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ABSTRACT
Purpose The narrow efficacy-toxicity window of anticancer
agents necessitates understanding of factors contributing to
their disposition. This is especially true for camptothecins as
they exist in the lactone and carboxylate forms with each
moiety differentially interacting with efflux or uptake trans-
porters. Here we determined the disposition of the lactone
and carboxylate forms of AR-67, a 3rd generation camptothecin
analogue.
Methods Pharmacokinetic studies were conducted in rats
given intravenous boluses of AR-67 lactone or carboxylate with
or without pharmacologic inhibitor pretreatment (GF120918
or rifampin). Pharmacokinetic modeling was used to estimate
clearances, while simulations assessed the impact of clearance
changes on overall AR-67 exposure.
Results Our modeling showed that carboxylate clearance was
3.5-fold higher than that of the lactone. GF120918 decreased
lactone clearance only, but rifampin decreased both lactone
and carboxylate clearances. Simulations showed that decreas-
ing carboxylate clearance, which controls the overall drug
disposition, leads to significant increase in AR-67 exposure.
Conclusion The apparent in vivo blood stability of AR-67 is
partly dependent on the increased carboxylate clearance. This
may have clinical implications for populations with single
nucleotide polymorphisms that impair the function of uptake
transporter genes (e.g., SLCO1B1), which are potentially
responsible for AR-67 carboxylate clearance.

KEY WORDS BCRP. carboxylate . lactone . OATP/Oatp .
P-gp

ABBREVIATIONS
AUC area under the plasma concentration versus

time curve
BCRP/bcrp breast cancer resistance protein
OATP/Oatp organic anion transporting polypeptide
P-gp p-glycoprotein
USP United States Pharmacopeia

INTRODUCTION

AR-67 (DB-67) is a highly lipophilic and potent third-
generation camptothecin analogue (1,2) currently in early
phase clinical trials as an anticancer agent (3). Previous in vitro
experiments, assessing lactone stability in whole blood,
showed that equilibrium favors the carboxylate form of
AR-67, as it does other camptothecin analogues, but AR-67
lactone is relatively more stable compared to other campto-
thecin analogues (1). This molecule was selected for further
development among several analogues designed to be
relatively more blood stable. Camptothecins owe their
pharmacologic activity to their α-hydroxy-δ-lactone pharma-
cophore, which hydrolyses to the open ring or carboxylate
form in a pH-dependent but reversible manner (4–6). Lower
pH favor the lactone form, while plasma and alkaline pH
favors the carboxylate (4). For many camptothecin ana-
logues, the pH-dependent lactone hydrolysis is strongly
facilitated in plasma by carboxylate binding to serum
proteins. As a result of the avid binding, sink conditions are
established, and the equilibrium shifts towards carboxylate
formation (7). Thus, lactone concentrations reach lower levels
than carboxylate in plasma at steady state (8), which is of
concern because the latter is considered inactive. However,
due to its capacity to revert to the lactone form in acidic
environments, the carboxylate has also been associated with
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the increased toxicities observed in early camptothecin trials
and with some second-generation analogues (9,10). Compar-
atively, AR-67 was chosen for development based on its
decreased interaction with albumin and its increased lip-
ophilicity that facilitated partition in lipid membranes.
Collectively, these physicochemical characteristics were be-
lieved to “protect” the lactone and minimize hydrolysis.

As compared to most drugs, cytotoxic anticancer agents
have a fairly narrow efficacy-toxicity window, and a good
understanding of factors contributing to their disposition is
essential for ensuring patient safety. The disposition of the
lactone and carboxylate forms of AR-67 is expected to vary
due to differences in solubility, interaction with transporters
and enzymes and distribution into tissues. Several studies have
demonstrated that camptothecins are substrates of uptake and
efflux transporters (11–14). As would be expected from the
physicochemical differences between lactone and carboxyl-
ate, we recently demonstrated that AR-67 lactone is a
substrate for efflux transporters P-gp and BCRP, while the
carboxylate is a substrate for the organic anion uptake
transporters OATP1B1 and OATP1B3 in vitro (15). Although
the overall drug disposition depends collectively on many
factors, dissimilar transporter interactions will potentially lead
to differences in lactone and carboxylate systemic clearances.
The unique physicochemical properties of each camptothe-
cin analogue also add an additional layer of complexity in
estimating the reversible hydrolysis kinetic parameters and
the lactone and carboxylate systemic clearances.

Although the in vitro interaction of camptothecins with
transporters and the in vivo disposition of lactone and
carboxylate forms of camptothecin (16,17), topotecan (18)
and irinotecan (19) have been studied, the pharmacokinetics
of AR-67 have not been examined in detail. To accurately
estimate lactone and carboxylate pharmacokinetic parameters
administration of both species is required (20,21). In this study
we used pharmacokinetic modeling and simulations to assess
how clearance changes of either the lactone or carboxylate
forms could affect overall drug disposition. A primary
objective was to estimate the systemic and interconversion
clearances of the lactone and carboxylate forms of AR-67.
Furthermore, through simulation and in vivo pharmacologic
inhibition of transporters, we examined the influence of AR-
67 lactone clearance changes on drug disposition.

MATERIALS AND METHODS

Chemicals

Ammonium acetate (Mallinckrodt Baker, Phillipsburg, NJ),
HPLC-grade acetonitrile and methanol (Burdick and Jackson,
Muskegon, MI) were purchased from VWR (West Chester,
PA). Tetrabutylammonium dihydrogen phosphate (TBAP;

1.0 M aq. solution), Tween-80 and PEG-300 were obtained
from Sigma-Aldrich (St. Louis, MO). Dimethylsulfoxide
(≥99.7% DMSO) and glacial acetic acid came from Fisher
Scientific (Fair Lawn, NJ). Blank rat plasma, used in the
preparation of calibrators and quality control solutions, was
from Innovative Research (Novi, Michigan). Siliconized
pipette tips were obtained from Cole-Parmer (Vernon Hills,
IL), and amber and transparent siliconized microcentrifuge
tubes were from Crystalgen Inc. (Plainview, NY) and Fisher
Scientific (Fair Lawn, NJ), respectively. Magnesium- and
calcium-free Dulbecco’s phosphate-buffered saline (PBS) was
from Gibco Invitrogen (Carlsbad, CA). AR-67 was obtained
from Novartis (East Hanover, NJ). Sulfobutylether-β-
cyclodextrin (Captisol®) was received as a gift from CyDex,
Inc. (Overland Park, KS). Rifampin for injection (USP) and
diluent (5% dextrose in water, D5W) were from Baxter
Healthcare Corporation (Deerfiled, IL), while GF120918 was
a gift from GlaxoSmithKline (Research Triangle Park, NC).

Animal Study Design

Female Harlan Sprague-Dawley rats weighing between
240–270 g were used for the efflux inhibition studies.
Animals were fasted during the experiment but had free
access to water. This was a four-week randomized crossover
study. Treatment was allocated in a randomized scheme to
each animal (n=6) such that each animal received the
following four treatments: a) oral pretreatment with control
vehicle (10% Tween-80, 40% PEG-300 in D5W) 5 min
before intravenous AR-67 lactone at 2.5 mg/kg dose, b)
oral pretreatment with GF120918 (2.5 mg/kg solubilized in
control vehicle) 5 min before intravenous AR-67 lactone at
2.5 mg/kg dose, c) oral pretreatment with control vehicle
5 min before intravenous AR-67 carboxylate at 2.5 mg/kg
dose, d) oral pretreatment with GF120918 (2.5 mg/kg
solubilized in control vehicle) 5 min before intravenous AR-
67 carboxylate at 2.5 mg/kg dose.

The effect of uptake transporter inhibition on the
pharmacokinetics of AR-67 was assessed in rats weighing
250–280 g using rifampin. Animals were pretreated with
50 mg/kg rifampin (USP) orally 1 h before the administra-
tion of 2.5 mg/kg lactone or carboxylate.

AR-67 was administered through injection in the lateral
tail vein. Following drug administration, about 100 µL of
blood was collected from the saphenous vein at 5 min,
30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 12 h using heparinized
hematocrit capillary tubes and was then transferred to
heparinized microcentrifuge tubes.

HPLC Analysis

Plasma was separated from blood cells by centrifugation at
8,500 g for 3 min at room temperature. The plasma was

High Carboxylate Clearance Accounts for the Apparent Lactone Stability of AR-67 In Vivo 1417



extracted (1:4, v/v) with dry ice cold methanol (−80°C).
The extracts were kept frozen at −80°C until analysis by
HPLC with fluorescence detection for both AR-67 carbox-
ylate and lactone forms as described previously (22). Assay
accuracy and precision were validated in rat plasma and
were found acceptable. Three quality control samples in
the range of 2.5–250 ng/mL for carboxylate and 5–
300 ng/mL for lactone demonstrated accuracy within
15% (85–115%) of nominal AR-67 concentrations. The
relative standard deviation (RSD) was <6%. System
suitability criteria were met prior to sample batch analysis.
Samples were placed in an autoinjector (4°C) and injected
within 6 h to prevent lactone-carboxylate interconversion.

Pharmacokinetic Analysis

Pharmacokinetic analysis was carried out using two ap-
proaches. The first utilized ADAPT-II to fit the four-
compartment model depicted in Fig. 1 to the data. A model
was built using eight differential equations, four each for the
lactone and carboxylate administration. Each set of four
equations shared the same kinetic parameters, which were
simultaneously fitted to the data obtained from the lactone
and carboxylate bolus doses using the maximum likelihood
method (23). The alternate approach utilized a method
described in the literature for reversible biotransformation

systems (24). In this latter method, areas under plasma
concentration (AUC0-inf) versus time curves of both the
lactone and the carboxylate following administration of the
lactone or the carboxylate were estimated with WinNonlin
v.5.2. The elimination and apparent distribution half-lives
of the lactone and carboxylate were calculated from the
micro-rate constants estimated with ADAPT-II as described
in the literature (25).

Simulations

The model depicted in Fig. 1 was built in Stella® (High
Performance System, Inc., Lyme, NH). Simulations were
conducted to assess the clinical significance of clearance
changes as they relate to alteration of exposure to either
form of AR-67. In these simulations, we estimated plasma
concentrations while varying either the lactone or carbox-
ylate clearance parameters that were estimated using
compartmental modeling in ADAPT-II under control
conditions (Table I).

Statistical Analysis

Differences between clearance parameters in the presence
or absence of inhibitors were assessed using a paired two
sample t-test. The level of significance was p<0.05.

Fig. 1 (A) Chemical structures
of AR-67 lactone and carboxylate.
The two forms exist in a pH-
dependent equilibrium. (B) A
pharmacokinetic model allowing
for AR-67 interconversion was
used to fit the data.
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RESULTS

Plasma Pharmacokinetics of AR-67 Lactone
and Carboxylate

The plasma pharmacokinetics of AR-67 were assessed in
female Sprague Dawley rats following an intravenous bolus
dose of 2.5 mg/kg. To obtain better estimates of the lactone-
carboxylate interconversion kinetics, we administered AR-67
lactone and AR-67 carboxylate separately and measured the
plasma concentration of both forms during the individual
experiments. As shown in Fig. 1A, the lactone and carbox-
ylate interconversion involves the hydrolysis of the lactone
ring, but this reaction is reversible. To elucidate the role of
each moiety in the overall drug disposition, we sought to
selectively perturb the clearance of each AR-67 form. In
previous studies, we determined that AR-67 lactone is a
substrate of BCRP and to a lesser extent P-gp, while the
carboxylate is a substrate of OATP1B1 (15). Therefore, the
BCRP and P-gp pharmacologic inhibitor, GF120918, was
used to decrease the lactone clearance, and the OATP1B1
inhibitor, rifampin, was used to impair the carboxylate
clearance. GF120918 and rifampin were administered orally

5 min and 1 h, respectively, prior to the administration of the
AR-67 intravenous bolus doses. Experiments with animals
(six per group) receiving AR-67 alone (lactone or carboxyl-
ate) or AR-67 following GF120918 consisted of a four-period
randomized crossover design. In studies with animals
receiving rifampin, each animal was only used once to avoid
rifampin experimental artifacts via rifampin-mediated me-
tabolism and transporter induction (i.e., CYP450 and P-gp).
Each animal was sampled at indicated time points via
venipuncture of the saphenous vein. Pharmacokinetic anal-
yses were carried out with ADAPT-II (23) following the
implementation of the model depicted in Fig. 1B. The data
sets for lactone and carboxylate doses were analyzed
simultaneously. The pharmacokinetic parameter estimates
are presented in Table I, and the pharmacokinetic profiles
are depicted in Fig. 2. When the lactone form was
administered the lactone concentrations (Fig. 2A) were much
higher than the carboxylate (Fig. 2B). Interestingly, when the
carboxylate dose was administered the carboxylate declined
rapidly, and within 30 min the lactone reached similar
concentration levels as the carboxylate (Fig. 2C and D). As
expected, the administration of GF120918 prior to AR-67
lactone administration had a significant effect on the clearance

Table I Pharmacokinetic Parameter Estimates. Animals were Gavaged with Either the Control Vehicle or GF120918 Prior to Intravenous AR-67
Administration. Parameters were Estimated by Fitting the Model Presented in Fig. 1 to the Data or from areas Under the Plasma Concentration Versus
Time Curves (NCA model) as Previously Described (24)

Control GF120918 Rifampin

PK Parametera Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

ADAPT model NCA model ADAPT model NCA model ADAPT model NCA model

Lactone systemic
clearance (Cl10)

1.8 (1.4–2.1) 1.7 (1.3–2.1) 0.7 (0.4–1.1) 1.1 (0.8–1.5) 1.0 (0.8–1.2) 0.8 (0.5–1.1)

Carboxylate systemic
clearance (Cl20)

6.3 (4.9–7.6) 4.9 (4.0–5.8) 6.1 (4.8–7.4) 3.5 (2.8–4.3) 2.6 (2.0–3.2) 2.7 (2.2–3.2)

Lactone to carboxylate
conversion clearance
(Cl12)

1.4 (1.0–1.8) 1.1 (0.8–1.2) 2.2 (1.6–2.9) 1.4 (1.2–1.6) 1.0 (0.7–1.3) 0.9 (0.7–1.1)

Carboxylate to lactone
conversion clearance
(Cl21)

0.9 (0.6–1.2) 1.3 (0.8–1.9) 3.6 (2.4–4.7) 3.5 (2.8–4.3) 0.6 (0.1–1.4) 0.5 (0.4–0.7)

Lactone distributional
clearance (CLD-L)

5.2 (4.5–5.9) – 4.7 (1.2–8.2) – 0.8 (0.1–1.7) –

Carboxylate distributional
clearance (CLD-C)

2.4 (1.4–3.5) – 3.2 (1.7–4.7) – 1.9 (0.4–4.0) –

Lactone central volume
(V1)

1.4 (1.2–1.5) – 1.6 (1.0–2.2) – 1.4 (1.1–1.7) –

Carboxylate central
volume (V2)

0.5 (0.2–0.8) – 1.4 (0.8–1.9) – 0.20 (0.1–0.3) –

Apparent lactone
elimination half life
(t 1/2 L)

– 82.3 (71.7–92.8) – 194.0 (111.3–276.7) – 100.3 (66.7–133.9)

Apparent carboxylate
elimination half-life
(t 1/2 C)

– 109.3 (50.6–167.9) – 223.7 (182.5–264.9) – 223.8 (113.3–334.2)

aClearances are in L/hr/kg; half-lives are in minutes; volumes are in L/kg
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of the lactone form, which decreased to approximately 60% of
the clearance estimates obtained in animals not receiving the
inhibitor prior to AR-67. Although the carboxylate concen-
trations were higher in the group receiving GF120918, the
model predicted that the carboxylate clearance was un-
changed, and the higher concentrations were a result of the
increased lactone concentrations. Rifampin pre-administration
had significant effects on the clearance of the carboxylate, but
notably it also had a significant effect on the clearance of the
lactone, which decreased by approximately 60% and 45%,
respectively, as compared to animals not receiving a pharma-
cologic inhibitor. In the case of the rifampin pre-treated
animals, the model also predicted a significant decrease in
the peripheral compartment distributional clearance of the
lactone, but not of the carboxylate. The central compart-
ment volume estimate for the lactone (1.4 L/kg) was higher
than the carboxylate moiety (0.5 L/kg), and there were no
significant differences in its magnitude among the three
experimental groups. Although differences were not statisti-
cally significant, the model predicted higher carboxylate
volume when animals were pretreated with GF120918 and
a lower volume when pretreated with rifampin (Table I).

The apparent lactone stability of AR-67 in plasma is
evident in Fig. 3. Panels A and B depict the model-predicted
lactone-to-carboxylate ratios following administration of the
lactone or carboxylate forms of AR-67, respectively. In all
cases, following lactone administration, there was rapid
conversion of the lactone to the carboxylate within the first
30–60 min. However, a second phase of slower conversion
was observed at later time points, with the ratio ranging
between 2-fold and 4-fold (i.e., approximately 67–80% of

AR-67 was in the lactone form). A similar rapid conversion
was observed within 30 min after the carboxylate dose was
administered, followed by a steady state phase where the
lactone and carboxylate concentrations were either equiva-
lent or the lactone concentrations were higher, as was the
case when GF120918 was administered (Fig. 3D).

The effect of each inhibitor on the exposure to AR-67 is
shown in Fig. 3C and D for the lactone and carboxylate
dosages, respectively. When the lactone was administered,
84% of the total AUC was contributed by the lactone, and
pretreatment with GF120918 or rifampin significantly in-
creased exposure to both forms (Fig. 3C). Animals receiving
GF120918 and rifampin pretreatment had 81% and 76%,
respectively, of the total AUC in the lactone form. The slight
decrease in lactone exposure (or increased carboxylate
exposure) in the later group is consistent with the effect of
rifampin in decreasing carboxylate clearance. In experiments
where the carboxylate was administered, 22% of the total
AUC was contributed by the lactone, and again, pretreatment
with GF120918 or rifampin significantly increased exposure
to both forms (Fig. 3D). Animals receiving GF120918 and
rifampin pretreatment had 55% and 22%, respectively, of the
total AUC in the lactone form.

Simulations Assessing the Effect of Clearance
Changes on AR-67 Exposure

The pharmacokinetic model fitted to the data obtained
from the separate lactone and carboxylate administration
suggests that the relative increases in the lactone and
carboxylate concentrations in the GF120918 pretreated

Fig. 2 Plasma pharmacokinetics
of AR-67 lactone (A, C) and
carboxylate (B, D) following
intravenous administration of
2.5 mg/kg lactone (A, B) or
carboxylate (C, D). Each
experiment represents the
average of 6 rats. Animals
receiving AR-67 only (control)
or AR-67 following GF120918
pretreatment were used in a
four-period crossover
experimental design. Animals
receiving rifampin pretreatment
were only used once. Lines
represent the model
estimated fits.

1420 Adane et al.



groups are consistent only with inhibition of the lactone
clearance. In contrast, the model estimated that the
observed increases in plasma concentrations of both lactone
and carboxylate in the rifampin pretreated groups were due
to the inhibition of both the lactone and carboxylate
clearance. To better understand these results, we simulated
the effects of decreasing lactone (Fig. 4A, B) or carboxylate
(Fig. 4C, D) clearance on their respective AUC following
lactone administration. The estimated AUCs are presented
for clearance values ranging from 1–100% of the experi-
mentally estimated clearance values. Thus, the axis was
normalized between 0.01 and 1. The estimated AUC
values are presented as the absolute estimates (Fig. 4A, C)
or normalized to the AUC estimates obtained when there
was no clearance inhibition (Fig. 4B, D). Simulations
predicted that selective decrease in the lactone clearance
would result in the increase of both the lactone and
carboxylate AUC. The absolute magnitude of the increased
exposure (Fig. 4A) would be greater for the lactone, but the
relative increase (Fig. 4B) would be the same for either
form. The selective decrease in the carboxylate clearance
demonstrated that the magnitude of the AUC would
increase for either form but the clearance has to decrease
by more than 90% in order for the carboxylate AUC to be
higher than the lactone one (Fig. 4C). The relative increase,

however, is more pronounced for the carboxylate, resulting
in a more rapid increase in carboxylate exposure with
decreased carboxylate clearance (Fig. 4D). Further analysis
demonstrated that a decrease in the lactone or carboxylate
clearance by about 90% would yield similar increases in the
overall exposure to AR-67 (Fig. 5A). However, inhibition of
the carboxylate clearance would also result in a significantly
higher increase in carboxylate exposure (Fig. 5D).

DISCUSSION

In the current study, we estimated the systemic and intercon-
version clearances of AR-67 by separately administering
the lactone and carboxylate forms. According to our results,
the predominant clearance term in AR-67 disposition was the
systemic clearance of the carboxylate, which was more than
three-fold higher than the clearance of the lactone. Through
transporter inhibition studies and simulations, we showed that
decreased clearances of the lactone and carboxylate both led
to elevated lactone and carboxylate plasma concentrations.
Inhibition of carboxylate clearance led to a relatively en-
hanced carboxylate exposure.

The results of the compartmental modeling were
corroborated by non-compartmental analyses previously

Fig. 3 AR-67 exists primarily in the lactone form in plasma following lactone administration. The lactone-to-carboxylate concentration ratios were
calculated based on the model fits to the experimental pharmacokinetic data following AR-67 lactone (A) or AR-67 carboxylate (B) administration alone or
following the administration of GF120918 or rifampin. The area under the plasma concentration versus time curves (AUC0–24hr) for the lactone and
carboxylate forms observed following administration AR-67 lactone (C) and AR-67 carboxylate intravenously (D).
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presented by Cheng and Jusko for metabolites undergoing
interconversion (24). The NCA analyses estimated the
systemic and interconversion clearances based on areas
under the time-concentration curves, which were
obtained by the trapezoidal rule method. Some differ-
ences were noted in the parameter estimates obtained by
the two different analyses. In all cases but one there was
an overlap in the 95% confidence intervals around the
parameter estimates (Table I). In the case of the
carboxylate clearance, the means and 95% confidence
intervals were different, but the relationship between the
lactone and carboxylate clearances were similar for both
methods (i.e., the carboxylate clearance was higher). Thus,

the parameter estimates from both methods lead us to the
same conclusions. An advantage of the NCA analysis is its
simplicity, as it only requires the estimation of areas under
the curve in the sampling compartment for parameter
estimation (24). No assumption is required as to how many
compartments are needed to fit the data. Furthermore, the
NCA analysis can provide good initial parameter estimates
for a more robust compartmental model analysis required
to perform modeling and simulation of concentration-time
profiles.

The pronounced difference in the systemic clearances of
the lactone and the carboxylate suggest that the two
moieties are eliminated via different pathways. Following

Fig. 4 Simulated lactone and carboxylate AUCs depicting the effect of lactone (A, B) or carboxylate (C, D) clearance inhibition following the
intravenous bolus administration of AR-67 lactone.

Fig. 5 Simulation results depicting the effect of lactone or carboxylate clearance inhibition on total AR-67 AUC (A) and on the % carboxylate plasma
AUC (B) following intravenous bolus administration of AR-67 lactone.
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lactone administration, the predominant form of AR-67 is
the lactone as shown by a greater than 80% lactone AUC.
This is most likely due to the lower systemic and
interconversion clearance of the lactone compared to the
systemic clearance of the carboxylate. The carboxylate that
is converted from the lactone is likely to be eliminated
before it gets converted back to the lactone. Moreover, the
effect of higher carboxylate clearance is more evident
following the carboxylate dosing, which rapidly declines
from the plasma. In contrast, the pharmacokinetics of
camptothecin and the camptothecin analog, topotecan,
seem to be driven by the systemic clearance of the lactone
and the lactone-to-carboxylate conversion clearance
(16,18). For camptothecin, the systemic clearance of the
lactone was 5-fold higher than that of the carboxylate,
while lactone-to-carboxylate conversion clearance was
three-fold higher than the reverse process. Although the
magnitudes of the various clearance parameters were
different, a similar finding was also observed in the
pharmacokinetics of topotecan. The systemic clearance of
topotecan lactone was more than four-fold higher than the
systemic clearance of the carboxylate, and the conversion of
the lactone to carboxylate was about three-fold higher than
the reverse process. Thus, rapid lactone clearance coupled
with rapid lactone-to-carboxylate conversion and slow
carboxylate elimination likely explains the fact that the
predominant form of camptothecin and that of topotecan is
the carboxylate. The rapid in vivo lactone-to-carboxylate
conversion in the case of camptothecin is in line with in vitro
results that show rapid hydrolysis of camptothecin in
plasma and physiological pH buffer (4). The avid binding
of the carboxylate to serum proteins is known to further
facilitate lactone hydrolysis (26). In contrast, in vitro results
demonstrated that the AR-67 lactone hydrolysis occurred at
a slower rate than SN-38 and camptothecin (1). In addition,
the AR-67 lactone fraction at equilibrium was approxi-
mately 30% in whole blood as compared to 19.5% and 5%
for SN-38 and camptothecin, respectively (1). Thus, it was
hypothesized that the relatively higher AR-67 lactone
stability in vitro was a function of increased membrane
partitioning in red blood cell membranes and decreased
affinity of the carboxylate form for human serum albumin
(1). Our results demonstrate that an additional mechanism,
the relatively higher carboxylate clearance, contributes to
the apparent in vivo stability of AR-67 lactone.

The use of efflux and uptake transporter inhibitors
allowed us to examine the effect of selective clearance
changes on plasma concentration and overall exposure to
AR-67. In the current study, the dual P-gp and BCRP/
bcrp inhibitor GF120918 significantly decreased systemic
clearance of the lactone, but not that of the carboxylate,
and led to elevated lactone and carboxylate concentrations.
The effect of GF120918 on lactone plasma concentration

was quite pronounced following carboxylate administration
where lactone AUC increased 3.7-fold compared to that in
control pretreated animals. The results indicate that lactone
clearance depends on efflux by P-gp and Bcrp consistent
with our in vitro studies, which showed that the lactone is a
substrate of P-gp and BCRP (15). GF120918 is widely used
to assess the effect of P-gp and BCRP/Bcrp on drug
disposition in vitro and in vivo. In both preclinical and clinical
studies, pretreatment with GF120918 significantly in-
creased the oral bioavailability of topotecan as a result of
both decreased clearance and increased gastrointestinal
absorption (27–29). In mice, pretreatment with GF120918
decreased plasma clearance and hepatobiliary excretion
and increased fetal penetration and intestinal absorption
of topotecan (27). Similarly, in clinical studies, co-
administration of GF120918 increased the apparent oral
bioavailability of topotecan from 40% to 97% (28).

Our studies suggest that the increased AR-67 lactone and
carboxylate exposure observed with rifampin pretreatment
was related to a decrease in the clearance of both the lactone
and the carboxylate. Thus, the inhibition of carboxylate
clearance by rifampin is most likely due to inhibition of the
hepatic uptake of the hydrophilic carboxylate, while inhibition
of lactone clearance could have happened as a result of ABC
transporter inhibition. There is literature evidence to support
the effect of rifampin on both OATPs/Oatps and P-gp.
Rifampin inhibited OATP1B1-mediated transcellular trans-
port and intracellular accumulation of substrate drugs,
resulting in a 60% reduction in the intracellular accumulation
of 17β-estradiol-17-(β-D-glucuronide) (E2G) and a significant
reduction in the OATP1B1-mediated basolateral-to-apical
transport of E2G, gimatecan and BNP1350 (30). In rats, it
was shown that rifampin pretreatment increased atorvastatin
plasma concentration as a result of decreased Oatp-mediated
hepatic uptake and metabolism by the liver. Decreased
hepatic uptake in the presence of a single dose of rifampin
also led to decreased first-pass effect by the liver and,
therefore, increased oral bioavailability of atorvastatin from
5% to 14% (31). On the other hand, inhibition of P-gp by a
single dose rifampin was shown to lead to increased
penetration of verapamil across the mouse blood-brain
barrier (BBB) (32). This is consistent with our in vitro results,
which demonstrated the carboxylate to be a substrate for
uptake transporters OATP1B1 and OATP1B3, while the
lactone form was transported by BCRP and to a lesser extent
by P-gp (15). The effect of rifampin on BCRP is currently
under investigation.

Changes in clearance are likely to occur in clinical
practice and may have implications in the clinical use and
toxicity of camptothecin analogues. These changes could
arise from pharmacogenetic differences in transporters
between individuals and have been reported to lead to
pharmacokinetic differences. In one study, plasma concen-
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tration of diflomotecan in 5 patients heterozygous for the
ABCG2 421C>A allele was 2.9-fold higher than that of 15
patients with wild-type alleles (33). Similarly an association
was shown between high plasma pravastatin concentration
and single nucleotide polymorphisms and haplotypes of
organic anion-transporting polypeptide (OATP1B1) (34).
Lau et al. have shown the major role organic anion uptake
transporters play for the clearance of atorvastatin and its
active metabolites by the hepatobiliary system and con-
cluded that inhibition of hepatic uptake may have con-
sequences on efficacy and toxicity of drugs mainly
eliminated by the hepatobiliary system (35,36).

In conclusion, AR-67 stability is much higher in vivo than
in vitro. This discrepancy can be explained by the fact that
the in vivo system is not closed. The interconversion and the
irreversible elimination of both lactone and carboxylate
affect the plasma concentration of the lactone and
carboxylate at any given moment. In addition, the
carboxylate concentration is formation rate limited, and
the carboxylate moiety is eliminated as fast as it is formed.
Because the lactone systemic clearance and the carboxylate-
to-lactone conversion clearance are slower than the
carboxylate systemic clearance, the lactone prevails. In
summary, we studied the pharmacokinetics of the lactone
and carboxylate forms of AR-67 and assessed, through
clearance inhibition studies and simulations, the effect of
clearance changes on plasma concentrations and AUCs of
AR-67. Our findings demonstrate that the carboxylate
clearance is the predominant factor affecting the disposition
of AR-67 and that lactone and carboxylate clearances are
dependent on efflux and uptake processes respectively.
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