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ABSTRACT

Purpose To conduct in vivo and in vitro experiments to
investigate puerarin (PUR), an isoflavone C-glyoside, and
elucidate its ability to alter methotrexate (MTX) transport and
pharmacokinetics.

Methods In vivo absorption studies, in vitro everted intestinal sac
preparation, kidney slices in rats and bi-directional transport assay
with mock-/MDCK-MDRI cells, uptake studies in HEK293-
OAT |/3 cells were employed to evaluate the interaction.
Results In vivo and in vitro MTX absorption in rats were
enhanced in combination with PUR. PUR inhibited digoxin efflux
transport in MDCK-MDR I monolayers with an 1Csq value of
.6 0.3 uM, suggesting that the first target of drug interaction
was MDRI in the intestine during the absorption process. MTX
renal clearance decreased significantly after simultaneous
intravenous administration. MTX uptake in rat kidney slices and
HEK293-OAT I /3 cells were markedly inhibited by PUR,
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suggesting that the second target of drug interaction was OATs
located in the kidney. Moreover, concomitant administration of
PUR reduced renal MTX accumulation and plasma levels of
creatinine and BUN.

Conclusions Co-administration of PUR enhanced MTX
exposure by inhibition of intestinal MDRI and renal OAT /3.
Although the renal damage of MTX was improved by PUR, the
high level exposure of MTX should be cautious in the clinical
usage.

KEY WORDS drug-druginteraction - MDRI - methotrexate -
OATs - puerarin

ABBREVIATIONS
AUC  Area under the plasma concentration-time curve

BUN  Blood urea nitrogen
ClLp Plasma clearance
Clg Renal clearance

CsA Cyclosporin A
DDI Drug-drug interaction
KRB Krebs-Ringer buffer

MDR  Multidrug resistance
MDRI  Multidrug resistance |
MTX  Methotrexate

OAT Organic anion transporter

PAH p-amino hippuric acid

PCG Penicillin G

PUR Puerarin

VER Verapamil hydrochloride
INTRODUCTION

Chemotherapy regimens for cancer treatment typically consist
of multidrug combinations designed to enhance desired effects
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while reducing toxicity (1-3). However, combination therapy
1s accompanied by a greater probability for drug-drug
interactions (DDI) (4,5). DDI can influence pharmacokinetics
and pharmacodynamics (positively or negatively) by affecting
drug disposition (6). Transporters are now known to play
major roles in determining drug disposition; adding another
dimension of complexity to pharmacokinetics (7). DDI
involving metabolism and/or excretion processes can prolong
plasma elimination half-lives, leading to the accumulation of
the drug in the body after repeated administration and
potentiating pharmacological adverse effects (8). Induction
or inhibition of drug transporters, such as MDRI, is an
important mechanism underlying DDI (6). MDRI1 has a
broad substrate spectrum and commonly makes cancer cells
to display cross-resistance to many different cytotoxic drugs. It
1s therefore called as multidrug resistance (MDR) (9). MDR1
is encoded by ABCBI, belongs to the ATP-binding cassette
family and is highly expressed in the gastrointestinal (GI) tract
and tumor cells and contributes to limited oral bioavailability
and multidrug resistance (10). MDCK-MDRI cells are
constructed by stably transfecting MDCK cells with human
MDRI1. As a model MDR1 expression system, MDCK-
MDRUI cells are commonly used to identify MDR1 substrates
by monitoring their transport properties. Organic anion
transporters (OATSs) play a vital role in the renal excretion of
various drugs by facilitating the cellular uptake of substrate
drugs and allowing renal tubule cells to efflux drugs into the
urine. Renal clearance may be reduced as a consequence of
OAT inhibition (11).

MTX, an antifolate and anticancer agent with a narrow
therapeutic window, is commonly used in anticancer
chemotherapy, rheumatoid arthritis, and severe psoriasis
(12). In recent years, several reports have indicated that
MTX is a substrate of MDRI1 (9). This effectively limits
MTX oral bioavailability (9,13). High-dose-MTX-induced
acute kidney injury and the secondary delay of MTX
elimination can lead to prolonged elevation of systemic
MTX concentrations and serious toxicity, including
myelosuppression, mucositis, and dermatitis (12,14).
Therefore, it is useful to find an advantageous drug that is
not only hypotoxicity but also can affect the function of
MDRI1, which can improve the bioavailability and reduce
the dosage of MTX.

In recent years, herbal medicines have been shown to
exert a wide range of biological effects, including
protective roles in the prevention of cancer, diabetes,
and cardiovascular and neurodegenerative diseases (15).
Unfortunately, many of the active compounds, such as
Ginsenoside Rh2 and quercetin, have low water solubility
and poor bioavailability and it is thought that MDR1 may
be involved (16). PUR, an isoflavone component extracted

from Kudzu (Pueraria lobata), has been demonstrated to
exhibit liver and kidney protective effects (17). It was
reported that the uptake of the PUR in an everted
intestinal sac preparation was significantly increased by
MDRI inhibitors such as quercetin and verapamil (18).
Therefore, PUR, a nontoxic MDRI1 inhibitor, is a
potential candidate for co-administration with anti-cancer
drugs to improve their bioavailability (19).

The purpose of the present study is to elucidate the effect of
PUR on the intestinal absorption and renal excretion of
MTX, and to understand how PUR affects MTX
pharmacokinetics. Pharmacokinetic changes following MTX
and PUR co-administration were evaluated. Urinary
excretion, kidney slices, everted small-intestinal sac
preparations, and transfected-cell uptake and transport
were used in the evaluation. The results suggest that
PUR inhibits MDR1 and OATs. PUR improved the
bioavailability of MTX by influencing intestinal absorption
(MDR1) and renal excretion (OATSs) without additional
nephrotoxicity.

MATERIALS AND METHODS
Materials

MTX, PAH and PCG were purchased from Sigma (USA).
PUR was obtained from Shanxi Bosen BioPharmaceutical
Co., Ltd. (Xi’an, China). Digoxin was purchased from
Nanjing ZeLang Medical Technology Co., Ltd. (Nanjing,
China). Cilostazol and JBP485 (cyclo-trans-4-L-
hydroxyprolyl-L-serine, internal standard) were provided by
Zhejiang Kinglyuan Pharmaceutical Co., Ltd. (Shangyu,
China) and Japan Bioproducts Industry Co. Ltd. (Tokyo,
Japan), respectively. Cyclosporin A (CsA) and verapamil
hydrochloride (VER) were purchased from the National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). All other chemicals were of
analytical grade and were commercially available.

Cell Culture

Mock-, hOAT1/3-expressing HEK293 cells were kindly
provided by Professors Yuichi Sugiyama (Graduate School
of Pharmaceutical Sciences, University of Tokyo) and Gong
Likun (Shanghai Institute of Materia Medica, Chinese
Academy of Science, Shanghai, China). Mock-, hMDR1-
expressing MDCK cells were kindly provided by Professor
Zeng Su (College of Pharmacy, Zhejiang University, China).
All of the cell lines were routinely maintained in DMEM
(Dulbecco’s modified Eagle’s medium; Invitrogen, USA);
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supplemented with 10% fetal bovine serum (FBS, heat-
inactivated), 1% non-essential amino acid solution, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin and maintained at
37°C with 95% relative humidity and 5% COs.

Animals

Male Wistar rats weighing 220-250 g were obtained from the
Experimental Animal Center of Dalian Medical University
(Dalian, China; permit number SCXK 2008-0002).
Experiments were performed according to local institutional
guidelines for the care and use of laboratory animals. Before
the onset of each experiment, rats were fasted overnight with
free access to water. In all cases, rats were anesthetized with
pentobarbital (60 mg/kg, ip) prior to pharmacokinetic
experiments.

Pharmacokinetic Interaction in Rats

Rats were divided randomly into three groups (n=4): (1)
MTX (5 mg/kg), (2) PUR (50 mg/kg) and (3) MTX (5 mg/kg)
+ PUR (50 mg/kg). MTX was dissolved in 2% sodium
bicarbonate and brought up to volume with 0.9% sodium
chloride. PUR was dissolved in normal saline.

In Vivo Absorption in Rats

MTX and PUR, suspended in 0.5% sodium carboxymethyl
cellulose solution, were administered orally with a gavage
needle. Blood samples (0.2 ml) were collected via jugular vein
at 1,5, 15, 30, 60, 120, 240, 360, 480 and 600 min in heparin
tubes and centrifuged at 1000 g for 10 min to obtain plasma
for MTX and PUR determination as described below.

In Vivo Renal Excretion

Rat bladders were cannulated with polyethylene tubing, the
distal end of which flowed into a tube for urine collection (4).
Rats received MTX (dissolved in 2% sodium bicarbonate and
brought up to volume with 0.9% sodium chloride) and/or
PUR (dissolved in 50% propylene glycol) via the jugular vein.
Blood samples were collected at indicated times and
centrifuged at 1000 g for 10 min to immediately obtain
plasma. Urine was collected directly from the bladder at 2,
4,6, 8, 10 and 24 h after dosing. MTX and PUR plasma and
urine concentrations were measured as described below.

In Vitro Everted Intestinal Sac Preparation

An In wvitro everted intestinal sac model was performed as
previously described (8). A 10-cm-long intestinal segment
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was removed (approximately 2 cm distal to the ligament of
Treitz) and everted with one end ligated to make a sac. The
other end was used as a sampler and the empty sac was filled
with 1 ml KRB (Krebs-Ringer buffer, containing 0.5 mM
MgCly, 4.5 mM KCI, 120 mM NaCl, 0.7 mM NayHPO,,
1.5 mM NaH,PO,, 1.2 mM CaCl,, 15 mM NaHCO3,
10 mM glucose and 20 mg/l phenolsulfonphthalein as a
non-absorbable marker, pH 7.4) as serosal solution. The
entire sac was placed in pre-oxygenated incubation medium
(mucosal solution) containing 10 pM MTX and/or 10 pM
PUR at 37°C (n=4). At 15, 30, 60 and 90 min post dosing, a
50 pl aliquot of serosal solution was collected for MTX and
PUR determination as described below.

In Vitro Uptake in Kidney Slices

Rat kidney was cut into slices using a ZQP-86 tissue slicer
(Zhixin Co. Ltd., Shanghai, China; thickness 300 um,
surface arca 0.15 cm?) as previously described (20). After
pre-incubation for 3 min in oxygenated (Oy/CO,,
95%:5%) Krebs-bicarbonate slicing buffer (containing
120 mM NaCl, 16.2 mM KCI, 1.0 mM CaCl,,
1.2 mM MgSO,; and 10 mM NaH,PO,/Na,HPO,,
pH 7.4) at 37°C, kidney slices were placed in 1 ml fresh
oxygenated (O9/COy, 95%:5%) buffer containing MTX
(10 pM) and/or PUR (10 uM) for further incubation (n=4).
At 1, 10, 30 and 45 min, uptake was terminated by removing
the buffer and washing the slices with ice-cold saline. The
slices were then homogenized (IKA-T 10 homogenizer; IKA,
Staufen, Germany) for MTX and PUR determination as
described below.

Trans-Epithelial Transport Studies

Trans-epithelial transport studies were conducted as
previously described (21). MDCK-mock/MDRI1 cells
(passage number 18-30) were seeded on 24-well trans-well
inserts (12 mm diameter, 0.6 cm” growing surface area,
0.4 pm pore size; Gorning Costar, Acton, MA) and grown
for 3-5 days to form cell monolayers. TEER (trans-epithelial
electrical resistance) measurements were used to evaluate the
integrity of the cell layer (Millicell-ERS equipment; Millipore,
MA, USA) and TEER > 350 Q-cm” was used as acceptance
criteria for further experiments. The MDR1 probe substrate
digoxin (10 pM) was assessed as a positive control. Trans-
epithelial transport experiments were initiated by adding
transport buffer containing digoxin (10 pM) or PUR
(10 uM) to the apical (total volume of 400 pl) or basolateral
(total volume of 600 pl) side of the monolayer, which served as
donor compartments (z=3). The other side was filled with
blank buffer; serving as receiver compartments. A 50 pL
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aliquot was taken from the receiver compartments at 0.5, 1.0,
2.0 and 3.0 h for determination and replaced with fresh
buffer. For the efflux inhibition assay, digoxin (10 uM) or
PUR (10 pM) was incubated in the basolateral side, and
inhibitors were present on both sides of the monolayer. At
the conclusion of the transport assay, the buffer was removed
and monolayers were rapidly washed on both sides with ice-
cold HBSS to measure the intracellular accumulation of PUR
(described below).

In Vitro Transporter Uptake Assays

Uptake studies were performed as previously described (22).
HEK?293-mock/OATI1/3 (passage number 18-30)
monolayers were washed 3 times with transport buffer
(containing 118 mM NaCl, 23.8 mM NaHCOs;, 4.8 mM
KCl, 1.0 mM KH,POy,, 1.2 mM MgSOy, 12.5 mM HEPES,
5.0 mM glucose and 1.5 mM CaCly, pH 7.4) and then pre-
incubated in transporter buffer for 15 min at 37°C. Uptake
studies were initiated with the adding of 1 ml buffer containing
PAH (10 pM), PCG (10 pM), MTX (10 pM) or PUR (10 pM)
(n=3). For inhibition assays, various concentrations of PUR
(0.01-100 uM) were simultaneously added to the buffer. After
incubation for the designated times at 37°C with gentle
shaking, the medium was removed to stop uptake, followed
by 3 washes with 1 mlice-cold buffer. The cell monolayers were
subsequently lysed with 0.3 mL of 0.1% Triton X-100® for
2 h. Test drug concentrations in cell lysates were determined as
described below and protein concentrations were measured by
the bicinchoninic acid procedure using bovine serum albumin
as the standard (BCA; Solarbio, Beijing, China).

Renal Accumulation and Damage Assay

Rats were divided randomly into 3 groups (n =4). Control
groups received the vehicle alone for 1 or 3 days. The MTX
group received a single dose or 3 consecutive daily intra-
peritoneal injections of MTX at a dose of 5 mg/kg body
weight. The PUR group received a single dose or 3 consecutive
daily intraperitoneal injections of MTX (5 mg/kg) and PUR
(50 mg/kg). Rats were killed 3 h after the final dose and the
plasma and kidney were collected for determination of MTX
concentrations. The plasma concentrations of creatinine and
BUN were determined using a test kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Histological Analyses

On day 1 or 3, rat kidney cortex in vehicle (MTX and MTX
+ PUR groups) was removed for histopathological
examination. Renal cortex was fixed in 10% neutral buflered
formalin immediately after the application of ether and left in
the same fixative solution for 24 h before being embedded in

paraffin. Specimens (3 pm) were prepared for hematoxylin -
eosin (H&E) for morphological evaluation.

Sample Preparation

Preparation of various biological samples was conducted as
previously described (4). An aliquot (50 pl) of rat plasma, urine,
KRB, cell lysate or HBSS was mixed with 50 pl internal
standard solution (500 nM cilostazol or JBP485) and 200 pl of
methanol. After centrifugation at 16 099¢ for 10 min to remove
the protein precipitate, the upper organic layer was transferred
into a polyethylene tube and concentrated to dryness under a
gentle stream of nitrogen at 37°C.. The residue was dissolved in
200 pl of mobile phase solution. Ten microliters of each sample
was injected into LC-MS/MS for analysis.

LC-MS/MS Analysis

The concentrations of MTX, PUR, PAH and PCG were
determined (23-27) with a LC-MS/MS system (Agilent
HP1200, Agilent Technology Inc., Palo Alto, CA, USA; API
3200 triple-quadrupole mass spectrometer, Applied Biosystems,
Concord, Ont, Canada). Chromatographic separation was
performed on a Hypersil BDS-C g column (150 mmx4.6 1.d.,
5 pum, Dalian Elite Analytical Instruments Co. Ltd, Dalian,
China). The mobile phase consisted of acetonitrile and water
with 0.1% formic acid (40:60, v/v) for both MTX and PUR.
The mobile phase consisted of 3% methanol and 97% water
with 0.1% formic acid for both PAH and PCG. The flow rate
was 0.3 mL/min. Ionization was conducted using a
Turbolonspray interface in positive ion mode. Multiple reaction
monitoring (MRM) was employed for data acquisition. The
selected transitions were m/z 455.2 — 308.2 for MTX, m/z
415.4 — 267.1 for PUR, m/z 370.4 — 288.1 for cilostazol, m/z
779.0 — 649.0 for digoxin, m/z 195.2 — 120.2 for PAH, m/z
335.1 — 176.0 for PCG and m/z 201.1 — 86.1 for JBP485.
Analyst 1.4.1 software (Applied Biosystems) was used for the
control of equipment, data acquisition and data analysis.

Data Analysis

Main pharmacokinetic parameters were calculated using the
Practical Pharmacokinetic Program (3P97) program edited by
the Chinese Mathematical Pharmacological Society. The
3P97 program computes all main pharmacokinetic
parameters and C-t curves automatically. The quality of the
fit was judged by evaluating the S.E. of parameter estimates
and the coefficient of determination (r%), as well as by visual
inspection of the residual plots. The main pharmacokinetic
parameters were calculated using equations 1-3. The plasma
clearance (CL,) was calculated by the following:

CL, = Dose/AUG; (1)
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where AUC;,, is the area under the plasma concentration-
time profile after intravenous injection. Oral availability (I)
was calculated as follows:

F = AUG,, /AUC;, (2)

where AUC,,,,. is the AUC after oral administration and
calculated by the trapezoidal rule.

The renal clearance (CLg) of MTX or PUR was calculated
using the following equation:

CLR = Alotal/AUCLv. (3)

where A, 1s the total cumulative amount of MTX or PUR
excreted in urine over 24 h.

The apparent permeability values (Papp) were calculated
in all experiments according to the equation:

Papp = (dQ /dt)/(ACy) (4)

where dQ/dt is the slope of the cumulative amount
transported during the time course of the period studied, A
is the area of the inserts and Cj is the starting concentration.

Efflux ratios were calculated according to the following
equation:

Efflux ratio(ER) = Papp,p/Pappy;. (%)

where AP is the apical to basolateral transport and BL is the
basolateral to apical transport.

Net efflux ratios were calculated according to the following
equation:

NCt eﬁlux I"atiOS(NER) = ERMDCK—MDR] /ERMDCK—mock
(6)

Statistical Analysis

Statistical analysis was carried out using the SPSS 11.5
package. Test results are expressed as mean = S.D.
Statistically significant differences among multiple treatments
for a given parameter were determined using one-way analysis
of variance (ANOVA). Statistical significance of differences
between mean values was calculated using a non-paired ¢-test.
Statistical significance was defined as p values <0.05 or <0.01.

RESULTS

The Effect of PUR on the Pharmacokinetics of MTX
In Vivo

To understand the target of interaction between MTX and
PUR, the two drugs were administered simultaneously
intravenously or orally. When MTX (5 mg/kg) and PUR
(50 mg/kg) were orally administered in combination, their
plasma concentrations and pharmacokinetic parameters
significantly increased compared with that of control groups
(Table I). The Gy of MTX and PUR increased by 79%
and 30% of their control groups, respectively. The AUCs of
MTX and PUR increased approximately by 74% and 37% of
their control groups, respectively. However, there was no
significant statistical difference between PUR and PUR +
MTX group. The data suggests an interaction between MTX
and PUR, which results in an increase in intestinal absorption of
MTX when the two drugs are co-administered orally.
Moreover, when MTX and PUR were co-administered
intravenously, both their plasma concentrations and
pharmacokinetic parameters were significantly altered
compared to corresponding control groups (Table I). Other
kinetic data for MTX and PUR, including the t;,9 and T},

Table I Pharmacokinetic

Parameters of MTX and PUR Parameters MTX (5 mgke) PUR (50 mg/kg)
Following per o.p. ori.v.
Administration without PUR  with PUR (50 mg/kg) without MTX with MTX (5 mg/kg)
PO. Com  ng/ml 1088 194+21° 202+26 26332
T MiN 60 60 45 60
AUC  ugmin/ml  287+26 50+4° 133+ 15 182+21
ti) min 108 10 184+ 16 65583 450 +39
CLF  mlkgmn  172+13 102+9° 370+29 264+20
F% 6.6=0.7 [1.5+1.3° 1.01 +=0.06 1.39+0.09
V.  AUC  ugmin/ml  434+37 689 +72° 13101 %1513 21953 = 1800°
tn min 81+9 1] +13° 164+2] 135+ 16
CL,  mlkg/min  11.5%23 725+ .15 3.82+0.35 228+033°
“p <0.05vs MTX group Clx  mikg/min  943+0.89  4.10+047° 1.20+0.23 0.48+0.05°

®p <0.05 vs PUR group
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Fig. 1 Effect of PUR and VER on the absorption of MTX in everted small

intestinal sac preparations in vitro. (mean = S.D.; *, p <0.05 vs. control, **,
p <0.01 vs. control; n =3).

also changed when the drugs were co-administered. The t; 5 of
MTX was prolonged and the CLp decreased by 37% for MTX
and 41% for PUR (Table I). The results indicate that clearance
of the two drugs is delayed when they are co-administered.

The Effect of PUR on the Intestinal Absorption of MTX
In Vitro

To exclude the impact of changes in physiological conditions
and to further confirm the effect of PUR on the intestinal
absorption of MTX, we employed a rat everted gut sac model.
The serosal side concentration of MTX when combined with
PUR increased and the AUC increased 2.24-fold compared
to control (Fig. 1). The concentration of MTX in the serosal
side also increased in the presence of verapamil, suggesting
that the first target of the interaction between MTX and PUR
1s in the intestine.

The Effect of PUR on MTX Transport in MDCK-MDRI
Cells

To elucidate the target transporter involved in the DDI
between MTX and PUR, an MDCK-MDRI1 cell model
was used to characterize the influence of PUR on the

transport of digoxin, a probe substrate of MDR1. With the
addition of CsA, the NER of digoxin was significantly reduced
from 4.82 to 1.07 (Table II). Like CsA, PUR also inhibited the
efflux transport of digoxin and in a concentration-dependent
manner (Fig. 2) with an IC5q value of 1.6£0.3 uM; an
indication that PUR is an inhibitor of MDRI1. The
transcellular transport of PUR was also evaluated but no
obvious vectorial transport was observed in MDCK-mock
cells. The Papp of PUR from basolateral-to-apical was
higher than that of the opposing direction. The NER
was 3.2 and CsA and verapamil inhibited PUR efflux
transport (Fig. 3). The results demonstrate that PUR i1s a
substrate of MDR1 and that MDR1 mediates the efflux
transport of PUR.

The Effect of PUR on the Renal Excretion of MTX

To further characterize the DDI between MTX and PUR,
renal excretion following iv co-administration was analyzed.
Cumulative urinary excretion over 24 h was 83% for MTX
and 32% for PUR when MTX or PUR were administered
alone. When MTX and PUR were co-administered,
cumulative urinary excretion decreased by 32% for MTX
and 36% for PUR (Fig. 4). MTX or PUR renal clearance
decreased by 43% or 40% by each other after iv
administration, respectively (Table I); indicating that PUR
inhibits MTX renal excretion.

The Effect of PUR on MTX Uptake in Kidney Slices

Rat kidney slices were used to investigate the effect of PUR on
MTX uptake. PUR significantly inhibited M'TX uptake in
kidney slices. MTX uptake decreased by 35% compared with
the control group. Probenecid (PRO, an OAT inhibitor) also
inhibited the uptake of MTX (Fig. 5), suggesting that the
second target of the DDI between PUR and MTX is located
in the kidney.

The Effect of PUR on MTX Uptake in HEK293-OAT /3
Cells

To identify the target transporter supporting the DDI
between PUR and MTX, the effect of PUR on MTX uptake

Table Il Papp Values of Digoxin

Across MDCK-mock and MDRI substrate Papp (mock-MDCK) Papp (MDRI-MDCK) NER
MDCK-MDRI Cell Monolayers
AB B-A ER AB B-A ER
digoxin  control  126+0.13  390=051  3.| 0.57+003 85142 150 482
. » CshAP 142+0.18 1762022 124 078008  1.04+021 133 107
Papp: 10" cmys PURP 124=0.15  1.6=0.05 129 072006 13=0.18 181 14

®CsA: 10 uM,PUR: 10 uM
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Fig.2 Effect of PUR on the efflux transport of digoxin by MDCK-MDRI cells.
Data are expressed as mean = S.D. (n =3).

in HEK293-OAT1/3 cells was studied. PAH or PCG uptake
was inhibited by PUR in HEK293-OAT1/3 cells (Fig. 6a and
b). MTX uptake increased linearly over a period of 2 min in a
time-dependent manner and was inhibited by both PAH and
PCG. MTX uptake in the presence of PUR decreased
significantly (Fig. 6¢ and d). The findings show that PUR is
an inhibitor of OAT1/3.

The concentration-dependence of the inhibitory effect
of PUR on the uptake of PAH and PCG was also
investigated. PUR significantly inhibited PAH and PCG
uptake in HEK293-OAT1/3 cells (Table III). PUR
inhibited MTX uptake in HEK293-OAT1/3 cells in a
concentration-dependent manner. The IC5q values were
summarized in Table III. The results demonstrate that
PUR inhibits MTX uptake via OAT1/3, resulting in
delayed MTX renal excretion and prolonged residence
time.

Finally, PUR uptake in HEK293-OAT1/3 cells and
HEK?293-mock cells was measured. No statistically significant
difference between HEK293-OAT1/3 cells and HEK293-
mock cells was found.
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The Effect of PUR on MTX Renal Toxicity

To determine whether PUR-induced changes in MTX
pharmacokinetics influence MTX renal toxicity, changes in
renal morphology, MTX accumulation in rat kidney and
creatinine and BUN levels in rat plasma were measured.
Three hours following a single intraperitoneal dose of MTX
(5 mg/kg), no pathological or histological changes were
observed (Fig. 7a, b and c). After 3 consecutive daily
intraperitoneal injections of MTX, tubular dilatation (arrow in
Fig. 7) with cellular casts composed mostly of detached cells,
mono and polynuclear infiltrating cells and tubulitis were visible
i the MTX treatment group (Fig. 7¢). When PUR was co-
administered with MTX, the histological damage was
significantly reduced (Fig. 7f). Moreover, PUR significantly
decreased the concentration ratios of MTX in kidney and
plasma (Kp) in groups receiving a single intraperitoneal dose
and 3 consecutive daily intraperitoneal injections of MTX
(Fig. 8a). MTX caused an increase in the plasma concentration
of creatinine and BUN following intraperitoneal administration,
which was partally reversed by co-administration with PUR
(Fig. 8b and c). The results indicate that MTX renal toxicity is
not enhanced by PUR co-administration.

DISCUSSION

Transporter-mediated DDI is now a prominent consideration
in the evaluation of pharmaceutical therapies. Combination
use of anticancer drugs with chemo-sensitizers is considered a
beneficial strategy for reversing multidrug resistance (MDR)
mediated by multidrug resistance transporters (9-11).
Transporter-based DDI can cause untoward and even life-
threatening side effects, as exemplified by the interaction
between gemfibrozil and cerivastatin (28). It is therefore
imperative to characterize and understand these phenomena.

b 400 w %
%k
B2 300
gt
5@
g ©
2 A 200
_q on
i
38 100
o L
<8
0
Control CsA VER

Fig. 3 Effects of MDRI inhibitors on the efflux transport (@) and intracellular accumulation (b) of PUR in MDCK-MDRI cells. (mean = S.D.; **, p <0.01 vs.

control group; n = 3).
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Fig. 4 Cumulative urinary excretion curves of MTX (a) and PUR (b) after intravenous injection. Data are expressed as mean = S.D. (¥ p <0.05vs. control, #*

p <0.0l vs. control; n =4).

MTX is used widely for tumor treatment in clinical
medicine and is particularly prone to DDI when co-
administered with other drugs. Prominent examples are
omeprazole and penicillin for which the underlying DDI
mechanism is the competitive inhibition of MDR1 and
OATs (29). As with other chemotherapy drugs, multi-drug
resistance (MDR) is a major obstacle in MTX therapy.
MDRI plays a critical role in MDR and it has been found
that inhibiting MDRI1 increases the intestinal absorption of
PUR (9,18). PUR exhibits a MDR reversal effect through the
down-regulation of MDRI1 (30). Furthermore, increasing
evidence shows that PUR protects the kidneys from injury
induced by nephrotoxins (17).

PUR/MTX co-administration could potentially be used to
improve M'TX bioavailability while at the same time reducing
its renal toxicity. The present study investigated the effects and
molecular mechanism of PUR’s influence on the
pharmacokinetics of MTX both i vivo and in vitro.
Pharmacokinetic studies in rats, a rat everted gut sac model,
rat fresh kidney slices and human transfected cell systems were
employed to give insights into the potential for the clinical use
of this drug combination.

MTX exhibits low oral bioavailability and large individual
differences (9). A possible underlying mechanism could
involve ABC transporter-mediated efflux transport in the gut
(31). Many efforts have been made to develop new drug
delivery systems to improve MTX bioavailability (32).
MDRI, localized at the luminal membrane of enterocytes
and responsible for exporting substrates back into the
intestinal lumen, is abundantly expressed in the gut and limits
the oral bioavailability of its substrates. MDR1 has been
identified as a target to improve oral bioavailability (33). In
the present study, when MTX and PUR were orally co-
administered, changes in the pharmacokinetics of MTX were
observed. Increased C,,,, AUC and F (Table I) indicated that

intestinal absorption of MTX was enhanced. It has been
reported that MDR1 contributes to an increased AUC of
MTX when omeprazole or pantoprazole are concomitantly
administered (29). Moreover, evidence for a DDI between
PUR and MDRI has been found and PUR was also shown
to reverse MDR via the down-regulation of MDR1 (30). On
the other hand, when given with MDRI1 inhibitors, PUR
absorption improved in Caco-2 cells (18). Therefore, it is
plausible that MDR1 mediates the DDI between PUR and
MTX within the intestine.

To exclude the impact of changes in physiological
conditions, uptake studies with an everted gut sac model were
performed and similar results were obtained (Fig. 1). MTX
intestinal absorption was significantly increased by PUR and
verapamil, an inhibitor of MDR1 (Fig. 1), clearly illustrating
that an interaction occurs in the intestine.

The mechanism underlying this inhibition was investigated
by transport studies using MDCK-MDRI1 cells. PUR

60
_ -o-MTX
> -~ MTX+PUR
= -+ MTX+PRO
=
= 40
B
3
5 *d
2 20
g
=
=
0

0 15 30 45
Time (min)

Fig. 5 Inhibition effects of PUR and PRO on MTX uptake in kidney slices.
Data are expressed as mean = S.D. (* p <0.05 vs. control, **p <0.01 vs.
control; n =3).
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Fig. 6 Time profiles of the uptake of PAH (a), PCG (b) and MTX (¢, d) by HEK293-OAT | /3 cells. Data are expressed as mean = S.D. (¥, p <0.05; **, p <

0.01) (1 =3).

inhibited the efflux transport of digoxin, a probe substrate of
MDRI (IC50=1.6 uM, Table II, Fig. 2). The clinical plasma
concentration of PUR was 2.4 ug/ml (4.8 uM) at 5 h after
intravenous infusion at a dosage of 5 mg/kg (34). This was
higher than the ICs, value, suggesting that a clinically
significant DDI might be induced when MTX and PUR are
co-administered. Consequently, PUR has been shown to
cause a systemic DDI and decrease in the elimination of
MDRI1 substrate drugs (35). Conversely, the G, of PUR
in human plasma is 60 ng/ml following oral administration
(36), potentially causing an intestinal rather than a systemic
MDR1 mediated DDI i viwo (39).

Opverall, PUR inhibits MDRI1 substrate efflux transport,
resulting in the increased intestinal absorption of MTX when

@ Springer

MTX and PUR are co-administered orally (Fig. 1).
Furthermore, the transport characteristics of PUR are similar
to those of digoxin and the efflux transport of PUR is
significantly inhibited by MDRI1 inhibitors (Fig. 3). This
suggests that PUR is a substrate of MDR1 and that the action
of PUR could be changed with a concomitant intake of

Table Il 1Cg; Values of

PUR for MTX, PAH and Substrate OAT I (UM) OAT3 (uM)
PCG Uptake by OAT1/3
MTX 16.9+2.6 279+34
PAH 6.7+1.2 -
PCG - 25.6+42
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MDRI1 substrate drugs. It also explains the change in
pharmacokinetics of PUR when PUR is co-administered with
MTX (Table I). Oral co-administration of PUR and MTX
improves the bioavailability of two drugs due to the
competitive inhibition of MDRI in the intestine. MTX at
dose of 500 mg/m?” or higher over 6-24 h was needed to treat
high-grade lymphoma, osteogenic sarcoma and acute
leukaemia (29). However, the patients who take such a high
dose of MTX are at high risk for developing significant
toxicity. Our findings indicated that PUR enhanced MTX
bioavailability. It is predictable that, in the presence of PUR,
MTX at a lower dose can reach the same level of plasma
concentration compared with MTX alone at normal dose.
The results provided a new idea for the clinical use of MTX.

Renal excretion is the major elimination pathway for MTX,
in which uptake transporters in the basolateral membrane (e.g.,
OATs5s) and export transporters in the luminal membrane (e.g.,
MDRI) of renal tubule cells play important roles (29,37). It has
been reported that concomitant administration of inhibitors for
these transporters decreases MTX renal clearance, resulting in
a higher plasma concentration and a longer t;, (29). In our
study, plasma concentration and t;,o increased whereas the

CL, and CLg of MTX and PUR decreased when co-
administered intravenously (Table I). About 1/3 of the PUR
dosage was recovered from urine following intravenous
administration (38), possibly indicating a DDI in the kidney
that delays the renal elimination of the two drugs. MTX
concentration was also found to be decreased in the urine
(Fig. 4). According to previous results, co-administration of
PUR can decrease the elimination of MDR1 substrate while
the clearance of PUR is also weakened. MDRI1 inhibition
thereby provides an explanation for the DDI occurring in the
mtestine. Additionally, renal excretion mediated by OATs is
important for MTX elimination (12).

The relevance of an interaction between PUR and OATs
was confirmed by the results of uptake studies in kidney slices.
PRO, an inhibitor of OATS, inhibited MTX uptake in kidney
slices. PUR exhibited a similar inhibitory effect (Fig. 5). The
results suggest that PUR is an inhibitor of OAT. It is well
known that OATs in the kidneys play a major role in the drug

excretion process. OAT inhibition could consequently reduce
elimination (22,37). Indeed, PUR inhibited the uptake of
MTX and specific substrates (PAH for OAT1 and PCG for
OAT3) in HEK293-OAT1/3 cells (Fig. 6).

Fig. 7 The effect of MTX and PUR on renal morphology. (a and d) Normal architecture of kidney in control group receiving the vehicle alone for | or 3 days. (b
and e), MTX group receiving a single intraperitoneal dose or 3 consecutive daily intraperitoneal injections of MTX (5 mg/kg). (c and f), MTX + PUR group
receiving a single intraperitoneal dose or 3 consecutive daily intraperitoneal injections of MTX (5 mg/kg) and PUR (50 mg/kg). The tubular dilatation was markedly
alleviated compared with the MTX group after 3 days. The tubular dilatation is indicated by black arrowhead. Magnification= 100 X .
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When PUR is administered intravenously in the clinic, its
plasma concentration can be up to 28 ug/ml (67 pM) (34).
This is above the 1C5y values for OATs according to our
findings (Table III). Though our results indicate that DDI
mediated by OATs can occur when PUR is administered in
combination with substrate drugs, PUR was not recognized
by OAT:s as a substrate according to the results of uptake
studies utilizing HEK293-OAT'1/3 cells. Possible mechanism
of puerarin of inhibition of OAT's may involve in interference
metabolism (e.g. cyanide) or blocking the Na™,K-ATPase (e.g.
ouabain) (39), which we will do further research .

As described above, MTX exposure can be increased and
its elimination delayed through co-administration with PUR.
A concern is whether increased exposure to MTX by PUR
causes additional renal damage. Nephrotoxicity is an adverse
effect of MTX and treatment at high doses may cause renal
failure (12,14). Indeed, pathological and histological changes,
and an increase in plasma creatinine and BUN, both markers

a 03
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of renal damage, were observed in MTX-treated rats (Figs. 7¢
and f and 8b and c). This is consistent with the results of
Abraham et al. (40).

Here, we report that histological damage is improved and
the accumulation of MTX reduced when PUR is co-
administered (Figs. 7f and 8a). The results are rationalized
by considering that OAT1 and OAT3 are localized on the
basolateral membrane and contribute to the uptake of drugs
into renal epithelial cells from the blood side (9,37). The
inhibition of OATs consequently decreases the cellular uptake
and renal accumulation of substrate drugs (37), resulting in
reduced exposure of the kidney to MTX and a subsequent
lowering of nephrotoxicity (Figs. 7¢ and f'and 8b and c).

However, attention should be paid to the increased
exposure of MTX after combination with PUR; which
increased the risk of adverse reactions. Although the renal
damage was improved by PUR, the gastrointestinal toxicity,
liver damage and other systemic toxicity should be cautious in
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Fig. 8 Effects of PUR on the accumulation of MTXin rat kidney (a) and the levels of creatinine (b) and BUN (c) in rat plasma. (mean = S.D.; *, p <0.05 vs.

control, #*, p <0.01 vs. control;, ##, p <0.01 vs. MTX group; n =4).
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the clinical usage. Pharmacokinetic monitoring is an
important way to improve M'TX therapy. In order to decrease
the systemic toxicity, the interaction indicates the need for
dosage adjustments (6). According to the results in the present
study, when PUR was co-administered, MTX dose should be
decreased so that the systemic exposure of MTX was within
the therapeutic window and no additional toxicity.

CONCLUSION

(1) When MTX and PUR are co-administered, a DDI
mediated by MDR1 and OAT1/3 may occur. (2) PUR is a
potential candidate for clinical use as an efficiency and
hypotoxicity supplement to enhance the bioavailability of
MTX without creating further renal toxicity.
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