2 Pharmacokinetic parameter estimates of L- and p- eflornithine after intravenous infusion of racemic eflornithine hydrochloride to the rat

Parameter Abbreviations Units Estimate (%RSE) IV (CV %) Shrinkage
L-DFMO p-DFMO (RSE %) (%)

Clearance CL mL/min 3.36 (4.83) 3.09 4.77) 14.1 (31.9) 2.31

Central volume V. mL 74.7 (5.73) 72.0 (5.02) 20.2 (29.6) 27.9

Peripheral volume v, mL 31.6 (5.90) 46.3 (5.72) 64.5 (31.2) 314

Intercompartmental clearance [0 mL/min 0.217 (6.12) 0.274 (5.94) 71.2 (24.5) 4.7

Total binding capacity Rax pmol 73.3 (5.73)

Binding rate constant kon mL/min/pmol 0.00275 (7.98)

Dissociation rate constant kg min ! 0.000468 (5.75)

o Proportional residual error % 17.7 (8.82) 7.82

Parameters are represented for the typical rat weight of 338.4 gram. IIV shows inter individual variability with the corresponding CV %.
Shrinkage (n and ¢€) for each corresponding parameters is given as percent. %RSE, Relative Standard Error, is estimated with bootstrap (500

samples)

Individual parameter values were obtained as empirical
Bayes estimates. A log-normal distribution was assumed
for the inter-individual variability of the parameters (CL,
V., V., Q), and a proportional residual error model was
used. Model files and graphics were handled using the R
based programs Xpose4 and PsN [25, 26].

The model that best described the intravenous plasma
concentration—time data was a three-compartment phar-
macokinetic model, where the binding into one of the
peripheral compartments was saturable (Fig. 1) [27, 28].

The rate of change of concentration of drug in the
central (Cp) and the first peripheral (C;) compartments were
defined as

dc, In(r) (CL Q 0
S M (S 2 e+ E % —k, xC
a v, v. Ty ) oty G e
x(R,,lax—Cb)—i—kqﬁ-be
(1)
and
d¢, 0 0
S_ Yoo, 24 2
a vy, Ty 2)

where In(t) is the input of drug into the central
compartment. The rate of change in concentration within

the second peripheral compartment with saturable tissue
binding was given as

% = kon X Cp X (Rpax —
where C,, is the drug concentration in the second peripheral
binding compartment.

Secondly, the in vivo stereoselective absorption of
eflornithine was characterized. Plasma systemic input rate
from gut for each experiment was deconvoluted from oral
data, using population PK parameters obtained from the
intravenous data. Since the system inferred from intrave-
nous data was shown to contain a nonlinear component,
ordinary deconvolution methodology could not be applied.
Instead, a modification of the ordinary model described by
Verotta [29] was done as described below. For rats
receiving eflornithine orally, a smoothing spline interpo-
lation (smoothing parameter = (.1) was generated for each
individual plasma concentration time-profile [30]. For each
time series, the input rate [/n in Eq. (1)] was incrementally
identified by integrating the ordinary differential equations
with small Euler steps (0.5 min) enforcing the concentra-
tion to match the corresponding smoothed concentration
curve. For 14 of the 52 time-series in total (26 experiments,
two enantiomers) the smoothing spline was occasionally

C;,) — k(,ﬁ X C}, (3)
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negative in the concentration decline phase. To ensure
positive values, the later parts of such time series were
replaced by a smoothing spline interpolation derived on a
logarithmic scale (followed by exponentiation). To inves-
tigate the robustness of the approach with respect to
smoothing parameter, the analysis was repeated with
smoothing parameters 0.01 and 1, reaching the same con-
clusions. To explore whether the Euler step was sufficiently
small, the system was integrated with standard numerical
methods (Stiff Matlab solver odel5 s; MathWorks, Inc)
using interpolated values from the deconvoluted systemic
input rate and confirming that the smoothed curve was
retrieved.

Bioavailability was estimated by integrating the indi-
vidual systemic input rate-time profiles up to the last
observation. Maximum systemic input rate and time to
reach maximum systemic input rate were obtained from the
individual deconvoluted input rate-time profiles. The
obtained parameters were summarized as mean values and
95 % confidence intervals (Table 3). A non-overlap of the
95 % confidence intervals for the parameters between
different dose levels and enantiomers was interpreted as a
significant difference.

Results

Plasma pharmacokinetics after intravenous infusions
and oral administration

The lower limit of quantitation (LLOQ) for the bioanalysis
method was 0.75 pmol/L for each enantiomer in plasma,
3.5 % of samples were below LLOQ and therefore omitted
from the pharmacokinetic analysis. The three-compartment
model with linear elimination and a non-linear binding
component to one of the peripheral compartments was
selected as the final model and could adequately describe
the intravenous data (Figs. 1, 2, 3; Table 2). Separating
parameters R,,, k,, and k,; between the enantiomers did
not significantly improve the model fit and were therefore
estimated as identical for both L- and bp-eflornithine.
Interindividual variability (ITV) was estimated for clear-
ance, central and peripheral volume of distribution as well
as for intercompartmental clearance.

After oral administration of racemic eflornithine, time to
reach maximum plasma concentration (T,,,,) and time to
reach maximum systemic input rate were similar for both
enantiomers (Fig. 4; Table 3). The mean oral bioavail-
ability of r-eflornithine (30 %) was approximately half
compared to that for p-eflornithine (59 %) (Table 3). The
maximum systemic input rate and time to reach maximum
systemic input rate for eflornithine enantiomers were con-
stant up to a racemic dose level of 400 mg/kg BW, above
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which systemic input was delayed (Maximum systemic
input rate/dose and Time to reach maximum systemic input
rate, Table 3). A slight increase in bioavailability was
observed at the two highest dose levels (1,200 and
3,000 mg/kg BW), although not significantly different
(95 % confidence intervals overlapped). The systemic
input rate-time profiles were similar for both L- and
p-eflornithine, however differing in magnitude (Fig. 4).

Feces p- to L-eflornithine ratios

Feces spiked with racemic eflornithine gave a reference
median D:L peak area ratio of 1.03 (range: 0.98-1.15,
n = 6). For the rats being administered eflornithine orally
the mean (=+standard error) D:L peak area ratio was
049 £0.03 (n=11) and range of 0.3-0.6; thus the
inverse ratio to that observed in plasma and for the bio-
availability of each enantiomer (Table 3).

Bidirectional transport in Caco-2 cells

Eflornithine displayed a low permeability in Caco-2 cells at
donor enantiomeric concentrations of 0.75 and 12.5 mM.
The permeability rates for the enantiomers were compa-
rable. An indication of efflux was observed but considering
the overall low permeability and in relation to in vivo data
this efflux rate was considered negligible. Inhibition of
P-glycoprotein did not affect the permeability of eflorni-
thine enantiomers at these concentrations (Table 4).

Discussion

Eflornithine elicit its trypanostatic effect on parasites
lodged both in the haemolymphatic and in the central
nervous system [31]. The enantiomers display differing
in vitro potency towards the target enzyme ODC [1].
Achieving sufficient concentrations of the more potent
L-eflornithine enantiomer, in plasma and the central ner-
vous system is essential for an effective eradication of the
parasite. An eflornithine CSF-concentration above 50
pmol/L is required for effective eradication of the parasite
from the CNS [18]. Reaching sufficient in vivo eflornithine
exposure depends on a complicated intravenous mode of
administration (100-200 mg/kg BW two to four times
daily for up to 14 days), corresponding to a steady state
plasma concentration of approximately 600 pmol/L. If this
mode of administration could be simplified, preferably by
an oral dosage regimen, more patients would gain access to
treatment. However, the limiting factor to developing an
oral eflornithine treatment is likely gastrointestinal side
effects and/or inadequate bioavailability at the presently
administered doses [15]. Whether an oral dosage regimen
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Fig. 2 Goodness-of-fit plots for
the final model after intravenous
infusion of racemic eflornithine.
The measured L-eflornithine and
p-eflornithine concentrations
were plotted versus the
population predicted (a) and
individual predictions (b) and
conditional weighted residuals
(CWRES) versus time after
dose (¢) and CWRES versus
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could result in an increased systemic exposure depends
highly on the mechanism that limits the gastrointestinal
absorption of L-eflornithine. Possibly, if the stereoselective
absorption is driven by an efflux mechanism, not present in
Caco-2 cells, the transporter may be inhibited by a selec-
tive inhibitor rendering higher systemic exposure of eflor-
nithine. Should absorption be primarily driven by an active
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transporter, lower doses (or L-eflornithine alone) given
more frequently might increase the bioavailability hasty.
Considering this, there was great relevance to further
investigating the enantioselective and nonlinear absorption
of eflornithine enantiomers. In agreement with a previous
study, absorption of the enantiomers was stereoselective
with the more potent enantiomer less well absorbed [19]. In
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Fig. 4 Plasma systemic input rate-time profiles. Mean systemic input p-eflornithine, and the thin lines the corresponding 95 % confidence
rate from gut versus time after oral administration of 40, 150, 400, intervals. Mean systemic input rate-time profiles shown for up until

1200, and 3000 mg/kg BW of racemic eflornithine. Heavy dashed and last sampling time where n = 5 for all profiles
solid lines represent the mean input rate-time profiles for L- and

Table 3 Mean systemic input parameters with corresponding 95 % confidence intervals

Racemic dose N  Maximum systemic Maximum systemic Time to maximum Bioavailability (%)
(mg/kg BW) input rate (umol/h) input rate/dose (h™") systemic input rate (h)
L-DFMO p-DFMO L-DFMO p-DFMO L-DFMO p-DFMO L-DFMO p-DFMO

40 5 3.6(25,48) 72(.3,92) 0.17 (0.11, 0.23) 0.36 (0.27, 0.45) 1.1 (1.0, I.1) 1.1 (1.0, 1.1) 30 (26, 33) 60 (50, 71)
150 5 179.2,25) 34 (24, 44) 0.20 (0.11, 0.30) 0.39 (0.28, 0.50) 0.94 (0.62, 1.3) 0.87 (0.59, 1.2) 26 (19, 33) 55 (42, 67)
400 6 34 (27,41 69 (54, 84) 0.15 (0.12, 0.17) 0.32 (0.26, 0.38) 1.3 (0,96, 1.7) 1.1 (0.93, 1.3) 27 (22,32) 57 (49, 65)
1200 5 79 (57, 100) 154 (123, 185)  0.094 (0.065, 0.12)  0.19 (0.15, 0.23) 2.3 (2.0, 2.6) 2.0 (1.7, 2.3) 36 (25,48) 68 (51, 84)
3000 5 124 (102, 146) 200 (167, 235) 0.061 (0.047, 0.075) 0.099 (0.085,0.11) 3.5 (1.5,5.5) 3.8 (2.8, 4.8) 38 (27,49) 61 (51,70)

Data is presented as mean values with 95 % confidence intervals. Dose normalization of parameters was done in enantiomeric molar amounts for the dose each
individual rat received. Bioavailability was estimated by integrating input rate time profile up to last observation in the oral deconvolution profiles

contrast to the previous study, a wider dose range was used  to local expected drug concentration in the gut, would
here, better reflecting clinically relevant doses [15, 19]. An  approximately correspond to the same dose in humans. In
oral dose given to the rat of 100 mg/kg BW, with regards  terms of systemic exposure, a racemic oral dose of 700 mg/
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Table 4 Apparent permeability coefficients (Pyp,) for the transepithelial transport of L- and p-eflornithine over Caco-2 cell monolayers

Pypp X 108 cm s™! + S.D.

L-DFMO

p-DFMO

Donor enantiomeric concentration (mM)* Apical-to-basolateral

Basolateral-to-apical

Apical-to-basolateral

Basolateral-to-apical

12.5 6.06 + 1.31
0.75 729 £0.16
0.75 + GF120918° 7.35 £ 0.38

10.6 £+ 1.88 6.19 + 1.32 10.6 &+ 1.67
8.93 + 0.35 691 £ 0.22 8.11 £ 0.35
9.24 £ 0.38 6.99 £ 0.34 8.43 £ 0.39

Measurements (n = 3) done in HBSS at pH 7.4 on both the apical and basolateral side

* Donor concentration is for each enantiomer when adding the racemic mixture

® The Pgp inhibitor GF120918 was present at concentrations of 10 pM

kg BW to the rat resulted in a similar AUC to patients at
steady state treated with 100 mg/kg BW orally [15]. This
observed difference in dose level is caused by AUC being
dependent on oral clearance, and the local gut concentra-
tion dependent on the gut volume.

The sensitive bioanalysis method used here, enabled
richer data to be collected from each individual animal.
Thus, for both the intravenous and oral data, a wide dose
range was studied. Intravenous doses were administered as
constant infusions at varying durations to mimic the oral
absorption profile and to evaluate possibilities of nonlinear
disposition pharmacokinetics. The intravenous data was
adequately described with a three-compartment pharma-
cokinetic model with linear systemic elimination and with
a saturable binding to one of the peripheral compartments
(Fig. 1) [27, 28]. Enantioselective k,, and k,; was inves-
tigated, however the model fit was not significantly
improved (no drop in OFV) when incorporating these two
parameters. Therefore separate k,, and ks were omitted
and estimated commonly for L- and p-eflornithine. In line
with previous observations, separating the k,, and k., gave
an indication of difference in target affinity favoring the
L-enantiomer [1]. Predicted total amount of ODC in the rat
from measured amount in rat liver were about one tenth of
the R,.. estimated by modeling (Table 2). Therefore, it
might not only be the binding to ODC that effects the
distribution of eflornithine enantiomers [32].

Eflornithine binding to ODC has previously been
investigated in vitro using recombinant human ODC, with
a reported Kp-value of 2.2 & 0.4 pmol/L [1]. This in vitro
Kp-value was smaller than the Kp-value derived from the
estimated k,, and k,; presented here of 170 umol/L. The
large difference observed in target affinity could further be
explained by the physiological factors not present in the
in vitro system.

Ornithine decarboxylase is an enzyme crucial for
polyamine biosynthesis in eukaryote cells, and hence cell
proliferation. The presented 3-compartment model sug-
gests distribution to a saturable binding compartment from
the central compartment (Fig. 1). Previously, distribution

to the saturable binding compartment was investigated
from the peripheral compartment, however based on the
model discrimination criteria presented here this did not
render a superior model fit to the presented model and was
omitted.

Clearance for L- and p-eflornithine (3.36 and 3.09 ml/
min) was similar to the glomerular filtration rate in the rat
(8.7 mL/min/kg BW) and the central volume of distribution
(75 and 72 mL) was similar to the rat extracellular fluid
volume (74 mL for a 250 grat) [33, 34]. The decrease in CL
and V with increasing doses as observed, but not shown, with
noncompartmental analysis (NCA) may indicate target
mediated drug disposition [28]. However the study design at
hand did not allow for this to be confirmed. The visual pre-
dictive check (Fig. 3) show an underprediction by the model
at low doses (40 mg/kg BW), though based on only three
individuals. This underprediction might have been an artifact
of the study design since sampling for the lower doses was
taken during a shorter period of time.

To characterize the in vivo stereoselective absorption of
eflornithine, plasma systemic input rate from gut was
deconvoluted from oral plasma concentration—time data with
the suggested pharmacokinetic model and corresponding IV
population parameters. Ordinary deconvolution methods
could not be applied since this method is based on linear
pharmacokinetics [27]. Therefore a modification of the
ordinary deconvolution method was done which allowed for
deconvolution of oral non-linear pharmacokinetic data.

The deconvolution method offers a rapid way of
accessing the absorption temporal profile, and estimate
bioavailability. Particularly useful when absorption is non-
linear, multiphasic and/or when prior information is not
rich enough for mechanistic modeling. The computational
time of the method is mainly determined by the required
Euler step size. In general, highly nonlinear systems can be
expected to require small step sizes corresponding to long
execution times. In our case, the required step size
(0.5 min; moderately nonlinear kinetics) resulted in a
computational time in the order of seconds on a standard
desktop computer.
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In feces collected after oral administration, concentra-
tions of the more potent L-enantiomer was on average two-
fold higher compared to the p-enantiomer. This was the
inverse concentration ratio to that observed in plasma and
to the estimated different bioavailabilies presented here
(Table 3). This strongly suggests that the enantioselective
exposure after oral administration of racemic mixture is not
a consequence of presystemic stereoselective metabolism.

The time to reach maximum systemic input rate
(Table 3) and time to reach maximum plasma concentra-
tion (T, in the plasma concentration—time profile (not
shown but estimated by NCA) give similar values and was
not significantly different between the enantiomers.
Therefore, the enantiomers are expected to have similar
absorption rates. The observed difference in bioavailability
of 30 and 59 % for L- and p-eflornithine, would then be
explained by a stereoselectivity in the extent of absorption,
which is observed when integrating the systemic plasma
input rate-time profile (Fig. 4). However, with increasing
oral doses there was a significant delay in T,,,, and a delay
in time to reach the maximum systemic input rate (Fig. 4;
Table 3). This peak shift combined with the systemic input
rate not reaching a plateau (Fig. 4), suggests that the uptake
over the gastrointestinal tract was not driven by a saturated
active uptake or that the active uptake was masked by other
physiological processes. In addition, if the saturable sys-
temic input rate would be driven by an active transporter it
would be expected that the bioavailability decrease with an
increase in dose, which was not observed here.

The eflornithine enantiomers display similar perme-
ability over the Caco-2 cell monolayer (Table 4). The
relatively high donor concentrations might impact study of
active transport in the apical-to-basolateral direction due to
saturation of active transporters. There are also some Caco-
2 cell transporters (such as SLC15A1 and SLCO2B1) that
require a proton gradient (i.e. pH 6.5 on the apical and 7.4
on the basolateral side) to be active. As such the present
Caco-2 cell study could not exclude the possibility of an
active uptake over the gastrointestinal tract.

Considering structural similarity between eflornithine
and ornithine, the absorption mechanism of eflornithine
may resemble that of ornithine. Ornithine, like cysteine and
other dibasic amino acids are absorbed via the heteromeric
intestinal amino acid transporter bt (SLC7A9) [35].
Absorption of ornithine has been studied in humans and it
has been suggested that ornithine displays both a saturable
and a passive non saturable absorption [36]. Contradicting
eflornithine enantiomers being substrates for an amino acid
transporter is that absorption of the p-enantiomer is favored
over the L-enantiomer. Eflornithine has also structural
similarities to the cationic amino acids arginine and lysine.
Both amino acids show nonlinear absorption. In animal
studies, arginine was predominantly transported over the
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intestinal membrane via a Nat-independent System y*
(SLC7AT1) [37]. During human intestinal perfusion studies
of arginine and lysine, at concentrations above 100 mM,
absorption ceased and excessive secretion of water and
electrolytes into the lumen occurred. This was suggested to
be a nonspecific toxic reaction of arginine in the mucosa
[35]. In the present study concentrations of eflornithine
solution given orally to the rat ranged between 10 and
730 mM, which may have caused a similar toxic reaction
to those of arginine and lysine at the two highest dose
levels, thus leading to a delay in time to reach maximum
systemic input rate (Table 3). In humans, gastrointestinal
side effects has been reported in 10-39 % of eflornithine
patients, with diarrhea being more common after oral
administration [18]. The gastrointestinal side effects may
be more related to the L-enantiomer as the relative amount
of this enantiomer in feces after oral administration to the
rat, was found be higher compared to the p-enantiomer.
Based on the present Caco-2 permeability data, the pre-
dicted fraction absorbed in man using SimCYP™ V. 8.00
(Simcyp Limited©, Sheffield, UK) was approximately 4 %,
which is about tenfold lower to that observed in man. This
underprediction suggests that the passive transcellular route
of absorption is a relatively minor route of absorption for
eflornithine and that there are additional mechanisms present.
Previous reports have suggested that the paracellular route
has a significant role in accurate prediction of absorption
using in vitro screening techniques [38]. For Caco-2 cells, the
paracellular pore radius is smaller than that observed in the
small intestine in vivo and it has been suggested that this is
one reason why Caco-2 cells underpredict fraction absorbed
for compounds primarily absorbed through the paracellular
pathway. The paracellular route of absorption has also been
suggested to be limited to small hydrophilic molecules
(MW < 250 g/mol), like eflornithine [39, 40].
Contradicting an eflornithine paracellular route of
absorption is also the stereoselective process observed here.
Though, the paracellular network is an intricate system
consisting of numerous proteins forming the junctional
complex [41]. Considering that eflornithine enantiomers
have different affinity towards the target enzyme, ODC, it
may be hypothesized that the L-form in general also have a
higher affinity towards structures forming the tight junctions.
It has previously been reported that eflornithine decreases
mucosal ODC activity and polyamine expression in the
junctional complex [42]. Should the L-enantiomer have a
higher affinity towards structures in the paracellular network,
compared to the p-enantiomer, this would result in lower
paracellular permeability and subsequently a lower fraction
absorbed of the L-enantiomer compared to the b-enantiomer.
The bioavailability for L- and p-eflornithine was estimated
at 30 and 59 %. Thus, the L:D bioavailability ratio was 1:2,
the inverse ratio to that observed in feces (2:1) and
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supporting an enantioselective extent of absorption between
the enantiomers. It may then be hypothesized that the
L-enantiomer could be prone to forming a chemical complex
in the gut prior to absorption rendering larger, bulky, mole-
cules that would be less well absorbed. However, the plau-
sibility of this explanation renders further investigations.

In conclusion, the intravenous pharmacokinetics of L- and
p-eflornithine was described with a 3-compartment phar-
macokinetic model with linear elimination and saturable
binding to one of the peripheral compartments. In order to
characterize the in vivo stereoselective absorption of eflor-
nithine, ordinary deconvolution methods could not be
applied and was therefore modified to describe a system
containing a non-linear component. Using this method it was
concluded that the bioavailability of eflornithine was inde-
pendent of dose. The bioavailability was estimated at 30 and
59 % for L- and p-eflornithine after oral racemic eflornithine
doses (40-3,000 mg/kg BW) administered to the rat.

At doses above 400 mg/kg BW, both time to reach
maximum systemic input rate and maximum systemic
input rate normalized to dose were dose-dependent and a
delay with increasing dose was observed, but with no
significant difference between the enantiomers. A conclu-
sive mechanism causing the observed enantioselectivity in
bioavailability was not identified. However, a number of
mechanisms could be excluded. Based on the present
results, the stereoselective absorption is either driven by a
stereoselective paracellular absorption mechanism, chiral
chemical complex formation or by an active uptake in the
gastrointestinal tract. To further mechanistically elucidate
the stereoselective absorption, simultaneous modeling of
the oral plasma concentration—time data along additional
in vitro absorption studies could provide further informa-
tion. In particular, stereoselective and dose dependent
aspects of the delay in time to reach maximum systemic
input rate requires further investigation.
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