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Abstract

Aim: To evaluate the pharmacokinetic characteristics of L-valyl-ara-C, a
peptidomimetic prodrug of ara-C. M ethods: After the synthesis of L-valyl-ara-C,
theinvitro stability of L-valyl-ara-C was examined in various biological media.
Plasma pharmacokinetic profilesof ara-C and L-valyl-ara-C were also evaluated in
rats. Results: The degradation of L-valyl-ara-C was negligiblein fresh plasma
and alsoin the presence of plasmin over a2 hincubation period. Furthermore, L-
valyl-ara-C appeared to be stable in the leukemia cell homogenates, and
subsequently, it was far less cytotoxic than the parent, araCin AML2 and L1210
cells. The chemical hydrolysisof L-valyl-ara-C was rather accelerated in acidic
pH. Following an oral administration of L-valyl-ara-C, the appearance of ara-C
was observed in plasma although the systemic exposure of the prodrug was much
higher than that of ara-C. The bioavailahility of ara-C was about 4% via prodrug
administration. Conclusion: Theamidebond of L-valyl-ara-C was stable against
the enzymatic hydrolysis, and the utility of L-valyl-ara-C asan oral delivery sys-
tem of ara-C appeared to belimited by itslow metabalic conversiontoara-Cinrats.

Introduction

The clinical utility of ara-C, one of the most effective
drugs against the acute myeloid leukemia, acute lympho-
blastic leukemiaand other hematological malignancies™?, is
severely limited by rapid deamination primarily inthe liver,
spleen and gastrointestinal mucosa®#. Consequently, ara-C
has a very short plasma half-life as well as low systemic
exposure, and must be administered in continuous infusion
or on a complex schedule to provide maximum therapeutic
efficacy®¥. Therefore, considerable efforts have been di-
rected at an enhancement of the therapeutic efficacy of ara-C,
and many prodrug strategies have been explored for the oral
delivery of ara-C with varied degrees of success®®. However,
few have led to an approved product and thus, there contin-
uesto be agreat need for improved methods to deliver phar-
macologically activeara-C.

Recently, our group synthesized the L-valyl-ara-C by
masking the N4-amino group of the cytosinering in ara-C
with L-valinein order to enhancetheintestina absorption of
ara-C, and evaluated the cellular uptake characteristics of
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L-valyl-ara-Cin Caco-2 cells¥. Comparedtoara-C, L-valyl-
ara-C appeared to be stablein theintestinal lumen and exhib-
ited 5foldhigher cdlular uptakeviathe carrier-mediated trans-
port pathways. Those resultsindicated that L-valyl-ara-C
could be apromising candidatefor the oral ddlivery of ara-C.
Therefore, the present study aimed to examine the pharma-
cokinetic characteristics of L-valyl-ara-C in rats and evalu-
ate itsutility asapotential oral delivery system of ara-C in
vivo.

Materials and methods

Materials Ara-C, acyclovir and 5-bromo-2'-deoxyuridine
werepurchased from SigmaChemical Co(StLouis, MO, USA).
Acetonitrile and methanol were obtained from Merck Co
(Darmstadt, Germany). All other chemicals were of reagent
gradeand all solventswereof HPLC grade. AML2and L1210
cells were purchased from Korean Cell Line Bank (Seoul,
Korea).

Célls TheL1210cdIswereroutingy maintained in RPMI -
1640 medium supplemented with 10% fetal bovine serum and

©2007 CPS and SIMM



Http://www.chinaphar.com

Cheon EP et al

penicillin (100 U/mL)/streptomycin (50 mg/mL). TheAML-2
cellsweregrown in DMEM supplemented with 10% FBSand
penicillin (100 U/mL)/streptomycin (50 mg/mL). All of the
cdlswere maintained in an atmaosphere of 5% CO, and 90%
relative humidity at 37 °C.

Synthesisof L-valyl-ara-C Prodrug was synthesized as
previously described by Cheon et al®, and identified by the
H-NMR, ®C-NMR and EI-M S spectrometers.

Invitro gability study Stabilitiesof L-valyl-ara-C were
evaluated at 37 °C by incubating adrug solution (10 pmol/L)
in the fresh plasmaand cdl homogenates. Enzymatic cleav-
age of amide bond between valine and ara-C was also mea-
sured in the presence of plasmin. Plasmin 30 uL (10 Cu/mL)
was added to the thermostated buffer composed of 50 mmol/L
TrisHCI, pH 7.4 and 110 mmol/L NaCl, foll owed by the addi-
tion of thedrug solution (10 pmol/L) toafina volume of 1.0
mL at 37 °C. At each timepoint, the metabolic reaction was
stopped by adding ice-cold acetonitrile followed by vigor-
ousmixing. Themixturewasthen centrifuged at 3000 r/min
for 20 min at 4 °C and the supernatant wasfiltered through a
membranefilter (0.45 um) and analyzed by HPLC. Thechemi-
cal stability of L-valyl-ara-C was also examined in agueous
solutions of different pH (2.0, 7.4 and 10).

Antiproliferative assays Cdlswereresuspended at a
density of 1x10° cells/mL in growth medium containing se-
rial dilutions of test drugs. Cell viability was determined
after 96 h at 37 °C by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) method, as previously
described by Pauwels et al'™®. Cell growth at each drug
solution was expressed as percentage of untreated controls,
and | Cy, was determined as the concentration resulting in
50% growth inhibition.

Phar macokinetic studiesin rats Male Sprague-Dawley
rats (270-300 g) were purchased from Dae Han Laboratory
Animal Research and Co (Choongbuk, Korea), and given a
normal standard chow diet (No 322-7-1) purchased from
Superfeed Co (Gangwon, Korea) and tap water ad libitum.
All animal studies were performed in accordance with the
Principles for Biomedical Research Involving Animals de-
veloped by the Council for International Organizations of
Medical Sciences, and the experimental protocols were ap-
proved by the animal care committee of Chosun University.
The animals were kept in these facilitiesfor at least 1 week
before the experiment and fasted for 24 h prior to the
experiment. At the experiment, the rats (n=4 per each
treatment) were given 10 mg/kg of L-valyl-ara-C orally or 2
mg/kg of ara-C intravenoudly. Thedrugsweredissolvedin
salineand thedosing volumewas 1 mL for each animal. Blood
samples were collected from the right femoral artery at O,

0.083, 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h post-dose and then
centrifuged at 3000 r/min for 10 min to obtain the plasmafor
the HPLC assay. All samples were stored at -70 °C until
analyzed.

HPL C assay Drug concentrationswere determined by a
HPLC assay described asfollows: acyclovir and 5-bromo-2'-
deoxyuridine were used as the internal standard for the as-
say of ara-C and L-valyl-ara-C, respectively. The chromato-
graphic system, consisting of a pump (LC-10AD), an auto-
matic injector (SIL-10A) and a UV detector (SPD-10A;
Shimadzu Scientific Instruments, Japan), wasset at 272 nm.
An octadecylsilane column (Gemini C18, 4.6 mmx250 mm, 5
pum; Phenomenex, Torrance, CA, USA) was eluted with a
mobile phaseat aflow rateof 1.0 mL/min. Themobile phase
consisted of 0.01 mol/L ammonium acetate buffer (pH 6.5):
acetonitrile(93:7, viv) for L-valyl-ara-C and 0.01 mol/L am-
monium acetate buffer (pH 4.5):acetonitrile (99:1, v/v) for
ara-C. Thecaibration curvefrom the standard sampleswas
linear over the concentration range of 0.01 pg/mL to5 pg/mL.
Thelimit of detection was0.01 pg/mL.

Phar macokinetic analys's Non-compartmental pharma:
cokinetic analysis was performed using WinNonlin®
(Pharsght Corp, CA, USA). Theareaunder the plasmacon-
centration-time curve (AUC) was cal culated using thelinear
trapezoidal method. The maximum plasma concentration
(Ca) @nd thetimeto reach the maximum plasma concentra-
tion (T, Were observed values from the experimental data.
The terminal elimination rate constant (Az) was estimated
from the dope of the terminal phase of the log plasma con-
centration-time points fitted by the method of |east-squares,
and then the terminal elimination half-life (T,,) was calcu-
lated as 0.693/Az. Additional estimated parameters using
noncompartmental pharmacokinetic analysiswere systemic
plasmaclearance (CL) and the volume of distribution (V).

Statistical analysis All the means are presented with
their standard deviation. An unpaired Student’ st-test was
used to determine the significant difference between treat-
ments. A P value <0.05 was considered statistically signi-
ficant.

Results

In vitro metabolic stability studies Thekinetics of L-
valyl-ara-C degradation were studied in various conditions.
Asshownin Figure 1, L-valyl-ara-C appeared to be stablein
fresh rat plasmaand leukemiacdl homogenates. Thedegra-
dation of L-valyl-ara-C was negligiblein fresh rat plasma
and leukemia cell homogenates over the 2 h incubation
period. In addition, the metabolic gability of L-valyl-ara-C
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was assessed using pure serine protease plasmin, and the
resultsindicated that L-valyl-ara-C wasresistant to the deg-
radation by plasmin. The chemical gability of L-valyl-araC
was also examined in aqueous solutions of different pH (2.0,
7.4, and 10). While L-valyl-ara-C was stable in agueous so-
lutions of pH 7.4 and pH 10, the hydrolysis of amide bond
appeared to berather accderated in acidic pH and the disap-
pearance half-life of L-valyl-ara-C wasapproximately 4 hin
the aqueous solution of pH 2.0 (Figure 1).
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Figure 1. In vitro metabolic stability of L-valyl-ara-C in various
conditions (mean+SD, n=6). The drug solution (10 pmol/L) was
incubated for 2 h at 37 °C in fresh rat plasma (@), cell homogenates
[AML2 cells (O), L1210 cells (H)], aqueous solutions [pH 2.0 (V),
pH 7.4 (@), pH 10 (<)] and in the presence of plasmin (A).

Antiproliferative assays The antiproliferative activity
of ara-C and L-valyl-ara-C was evaluated against leukemia
cdlssuch asAML-2and L1210. ThelCs, valueswere 3.89+
1.11 and 606.0+87.3 umol/L for ara-C and L-valyl-ara-C,
respectively in the AML-2 cdlls. In the case of the L1210
cdlls, thel Cy valueswere 0.25+0.03 and 37.5+6.69 umol/L for
ara-C and L-valyl-ara-C, respectively. In both typesof cells,
the antiproliferative activity of L-valyl-ara-C was approxi-
mately 150 fold | ess potent than ara-C.

Phar macokinetic studies The plasma pharmacokinetic
profiles of L-valyl-ara-C and ara-C were determined in rats
and summarized in Table 1 and Figure 2. After an oral admin-
igtration of L-valyl-ara-C, thereleaseof ara-C from theprodrug
was observed in the plasma although the systemic exposure
of the prodrug was much higher than that of ara-C. The
biocavailability of ara-C was about 4% viathe prodrug admin-
istration in therats.

Discussion

The development of oral alternatives to intravenous
administration of ara-C would not only avert the high costs
dictated by hospital treatments, but also be more patient
friendly. Inaddition, it may also be possible to incorporate
prodrug strategies that could reduce undesirable side
effects such astoxicity, and improve therapeutic action into
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Table 1. Mean pharmacokinetic parameters of L-valyl-ara-C and
ara-C in rats (mean+SD, n=4).

Drugs Ara-C? L-valyl-ara-C°
Analytes Ara-C Ara-C L-valyl-ara-C
Cpro (HG/ML) - 0.14+0.11 1.58+0.36
T, () - 6.7£2.3 5.0£2.0
AUC, (ugh/mL)  7.29+2.84 1.01£0.92  16.10+3.81
CL (L-hikg?) 0.34+0.03 - -
Ve (LokgD) 0.61+0.07 - -
T, (h) 1.5£0.5 - 11.30£2.76
3y, 2 mg/kg; Ppo, 10 mg/kg.
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Figure 2. Mean plasma concentration-time profiles of L-valyl-ara-C
and ara-C in rats (meantSD, n=4). (A) ara-C (iv, 2 mg/kg); (H)
L-valyl-ara-C (po, 10 mg/kg); (A) ara-C via the oral administration
of L-valyl-ara-C (10 mg/kg).

such oral aternatives. In our previous studies, L-valyl-ara-C
appeared to be beneficial in enhancing the cellular uptake of
ara-C in Caco-2 cdlsl. However, in the present study,
prodrug itself exhibited far less antiproliferative activity than
ara-Cin AML-2 and L1210 cellsand thus, therate of conver-
sion of the prodrug to the pharmacol ogically-active parent
drug after membrane transport would determine the thera-
peutic effectiveness of L-valyl-ara-C.

If the prodrug is stablein plasma and hydrolyzed mainly
near thetarget cells, this should result in a continuous and
relatively high concentration of the active agent around tar-
get cdls. Many types of malignant cells and human tumors
display increased concentrations of the protease plasmino-
gen activators that convert plasminogen to the highly-ac-
tive protease, plasmin™*3. Leukemic cellsalso secretethese
enzymes™, Since plasmin rapidly cleaves various|ow mo-
lecular weight compounds coupled to appropriate peptide
specifiers, the coupling of such peptide specifiersto anti-
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cancer drugs might create ‘prodrugs which would be
locally activated by tumor-associated plasmin and conse-
quently would belesstoxictonormal cells. For example, Carl
et al™ reported that the peptide prodrugs of several anti-
cancer agents designed to be specific plasmin substrates
showed selective cytotoxicity. SincelL-valyl-ara-Cisa pepti-
domimetic prodrug and appears to be stable in plasma or
leukemia cell homogenates, the potential bioconversion of
L-valyl-ara-C to ara-C in the surroundings of the leukemia
cdlswasexamined usng pureplasmin. Asshownin Figurel,
L-valyl-ara-C exhibited high resi stance to the degradation
by plasmin, implying that L-valyl-ara-C may not be a sub-
strate of plasmin. Overal, in vitro stability studies have
indicated that L-valyl-ara-C ismetabolically stablein plasma
andleukemiacdls. However, inthecaseof chemica stahility,
the hydrolysis of prodrug appeared to be rather accelerated
in acidic pH. Considering that the tumor pH ison average
lower than the pH of normal tissues™®, chemical hydrolysis
of L-valyl-ara-C may bemorefavorablein tumor cells.

Assummarizedin Table 1, following an intravenous ad-
ministration of ara-C to rats, ara-C showed a short plasma
half-life of 1.5 h, and its volume of distribution was greater
than total body water in the rats*”. The pharmacokinetic
parametersof ara-C obtained from the present study appeared
to be comparable to those from previous studies®*. Fol-
lowing an ora adminigration of L-valyl-ara-Ctotherats, the
appearance of ara-C was observed in the plasma, implying
that the prodrug conversion to the parent could occur by
intestinal or hepatic metabolism (Figure2). L-valyl-ara-Cisa
peptidyl derivative of ara-C and thus, during intestinal
absorption, it may interact with peptidases which catalyze
the hydrolysis of peptide bonds in peptidyl derivatives or
the hydrolysis of various simple amides®!. However, as
implicated by the results from thein vitro stability study of
L-valyl-ara-C, the metabolic conversion of L-valyl-ara-C ap-
peared to be minimal intherats. Consequently, the systemic
exposure (AUC) of the prodrug was much higher than that
of ara-C, and the bioavailahility of ara-C waslow (about 4%)
viathe prodrug administration. Therefore, the metabolic
conversion of the prodrug to the parent did not appear to be
sufficient to ensure therapeutic effectiveness in the treat-
ment of tumors, although L-valyl-ara-C could prevent the
rapid deamination of ara-C by masking the N4-amino group
of the cytosinering. Further studies should be required for
the considerabl e tuning of the metabolic stahility of prodrugs
by varying its amino acid component.

In conclusion, theamidebond of L-valyl-ara-C wasstable
against the enzymatic hydrolysis, and the utility of L-valyl-
ara-C as an oral delivery system of ara-C appeared to be

limited by itslow metabolic conversion to ara-Cin therats.
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