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Abstract

Enhanced oral exposure of anticacer drugs via the

utilization of drug transporters
Jin, Ming Ji
Advisor: Prof. Han, Hyo-Kyung
Department of Pharmacy

Graduate School of Chosun University

This research aimed to improve the pharmacokinetic characteristics of
anticancer drugs via the utilization of drug transporters such as (i) prodrug design
targeting the peptide transporters and (ii) modulation of organic anion
transporters-mediated renal excretion.

(1) Prodrug design targeting the peptide transporters: This study aimed
to investigate the in-vitro characteristics of N4-amino acid derivatives of
cytarabine for the oral delivery of cytarabine. After the synthesis of
L-Leu-cytarabine, L-Ile-cytarabine and L-Arg-cytarabine, the gastrointestinal
stability of each prodrugs was examined using artificial gastric juice and intestinal
fluids. The cellular uptake characteristics of prodrugs were also examined in
Caco-2 cells. While L-Leu-cytarabine and L-Ile-cytarabine appeared to be stable in
all the tested biological media during 4-hr incubation, L-Arg-cytarabine was
rapidly  disappeared within 5 min. Accordingly, the cellular uptake of
L-Leu-cytarabine and L-Ile-cytarabine was significantly higher than that of its
parent drug, cytarbine in Caco-2 cells but the cellular uptake of L-Arg-ctarabine
was similar to that from its parent drug. The cellular uptake of L-Ile-cytarabine
and L-Leu-cytarabine appeared to be saturable as drug concentration increased

from 0.4 to 0.4mM. Collectively, L-Ile-cytarabine and L-Leu-cytarabine could be



promising candidates to improve the oral absorption of cytarabine via a saturable
transport pathway. Therefore pharmacokinetic profiles of L-Ile-cytarabine was
investigated in rats. The AUC of L-Ile-cytarabine was approximately 1.8-fold
higher than that from cytarabine but the appearance of cytarabine was not
observed after an oral administration of L-Ile-cytarabine. In conclusion,
L-Ile-cytarabine and L-Leu-cytarabine may improve the intestinal absorption of
cytarabine via the carrrier—mediated transport pathway but their utility as an oral
delivery system of cytarabine could be limited by the low metabolic conversion to
cytarabine.

(2) Modulation of organic anion transporter—-mediated renal excretion:
This study aimed to investigate the effect of morin on the pharmacokinetics of
methotrexate (MTX) in rats. Pharmacokinetic parameters of MTX were determined
in rats following an intravenous administration of MTX(2mg/kg) in the presence
and the absence of morin (25mg/kg, po.). The cellular accumulation of MTX was
also examined by using MDCK cells stably overexpressing hOAT1 or hOATS3.
Compared with the control given MTX alone, pretreatment with morin 15min prior
to MTX administration significantly altered the pharmacokinetics of MTX in rats.
Renal clearance and total clearance of MTX were reduced by 42% and 58%,
respectively, in the presence of morin. Accordingly, the systemic exposure of MTX
in the rats pretreated with morin was significantly higher than that from the
control group. The mean residence time (MRT) and terminal plasma half-life of
MTX were prolonged by 3.3—-and 2.4-fold, respectively, by the concurrent use of
morin. The cellular uptake of MTX (20uM) was significantly reduced by the
co—incubation with morin (100uM) in MDCK-hOAT1 cells but not in
MDCK-hOATS3 cells. Taken together, morin appeared to be effective in altering the
pharmacokinetics of MTX in rats, likely by the inhibition of OATI1-mediated renal

excretion.
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Abstract

FEvaluation of N4-Amino Acid Derivatives of Cytarabine

for Improving the Oral Delivery of Cytarabine

The present study aimed to investigate the in-vitro characteristics of
N4-amino acid derivatives of cytarabine for the oral delivery of cytarabine. After
the synthesis of L-Leu-cytarabine, L-Ile-cytarabine and L-Arg-cytarabine, the
gastrointestinal stability of each prodrugs was examined using artificial gastric
juice and intestinal fluids. The cellular uptake characteristics of prodrugs were also
examined in Caco—2 cells. While L-Leu-cytarabine and L-Ile-cytarabine appeared
to be stable in all the tested biological media during 4-hr incubation,
L-Arg-cytarabine was rapidly disappeared within 5 min. Accordingly, the cellular
uptake of L-Leu-cytarabine and L-Ile-cytarabine was significantly higher than that
of its parent drug, cytarbine in Caco-2 cells but the cellular uptake of
L-Arg-cytarabine was similar to that from its parent drug. The cellular uptake of
L-Ile-cytarabine and L-Leu-cytarabine appeared to be saturable as drug
concentration increased from 04 to 0.4mM. Collectively, L-Ile-cytarabine and
L-Leu-cytarabine could be promising candidates to improve the oral absorption of
cytarabine via a saturable transport pathway.

Therefore pharmacokinetic profiles of L-Ile-cytarabine was investigated in
rats. The AUC of L-Ile-cytarabine was approximately 1.8-fold higher than
cytarabine but the appearance of cytarabine was not observed after an oral
administration of  L-Ile-cytarabine. In  conclusion, L-Ile-cytarabine and
L-leu-cytarabine may improve the intestinal absorption of cytarabine via the

carrrier—mediated transport pathway but its utility as an oral delivery system of

cytarabine could be limited by the low metabolic conversion to cytarabine.
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1. Introduction

Cytarabine  [(1-G-d-arabinofuranosylcytosine), Cytarabine]l, a pyrimidine
nucleoside analog, is one of the most effective drugs used in the treatment of acute
myeloid leukaemia, acute lymphoblastic leukaemia and other haematological

(1-11)

malignancies In combination with other antitumor agents it is also used

against solid tumors® . Recently cytarabine has been reported to also induce

% However, its clinical utility is severely limited by

apoptosis of neoplastic cells'
a very short plasma half-life and low systemic exposure that are mainly caused by
the rapid deamination of cytarabine to the biologically inactive 1-8
-D-arabinofuranosyluracil in the liver, spleen and gastrointestinal mucosa. >
Consequently, many prodrug strategies have been explored to avoid the deamination
and also to enhance the cellular uptake of cytarabine, but few have led to an
approved product.m’zm

Oral absorption of passively absorbed drugs can be predict to some extent in
vitro. It is reported that the fraction absorbed of passively absorbed drugs can be

predicted from the polar molecular surface area of the drug moleculem), the

permeability through an artificial membrane as well as Caco-2 cell monolayer(%'%).
The intestinal peptide transporter(Peptl) plays an important role in transporting
dietary peptides as well as pharmacologically active peptidomimetic drugs.mm) Due
to the broad substrate specificity, the peptide transporter can be a potential target
in the prodrug design to improve the intestinal transport of low-permeability drugs.
For example, the membrane permeability of the polar a-methyl-dopa was
significantly improved through peptidyl derivatives which were water soluble but

well absorbed via a peptide transporter(ZS). In previous studies, peptidyl prodrugs

targeting the peptide transporter have been successful in improving the

_13_



bioavailability of poorly absorbable drugs such as a-methyl-dopa, acyclovir,

“7% Furthermore, Cheon et al.”” have reported that

ganciclovir and gemcitabine.<
L-valyl derivative of cytarabine was effective to improve the cellular uptake of
cytarabine but unfortunately, its metabolic reconversion to the parent drug was not
optimal as a potential oral delivery system of cytarabine. Therefore, in order to
identify the optimal prodrug of cytarabine, the present study synthesized three

N4-amino acid derivatives of cytarabine and evaluated their in-vitro characteristics.

_14_



2. Materials and M ethods

2-1. Materials

Cytarabine, small depeptides, amino acids, acyclovir, 5-bromo-2'-deoxyuridine
(BDU), 4-dimethylaminoptridine(DMAP), N N'-dicyclohexylcarbodiimide(DCC) and
1-hydroxybenzotriazole(HOBT) were purchased from Sigma Chemical Co. (St,
Louis, MO, USA). Pepsin, pancreatin and BCA protein assay kit were also obtained
from Sigma Chemical Co.(St. Louis, MO, USA). Fetal Bovine Serum (FBS), cell
culture media, antibiotics and all other reagents used in cell culture studies were
purchased from Seolin Science Co. (Seoul, Korea). Caco-2 cells were purchased
from ATCC (Rockville, MD, USA). All other chemicals were reagent grade and all

solvents were HPLC grade.

2-2. Cells

Caco-2 cells were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 1%nonessential amino acids, 1mM sodium pyruvate,
1% L-glutamine and penicillin (100U/mL)/streptomycin (100mg/mL). All Cells were

maintained in an atmosphere of 5% CO: and 90% relative humidity at 37C.

2-3. Synthesis of N4-prodrugs of cytarabine

N-amino acid prodrugs of cytarabine(9-11) were readily synthesized from
cytarabine (I) as depicted in Fig. 1. The three-hydroxyl groups of the starting
material 1 (5.0g, 20.55mmol) were protected with tert-buthyldimethylchlorosilane

_‘]5_



(9.2g, 61mmol) in anhydrous DMF (100mL) with imidazole(6.8g, 100mmol) to give
compound 2 (8.31lg, yield 69%), which was purified using column chromatography
on silica gel 60 (Hexane:Ethylacetate=1:4). The amino group of compound 2 (1.2g,
2.04dmmol) was coupled with each N-BOC-amino acid (2.04dmmol) using HOBT
(283mg, 2.lmmol), DMAP(100mg) and DCC(433mg, 2.1mmol) in anhydrous
methylene chloride(20mL) to produce 3-5, which were purified by column
chromatography on silica gel 60 (CH2Clo:CH30H=10:1). Treatment of 3-5(0.636mmol)
with tetra-butylammonium fluoride (3.18mL,1.0M in THF) in THF(10mL) provided
compound 6-8, which were purified using column chromatography on silica gel 60
(CH2Clo:CH30H="7:1). Deblocking of BOC group of 6-8(0.9 mmol) with ethereal
hydrochloric acid (10mL, 2N HCI solution in ether) in anhydrous methylene chloride
(10mL) followed by column chromatography on silica gel 60 (CH>Clo:CH30H=5:1),

produced the desired compounds (9-11).

2-4. In-vitro stability study

Gastrointestinal stability of prodrugs was evaluated at 37C by incubating a
drug solution (5uM) with artifical digestives. The gastric juice consisted of 320 mg
of pepsin, 200mg of NaCl, and 24mL of 0.IM HCl in 100mL solution (pH1.2).
Artificial intestinal juice contained 2.5 g of pancreatin from porcine and 100mL of
50mM K-phosphate buffer(pH6.8). Stabilities of L-Leucine-cytarabine,
L-Isoleucine—cytarabine and L-Aarginine-cytarabine were also evaluated at 37C by
incubating a drug solution (5uM) in the fresh plasma and cell homogenates. At
each time point, 100ul of sample was collected and the metabolic reaction was
stopped by adding 200ul. of ice—cold acetonitrile followed by vigorous mixing. The
mixture was then centrifuged at 3000rpm for 10min at 4C and the supernatant

was filtered through a membrane filter (0.45um) and analyzed by HPLC. The
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chemical stability of prodrugs was also examined in aqueous solutions of different

pHs(1.2, 6.8 and 8.0).

2-5. Uptake studies in Caco-2 cells

Cells were seeded in 6-well culture plates at a density of 10° cells/mL. At 14
days post-seeding, the cells were washed twice with pH6.0 uptake buffer
containing 1mM CaCl, ImM MgClp, 150mM NaCl, 3mM KCl, ImM NaH:PO4, 5mM
D-glucose, and 5bmM MES. The initial wuptake rates of cytarabine,
L-Leu-cytarabine, L-Ile-cytarabine, and L-Arg-cytarabine in Caco-2 cells were
determined at 0.4 and 4 mM to examine the concentration dependency in their
cellular accumulation. Each drug solution was added to each well and incubated on
a plate shaker. At the end of 15 min incubation, drug solution was removed and
the cells were washed three times with ice—cold uptake buffer. After cell lysis by
adding 1mL of Milli-Q water, cells were harvested and sonicated for 1-2 min.
Acetonitrile was added to the cell lysate, vortexed rigorously, and centrifuged for
5min at 3000rpm. After filtration of the supernatant through a membrane
filter(0.45uM), samples were analyzed by HPLC. The protein amount of each
sample was determined with BCA protein assay kit following the manufacturer’'s
instruction (Sigma Chemical Co. St. Louis, MO, USA).The stability of donor
solutions of L-Leu-cytarabine, L-Ile-cytarabine and L-Arg-cytarabine above the
apical membrane of Caco-2 cell monolayers was also examined during the uptake
studies to determine the extent of degradation of L-Leu-cytarabine,

L-Ile-cytarabine and L-Arg-cytarabine when in contact with Caco-2 monolayers.
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2-6. Pharmacokinetic studies in rats

Male sprague-Dawley rats (270-300g) 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 libtum. All animal studies were performed in accord with the
principles for Biomedical Research Involving Animals developed by the Council for
International Orgnizations of Medical Sciences and the experimental protocols were
approved by the animal care committee of Chosun University. Animals were kept
in these facilities for at least one week before the experiment and fasted for 24 hrs
prior to the experiments. At the experiment, rats (n=4 per each treatment) were
given a 10mg/kg of L-Ile-cytarabine, or cytarabine orally. Drugs were dissolved in
saline and the dosing volume was 1mL for each animal. Blood samples were
collected from the right femoral artery at 0, 0.25, 05, 1, 1.5, 2, 4, 8, 12 and 24hr
post—dose and then centrifuged at 13,000 rpm for 10 min to obtain the plasma for

the HPLC assay. All samples were stored at -70C until analyzed.

2-7. HPLC Assay

Drug concentrations were determined by a HPLC assay described as follows.
Acyclovir and 5-bromo-2’'-dexyuridine(BDU) were used as the internal standard for
the assay of cytarabine and prodrugs, respectively. The chromatographic system
consisted of a pump(LC-10AD) and automatic injector (SIL-10A). A UV detector
(SPD-10A)(Shimadzu  Scienific  Instruments, Japan) set at 240nm  for
L-Leu-cytarabine or 272nm for cytarabine, L-Ile-cytarabine and L-Arg-cytarabine.

An octadecylsilane column (Gemini C18, 4.6x250nm, 5um; phenomenex, Torrance,

_18_



CA, USA) was eluted with a mobile phase at a flow rate of 1.0 mL/min. The
mobile phase was 0.01M ammonium acetate buffer(pH 6.5) containing 9-30%
acetonitrile for prodrugs and 0.01M ammonium acetate buffer (pH4.5) containing 1%
acetonitrile for cytarabine. The calibration curve from the standard samples was
linear over the concentration range of 0.0lug/mL to 5ug/mL. The limit of detection

was 0.0lug/mL.

2-8. Statistical analysis

All the means were presented with their standard deviation. Statistical analysis
was performed using Student’s t-test or a one-way ANOVA, followed by a

posteriori testing with the use of the Dunnett correction. A P value<0.05 was

considered statistically significant.
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3. Results and Discussion

3-1. Synthesis of N4-prodrugs of cytarabine

To reduce the rapid deamination of cytarabine, N4-prodrugs of cytarabine were
synthesized by masking the N4-amino group of a cytosine ring with amino acids
(L-isoleucine, L-leucine or L-arginine) as illustrated in Fig.l. N4-prodrugs were

obtained as white fluffy powders with the purity greater than 98% as determined

by HPLC. The identities of prodrugs were confirmed by H'-NMR as follows.

L-Arg-cytarabine: vyield 10%; 'H NMR (DMSO-ds, 300 MHz)§ 7.67 (d,

J=72Hz, 1H), 7.22(d, J=7.2Hz, 1H), 6.21(d, J=2.4Hz, 1H), 517(br s, 2H), 4.98(br
s,1H), 4.32(d, J=3.3Hz, 1H), 4.21(s, 1H), 4.05 (d, J=3.2Hz, 1H), 3.91(m.1H), 3.70-3.61

(m, 2H), 1.70-1.62 (m, 2H), 1.58-1.53(m, 4H)

L-Leu-cytarabine: vyield 24%; '"H NMR (DMSO-ds, 300 MHz)86 8.06 (d,
J=72Hz, 1H), 7.17(d, J=7.2Hz, 1H), 6.02(d, J=7.2Hz, 1H), 5.66(s, 1H), 556(s, 2H),
5.28(s, 1H), 4.22(s, 1H), 4.05 (s, 1H), 3.90(m.1H), 3.66-3.57 (m,2H), 2.90 (m, 2H),
1.97(m,1H), 0.95(m,6H).

L-Ile-cytarabine: vyield 24%; 'H NMR (DMSO-ds, 300 MHz)§ 7.70 (d,
J=6.0Hz, 1H), 7.52(d, J=6.0Hz, 1H), 5.99(d, J=3.0Hz, 1H), 5.52(s, 2H), 5.28(s, 1H),
454(s, 1H), 4.37(s,1H), 4.12 (s, 1H), 3.98(s, d, J=6.8Hz, 1H), 3.65 (m,2H), 2.93 (m,

2H), 1.94 (m,1H), 0.97(m, 5H), 0.82(m,3H).

3-2. In-vitro stability study

The gastrointestinal stability of prodrugs was examined by using the artificial

digestives. As shown in Fig.2 and 3, L-Ile-cytarabine and L-Leu-cytarabine
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appeared to more stable in the artificial intestinal fluid than in the gastric juice.
The disappearance half-life of L-Ile-cytarabine and L-Leu-cytarabine was about
25~3.0 hrs in the artificial gastric juice. Considering that orally administered solid
preparations were transferred to the small intestine within lhr after administration
under the fasted condition,(lﬁ) the stability of L-Ile-cytarabine and L-Leu-cytarabine
in gastric juice appeared to be appropriate for the oral delivery of cytarabine. The
degradation of L-Ile-cytarabine and L-Leu-cytarabine was negligible in the
artificial intestinal fluid over the 4 hr-incubation. In contrast to L-Ile-cytarabine
and L-Leu-cytarabine, L-Arg-cytarabine was rapidly disappeared within Smin in
all the tested biological media. Therefore the utility of L-Arg-cytarabine as a
prodrug for the oral delivery of cytarabine should be minimal. Collectively, the
in—vitro stability studies indicated that L-Ile-cytarabine and L-Leu-cytarabine could
be stable in the intestinal lumen after the oral administration.

As shown in Fig.4. L-Ile-cytarabine and L-Leu-cytarabine appeared to be
stable in fresh rat plasma and Caco-2 cell homogenates. The degradation of
L-Tle-cytarabine and L-Leu-cytarabine was negligible in fresh rat plasma and
Caco-2 cell homogenates over the 4 hr-incubation. Results indicated that
L-Ile-cytarabine and L-Leu-cytarabine should be resistant to the degradation by
plasma. The chemical stability of L-Ile-cytarabine and L-Leu-cytarabine were
also examined in aqueous solutions of different pHs(1.2, 6.8, &8.0). While
L-Ile-cytarabine and L-Leu-cytarabine were stable in aqueous solutions of pH 6.8
and pH 8.0, the hydrolysis of amide bond appeared to be rather accelerated in
acidic pH and the disappearance half-life of L-Ile-cytarabine and L-Leu-cytarabine
were approximately 1.2 and 2.9hr in the aqueous solution of pH1.2 (Fig.5). Overall,
in-vitro stability studies indicated that L-Ile-cytarabine and L-Leu-cytarabine were
metabolically stable in plasma and Caco-2 cells. However, in the case of chemical
stability, the hydrolysis of prodrug appeared to be rather accelerated in acidic pH.

Considering that the tumor pH i1s on average, lower than the pH of normal
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tissuesm), chemical hydrolysis of L-Ile-cytarabine and L-Leu-cytarabine may be

more favorable in tumor cells.

3-3. Cellular uptake studies

The cellular uptake characteristics of prodrugs as well as parent drug were
evaluated in Caco-2 cells. As expected from the metabolic instability in artificial
digestives, L-Arg-cytarabine was rapidly converted to its parent drug before the
permeation across the apical membrane of Caco-2 cells, so that the cellular uptake
profile of L-Arg-cytarabine should be similar to that of its parent drug. Indeed, as
shown in Fig.5, the cellular uptake of L-Arg-cytarabine was similar to that from
its parent drug while L-Ile-cytarabine and L-Leu-cytarabine appeared to be 6~8
folds more permeable across the apical membrane of Caco-2 cells compared to
cytarabine. In addition, the membrane permeability of L-Arg-cytarabine and
cytarabine was not changed regardless of the increase of dug concentration, while
the permeability of L-Ile-cytarabine and L-Leu-cytarabine decreased significantly
as drug concentration increased from 04 to 4mM. This result suggests that
saturable transport pathways may involve in the cellular uptake of L-Ile-cytarabine
and L-Leu-cytarabine while the passive diffusion could be predominant during the
incubation of L-Arg-cytarabine and cytarabine. Taken all together, L-Ile-cytarabine
and L-Leu-cytarabine exhibited the appropriate gastrointestinal stability and much

greater cellular accumulation compared to the parent drug.

3-4. Pharmacokinetic studies

The plasma pharmacokinetic profiles of L-Ile-cytarabine and cytarabine were

determined in rats and summarized in Table 1. The AUC and terminal plasma
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half-life of L-Ile-cytarabine were prolonged by 2.7 and 2-fold, respectively, but the
appearance of cytarabine was did not observed after the oral administration oral of
L-Ile-cytarabine.

The metabolic conversion of the prodrug to the parent drug did not appear to
be sufficient to ensure the therapeutic effectiveness in the treatment of tumors,
although L-Ile-cytarabine could prevent the rapid deamination of cytarabine by
masking the N4-amino group of the cytosine ring. Further studies should be
required for the considerable tuning of the metabolic stability of prodrugs by

varying its amino acid compnent.
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4. Conclusions

The present study has demonstrated that L-Ile-cytarabine and
L-Leu-cytarabine were more permeble across the apical membrane of Caco—-2 cells
than cytarabine. These results also suggest that L-Ile-cytarabine and
L-Leu-cytarabine could be effective to improve the oral absorption of cytarabine
via the carrier-mediated transport pathways. However, due to the low metabolic

conversion to the parent drug, the utility of prodrugs could be limited..
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Fig. 1: Synthetic scheme for N4-derivatives of cytarabine
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Fig. 2: In-vitro stability of cytarabine prodrugs in the artificial gastric

juice (Mean*SD, n=3)
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Fig. 3: In-vitro stability of peptidyl prodrugs in the artificial intestinal
fluids(Mean+SD, n=3).
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Fig. 4: In-vitro stability of cytarabine prodrugs in cell homogenate and plasma.

(MeantSD, n=3).
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Fig. 5. In-vitro stability of cytarabine prodrugs in aqueous solutions of different

pHs(1.2, 6.8, 8.0). (MeantSD, n=3).
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Fig. 6: Cellular uptake of cytarabine and its prodrugs in Caco-2 cells
(MeantSD, n=5-6). *:p<0.05, compared to the parent drug.
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Fig. 7: Concentration dependency in membrane permeabilities of cytarabine and its

peptidyl prodrugs in Caco-2 cells (Mean*SD, n=5-6)
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Fig. 8. Mean plasma concentration—time curves of cytarabine and L-Ile-cytarabine
after an oral administration to rats (Mean+SD, n=5). €;Cytarabine 10mg/kg,

;L -Ile-cytarabine 10mg/kg

_36_



Table 1. Mean pharmacokinetic parameters of L-Ile-cytarabine and cytarabine after

an oral administration to rats (Mean+SD, n=4)

Drugs Cytarabine L-1Ile-cytarabine
Analytes Cytarabine Cytarabine L-Ile-cytarabine
Cmax(ng/mL) 876+193 — 1570+385%
Tmax(hr) 1.9+0.3 — 1.9+0.3
AUC(ug*hr/mL) 4600+1070 — 12400+1730=
T (h) 2.3+0.4 — 4.5+0.7%

*p<0.05, compared to the control
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Abstract

Enhanced Systemic Availability of Methotrexate in the

Presence of Morin in Rats

The present study aimed to investigate the effect of morin on the
pharmacokinetics of methotrexate (MTX) in rats. Pharmacokinetic parameters of
MTX were determined in rats following an intravenous administration of
MTX(2mg/kg) in the presence and absence of morin (25mg/kg, po.). The cellular
accumulation of MTX was also examined by using MDCK cells stably
overexpressing hOAT1 or hOAT3. Compared with the control given MTX alone,
pretreatment with morin 15min prior to MTX administration significantly altered
the pharmacokinetics of MTX in rats. Renal clearance and total clearance of MTX
were reduced by 42% and 58%, respectively, in the presence of morin. Accordingly,
the systemic exposure of MTX in the rats pretreated with morin was significantly
higher than that from the control group. The mean residence time (MRT) and
terminal plasma half-life of MTX were prolonged by 3.3-and 2.4-fold, respectively,
by the concurrent use of morin. The cellular uptake of MTX (20uM) was
significantly reduced by the co-incubation with morin (100uM) in MDCK-hOAT]I1
cells but not in MDCK-hOATS3 cells. Taken together, morin appeared to be

effective in altering the pharmacokinetics of MTX in rats, likely by the inhibition

of OATI1-mediated renal excretion.
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1. Introduction

Methotrexate (MTX,  24-diamino-N'""-methylpteroyl-L-glutamic  acid), a
classical antifolate, has been used in the treatment of various human neoplastic

disorders including childhood acute leukemia, head and neck cancer and

(1-3)

osteosarcoma . MTX is also used in other non-malignant conditions including

psoriasis and rheumatic disease™. As the side effects of MTX include acute renal

failure, bone marrow depression and hepatitis through an increase in blood MTX

6,7)

levels when it was coadministered with other drugs< , the prediction of potential

drug interactions with MTX should be important in combination therapy. Some

previous studies have reported life threatening interactions of MTX with

(8-10)

conventional drugs or plant extracts For example, the coadministration of

Pueraria lobata root decoction decreased the elimination of MTX and resulted in
markedly increased systemic exposure and toxicity of MTX in rats"”. Probenecid
inhibited the tubular secretion of MTX and thus increased the plasma MTX
concentration by 2-to 3-fold®?.

Recently flavonoids have gained much attention as complementary and
alternative medicines due to their beneficial effects on human health""'”. In

(13)

particular, morin (3,5,7,2’,4'-pentahy-droxy-flavone)appeared to be non-toxic and

displayed a variety of biological actions such as anti—allergic, anti—inflammatory,

(14,15)

antimutagenic and anticarcinogenic effects Moreover they are effective as

modulators of pharmacokinetics or cellular uptake of certain therapeutic drugs

(16-18)

including diltiazem, paclitaxel and gamma-hydroxybutyrate Recently it was

also demonstrated that morin could modulate the transport activity of human

19) .
. Given

organic anion transporter 1 (hOATI1) by using transfected MDCK cells
that MTX can be taken up by organic anion transporters on the basolateral side of

the proximal tubule in kidney (20), there could be a potential drug interaction
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between MTX and morin by the modulation of renal excretion. Therefore, this
study aimed to investigate the effect of morin on the pharmacokinetics of MTX in

rats.
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2. Materials and M ethods

2-1. Materials

MTX (4-amino-10-methylfolic acid), morin and 5-bromo-2’'-deoxyuridine

were obtained from Sigma Chemicals (St Louis, MO, USA). Acetonitrile and
methanol were purchased from Merck Co. (Darmstadt, Germany). Fetal bovine
serum(FBS), cell culture media, antibiotics and all other reagents used in cell
culture studies were purchased from Seolin Science Co.(Seoul, Korea). Madin-Darby
canine kidney cells stably transfected with hOAT1I(MDCK-hOATI1 cells) were
kindly provided by Dr John B. Pritchard(NIEHS, North Carolina, USA). MDCK
cells overexpressing hOAT3 (MDCK-hOATS3 cells) were generated as described in
a previous report(w and the functional expression of hOAT3 was confirmed by the
uptake of [H’]-estrone sulfate. All other chemicals were reagent grade and all the

solvents used were HPLC grade.

2-2. Cell culture

MDCK cells were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 1% nonessential amino acids, ImM sodium pyruvate,
1% L-glutamine and penicillin (100U/mL) streptomcin (100mg/mL). MDCK-hOAT1
and MDCK-hOAT3 cells were maintained in the same media added with
G-418(200ug/mL) or blasticidin S(2ug/mL), respectively. All cells were maintained
in an atmosphere of 5% CO: and 90% relative humidity at 37C.
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2-3. Cellular uptake study of MTX

Cells were seeded in 6-well culture plates at a density of 10° cells/cm® At 5
days post-seeding, the cells were washed twice with pH 7.4 uptake buffer and
then were incubated with a drug solution containing 20uM MTX in the absence
and the presence of 100uM morin. At the end of 15min incubation, the drug
solution was removed and the cells were washed three times with ice-cold
phosphate-buffered saline. After the cell lysis, the cells were harvested and
sonicated for 1-2min. Acetonitrile (ImL) was added to the cell lysate, vortexed
rigorously and centrifuged for bmin at 3000rpm. After filtration of the supernatant
through a membrane filter(0.45uM), the samples were analysed by HPLC. The
protein amount of each sample was determined with a BCA protein assay kit

following the manufacturer’s instruction (Sigma Chemical Co, St Louis, MO, USA).

2-4. Pharmacokinetic studies in rats

Male Sprague-Dawley rats (270-300g) were purchased from Dae Han
Laboratory Animal Research and Co. (Choongbuk, Korea), and had free access to
normal standard chow (Jae chow, korea) and tap water. The animals were kept in
these facilities for at least 1 week before the experiment and fasted for 24h prior
to the experiments. On the day of experiments, MTX(2mg/kg) was administered
intravenously to rats with and without pretreatment with rats with morin
(25mg/kg) orally 15min prior to MTX administration. Blood samples were collected
from the femoral artery at 0, 0.083, 0.25, 0.5, 1, 2, 4, 8, 12 and 24h postdose. Urine
was also collected for 24h from the same group of rats. Blood samples were
centrifuged to obtain plasma. Urine samples were centrifuged for 10min at 3000rpm

and then passed through a membrane filter (0.45uM). All samples were stored at
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-70C until analysed.

2-5. HPLC Assay

The concentrations of MTX were determined by a HPLC assay as described
by Ueda et al®. In brief. 20ul (10ug/ml) of aminopterin as an intemal standard
was to 200ul plasma samples and the samples were deproteinized by adding 400ul
acetonitrile. After centrifugation of the samples at 13000rpm for 10min, the
supematant was completely evaporated for dryness. The residue was reconstituted
with 200ul of the mobile phase, and then 50ul aliquots were injected directly into
the HPLC system(Shimadzu Scientific Instruments, Japan). The chromatographic
system consisted of a pump (LC-10AD), an automatic injector (SIL-10A) and a
UV detector (SPD-10A) (Shimadzu Scientific Instruments, Japan) set at 320nm. An
octadecylsilane column (Gemini C18, 4.6X250mm, 5um; Phenomenex, Torrance, CA,
USA) was eluted with a mobile phase consisted of 0.01M ammonium acetate
buffer: acetonitrile (94:6, V/V %) for plasma samples and 0.01M KH.PO,(PH 6.3):
acetonitrile : methanol(925 @ 6 : 15, V/V/V%) for urine samples. The standard

curves covered the drug concentrations of 0.01 ~5ug/mL(Fig.10).

2-6. Pharmacokinetic analysis

The pharmacokinetic parameters of MTX were obtained by noncompartmental
analysis using WinNonlin version 2.1 (Pharsight, Mountain View, CA). The area
under the plasma concentration-time curve(AUC) and the area under the first
moment-time curve from time zero to infinity(AUMC) were calculated using the
linear trapezoidal method. And the mean residence time(MRT) was calculated by
AUMC/AUC. The terminal elimination rate constant (\,) was estimated from the

slope of the terminal phase of the log plasma concentration-time points fitted by
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the method of least squares, and then the terminal elimination half-life (Ti») was
calculated as 0.693/A,. The total clearance (CL) was estimated by dividing dose by
AUC and the apparent volume of distribution at steady state (Vgss) was calculated
as CL multiplied by MRT. Renal clearance (CL;) was determined as CL,=Ae/AUC,
where Ae (amount of unchanged drug eliminated in urine) and AUC were

measured over the same time interval.

2-7. Statistical analysis

All data are expressed as the mean+SD. The statistical significance of
differences between treatments was evaluated using the unpaired Student’s t-test,

and a value of p<0.05 was considered to be statistically significant.
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3. Results and Discussion

The mean plasma concentration—-time profiles of MTX in the presence and the
absence of morin are illustrated in Figure 11. The mean pharmacokinetic
parameters of MTX are also summarized in Table 2. Kuroda et al® . demonstrated
that the intravenous pharmacokinetics of MTX was linear over the dose range
0.5-2.5mg/kg in rats. Therefore, considering the assay sensitivity as well as the
dose range for the linear pharmacokinetics, MTX was dosed at 2mg/kg in the
present study and achieved a plasma level comparable to the therapeutic
concentrations in humans”. As shown in Table 2, pretreatment with morin 15min
prior to MTX administration significantly (p<0.05) altered the pharmacokinetics of
MTX in rats, compared with the control given MTX alone. Renal clearance and
total clearance of MTX decreased by 42% and 58%, respectively, in the presence of
morin. Consequently, the systemic exposure (AUCQC) of MTX was
significantly (p<0.05) higher than the control given MTX alone. Furthermore, the
mean residence time (MRT) and terminal plasma half-life of MTX were prolonged
by 3.3-and 2.4-foldrespectively, by the concurrent use of morin. Taken together,
pretreatment with morin prior to MTX administration significantly altered the renal
excretion and plasma pharmacokinetics of MTX in rats.

The altered renal excretion of MTX in the presence of morin may be caused
by competition between MTX and morin for the transport system such as organic
anion transporters (OATS) expressed in the renal proximal tubules, considering

that MTX can be taken up by OATI1 and OAT3 across the basolateral membrane

20,24,25 (19)

of proximal tubules ( " and morin can also interact with those transporters
Therefore, the cellular uptake of MTX was determined in the presence and absence
of morin by using transfected MDCK cells overexpressing hOAT1 or hOAT3. As
shown in Figure 12, the cellular accumulation of MTX in MDCK-hOATI

significantly decreased in the presence of morin while there was no change in
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MDCK-hOATS3 cells. This result suggests that morin might be more effective in
inhibiting the hOATI1-mediated cellular uptake of MTX than the hOAT3-mediated
uptake of MTX. Therefore, the altered pharmacokinetics of MTX via the concurrent
use of morin might be explained, at least in part, by the inhibition effect of morin
on the OATIl-medated renal excretion of MTX. Some previous studies also
reported that probenecid and piperacillin significantly reduced the renal elimination
of MTX, probably by blocking the organic anion transport system in kidney(g'%).
However, since MTX and morin could be also recognized by other transporters
including P-gp and MRPs“®®  additional mechanisms for pharmacokinetic
interaction between MTX and morin should not be excluded at this moment.
Considering that the urinary clearance of MTX accounts for approximately 709
to 90% of the total clearance in humans (9), the interaction involving urinary
excretion between MTX and morin may have more profound impact on the

pharmacokinetics of MTX in humans than that observed in rats. Therefore, the

clinical importance of this finding should be further investigated in clinical studies.
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4. Conclusion

Pretreatment with morin significantly enhanced the systemic exposure of

intravenously administered MTX. Therefore, the concomitant use of morin or
morin—containing dietary supplements with MTX may require close monitoring for

potential drug interactions in clinics.

_48_



—

10.

5. References

Djerassi, I. Methotrexate infusions and intensive supportivecare in the
management of children with acutelymphocytic leukemia: follow-up report.
Cancer fes, 27, 2561-2564 (1967).

Levitt, M.; Mosher M. B.; DeConti R. C. Improved therapeutic index of
methotrexate with ‘eucovorin rescue. Carncer Fes. 33, 1729-1734 (1973)

Frei, E. 3rd,; Jaffe, N.; Tattersall, M. H.; Pitman, S.; Parker, L.; New
approaches to cancer chemotherapy with methotrexate. NV Zng/ J Med. 292,
846 - 851 (1975).

Chladek, J.; Grim, J., Martinkova, J. Pharmacokinetics and pharmacodynamics
of low—dose methotrexate in the treatment of psoriasis. Zr /J Clin FPharmacol.

54, 147 - 156 ( 2002).

Burchini, G.; Orsi, C. Rheumatoid arthritis. NV Zng/ J Med. 351,

1360 - 1361 (2004).

Maiche, A. G. Acute renal failure due to concomitant action of methotrexate
and indomethacin. Zarcet. 1, 1390 (1986).

Thyss, A.; Milano, G.; Kubar, J.; Namer, M.; Schneider, M. Clinical and
pharmacokinetic evidence of a life-threatening interaction between methotrexate
and ketoprofen. Zancer. 1, 256 - 258 (1986).

Bourke, R. S,; Chheda, G.; Bremer, A.; Watanabe, O.; Tower, D. B. Inhibition of
renal tubular transport of methotrexate by probenecid. Caricer fes. 35,

110 - 116 (1975).

Aherne, G. W.; Piall, E.; Marks, V.; Mould, G.; White, W. F. Prolongation and
enhancement of serum methotrexate concentrations by probenecid. Br Med J. 1,
1097 - 1099 (1978).

Chiang, H. M,; Fang, S. H.; Wen, K. C. Life-threatening interaction between

the root extract of Pueraria lobata and methotrexate in rats.

_49_



11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Zoxicol Appl! Pharmacol. 209, 263 - 268 (2005).

Cassileth, B. R.; Deng, G. Complementary and alternative therapies for cancer.
Oncologist: 9, 80 - 89 (2004).

Richardson, M. A.; Straus, S. E. Complementary and alternative medicine:

opportunities and challenges for cancer management and research. Semz Oncol.

29, 531 - 545 (2002).

Wu, T. W,; Zeng, L. H.; Wu, J.; Fung, K. P. Morin: a wood pigment that

protects three types of human cells in the cardiovascular system against

oxyradical damage. Zrochem Pharmacol. 47, 1099 - 1103 (1994).

Robak, J.; Gryglewski, R. J. Flavonoids are scavengers of superoxide anion.

Brochem Pharmacol. 37, 83 - 83(1988).

Stavric, B. Role of chemopreventers in human diet. (/2 Brochem. 27,
319 - 332 (1994).
Choi, B. C,; Choi, J. S.; Han, H. K. Altered pharmacokinetics of paclitaxel by

the concomitant use of morin in rats. 2z J Pharm. 323, 81 - 85 (2006).

Choi, J. S.; Han, H. K. Pharmacokinetic interaction between diltiazem and
morin, a flavonoid, in rats. Pharmaco/ Fes. 52, 386 - 391 (2005).

Wang, Q.; Morris, M. E. Flavonoids modulate monocarboxylate
transporter—-1-mediated transport of gamma-hydroxybutyrate 77z viZzro and in
vivo. Drug Metab Dispos. 35, 201 - 208 (2007).

Hong, S. S.; Seo, K.; Lim, S. C.; Han, H. K. Interaction characteristics of
flavonoids with human organic anion transporter 1 (hOAT1) and 3 (hOATS3).
Pharmacol! FRes. 56, 468-473 (2007).

Takeda, M.; Khamdang, S.; Narikawa, S. Characterization of methotrexate
transport and its drug interactions with human organic anion transporters. /
Pharmacol Exp Ther. 302, 666 - 671 (2002).

Aslamkhan, A. G.; Han, Y. H.; Yang, X. P.; Zalups, R. K.; Pritchard, J. B.
Human renal organic anion transporter 1-dependent uptake and toxicity of

mercuric—thiol conjugates in Madin-Darby canine kidney cells.

_50_



Mol Pharmacol. 63, 590 - 596 (2003).

22. Ueda, K.; Kato, Y., Komatsu, K., Sugiyama, Y. Inhibition of biliary excretion of
methotrexate by probenecid in rats: Quantitative prediction of interaction from in
vitro data. ./ Pharmacol Exp Ther. 297, 1036 - 1043 (2001).

23. Kuroda, T.; Namba, K.; Torimaru, T.;, Kawashima, K., Hayashi, M. Species
differences in oral bioavailability of methotrexate between rats and monkeys.
Biol Pharm Bull 23, 334 - 338 (2000).

24. Uwai, Y.; Taniquchi, R.; Motohashi, H.; Saito, H.; Okuda, M.; Inui, K. L
Methotrexate - oxoprofen interaction: involvement of human organic anion
transporters hOAT1 and hOAT3. Drug Metab FPharmacokinet. 19, 369 - 374

(2004).

25. Kwak, J. O.; Kim, H. W.; Oh, K. J; Kim, D. S.; Han, K. O.; Cha, S. H.
Colocalization and interaction of organic anion transporter 1 with caveolin-2 in
rat kidney. Zxp Mol Med. 37, 204 - 212 (2005).

26. Iven, H.; Brasch, H. Influence of the antibiotics piperacillin, doxycycline, and
tobramycin on the pharmacokinetics of methotrexate in rabbits.

Cancer Chemother Pharmacol. 17, 218 - 222 (1986).

27. Zeng, H.; Chen, Z. S.; Belinsky, M. G.; Rea, P. A.; Kruh, G. D. Transport of
methotrexate (MTX) and folates by multidrug resistance protein (MRP) 3 and
MRP1: effect of polyglutamylation on MTX transport.

Cancer Fes. 61, 7225 - 7232 (2001).

28. Gifford, A. ].; Kavallaris, M., Madafiglio, J. P-glycoprotein—- mediated
methotrexate resistance in CCRF-CEM sublines deficient in methotrexate
accumulation due to a point mutation in the reduced folate carrier gene.

Int J Cancer. 78, 176 - 181 (1998).
29. Morris, M. E.; Zhang, S. Flavonoid - rug interactions: effects of flavonoids on

ABC transporters. Zge Sci. 78, 2116 - 2130 (2006).

_51_



Fig. 9: structure of MTX
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Fig. 10: Chromatograms of blank plasma (A) and plasma spiked (B) with
internal standard (8.113 min) and MTX (22.725 min)
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Fig. 12: Mean plasma concentration-time profiles of MTX after an
intravenous administration of MTX (2mg/kg) to rats in the presence and absence

of morin (MeantSD, n=4).
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Table 2: Pharmacokinetic parameters of MTX following an intravenous
administration of MTX (2mg/kg) to rats in the presence and the absence of

morin (Mean+SD, n=4).

Parameter MTX MTX + Morin
AUCp-» (ng.h/mL) 2340 £ 329 5550+664:
CL(1/h/kg) 0.876+0.118 0.364+0.046%*
CL.(1/h/kg) 0.156£0.092 0.091£0.022%
Vass(1/kg) 1.71£0.684 2.37+0.918
T2 (h) 3.1+14 7.5+3.4%
MRT(h) 2.0+0.78 6.5+2.6%

*p<0.05, compared with the control group given MTX alone.
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Fig. 13: Celluar uptake of MTX in MDCK-hOAT1 and MDCK-hOATS3
cells(MeantSD, n=3). Cells were incubated with MTX(20uM) for 15min in the
presence and absence of morin(100uM). *p<0.05, compared with the control group

given MTX alone.
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