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Summary: Purpose: Pemetrexed transport by human organic anion transporters, hOAT1 (SLC22A6) and
hOAT3 (SLC22A8), were characterized in comparison with methotrexate. Methods: Accumulation of
pemetrexed and methotrexate in hOAT1- and hOAT3-expressing cells were evaluated. Pemetrexed and
methotrexate were determined by HPLC. Kinetic parameters were calculated by Eadie-Hofstee plot.
Results: When HEK-hOAT3 and -hOAT1 cells were incubated with 100 µM pemetrexed for 30min,
pemetrexed was accumulated at 14- and 1.7-fold greater than that in control cells, respectively. Pemetrexed
and methotrexate transport by hOAT3 was saturated at high concentrations with apparent Km values
28.2 µM and 76.6 µM, respectively. In addition, intrinsic activity (Vmax/Km) of pemetrexed and methotrexate
transport by hOAT3 was 4.82 and 0.42 µl/min/mg protein, respectively, suggesting 11-fold higher
transport of pemetrexed than methotrexate by hOAT3. Furthermore, loxoprofen, ibuprofen, pravastatin,
and cefazolin, transport substrates of hOAT3, inhibited pemetrexed transport by hOAT3 with IC50 values,
34.2, 27.9, 76.3 and 650 µM, respectively. Conclusions: Pemetrexed is a superior substrate to metho-
trexate for hOAT3. Loxoprofen, ibuprofen, and cefazolin could cause drug-drug interactions when attaining
high blood concentrations.
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Introduction

A multitargeted antifolate, pemetrexed (Fig. 1A), is used in the
treatment of malignant mesothelioma of pleura and non-small cell
lung cancer (NSCLC).1–3) Pemetrexed is primarily eliminated in the
urine, and 70% to 90% of the dose is recovered in the urine as an
unchanged form within the first 24 h after administration.4–6) It is
reported that the renal clearance/total clearance ratio of pemetrexed
was 0.53 and renal tubular secretion was about 2.5-fold higher than
glomerular filtration in advanced cancer patients with normal renal
function.7)

Organic anion transporters OAT1 (SLC22A6) and OAT3
(SLC22A8), expressed in the basolateral membrane of renal
proximal tubules, have been shown to be responsible for tubular
secretion of organic anions including anionic drugs.8,9) It is
reported that an antifolate drug, methotrexate (Fig. 1B), which
has a similar structure to pemetrexed, is secreted via OAT1 and

OAT3 in the renal proximal tubules.9,10) In addition, methotrexate
uptake by Xenopus oocytes expressing hOAT1 or hOAT3 was
markedly inhibited by non-steroidal anti-inflammatory drugs
(NSAIDs).11) Moreover, in humans, it is reported that concomitant
use of methotrexate with acidic drugs, such as NSAIDs, caused
severe side effects.12,13) However, there is no information on the
mechanisms responsible for the tubular secretion of pemetrexed
and its involvement in the drug-drug interactions. Furthermore,
FDA draft guidance recommended that an investigational drug
should be evaluated in vitro to determine whether it is a substrate
of OAT1/3 or OCT2 when its renal active secretion is important
(active secretion by kidney is more than or equal to 25% of total
clearance),14) and pemetrexed obviously meets these criteria.

In the present study, we characterized pemetrexed transport via
hOAT1 and hOAT3 and assessed the possible involvement of these
transporters in the drug-drug interactions between pemetrexed and
concomitantly administered anionic drugs.
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Materials and Methods

Materials: Pemetrexed disodium was obtained from Chemie
Tek (Indianapolis, IN). Methotrexate, loxoprofen sodium, and
ibuprofen were purchased from Wako Pure Chemical Industries
(Osaka, Japan). Pravastatin sodium was purchased from Sigma-
Aldrich (St. Louis, MO). Cefazolin sodium was purchased from
Tokyo Chemical Industry Co. (Tokyo, Japan). All other chemicals
used were of the highest purity available.

Cell culture: Stably transfected HEK cells (a generous gift
from Prof. Ken-ichi Inui, Department of Pharmacy, Kyoto Uni-
versity Hospital, Japan) were selected by adding G418 (500 µg/ml)
(Sigma-Aldrich) to the culture medium. HEK cells expressing
hOAT1, hOAT3, and hOCT2 were grown on the bottom of a dish
in Medium 199 (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum in an atmosphere of 5% CO2 at 37°C.

Uptake study of various compounds by HEK-hOAT1, HEK-
hOAT3, and HEK-hOCT2 cells: Uptake studies were per-
formed as described previously with slight modifications.15) HEK-
hOAT1, HEK-hOAT3, and HEK-hOCT2 cells were seeded on
12-well plates at a density of 4 © 105 cells/well for uptake of
p-[14C]aminohippurate, [3H]estrone sulfate, and [14C]metformin,
respectively. At 48 h after seeding, the uptake of these compounds
was examined with monolayer cultures of HEK-hOAT1, HEK-
hOAT3 (HEK-pBK as the control), and HEK-hOCT2 (HEK-VEC
as the control) cells. The composition of the incubation medium
was as follows: 145mM NaCl, 3mM KCl, 1mM CaCl2, 0.5
mM MgCl2, 5mM D-glucose, and 5mM HEPES (pH 7.4). Cells
were preincubated with 1ml of incubation medium for 10min at
37°C. After preincubation, the medium was replaced with 1ml
of incubation medium containing each compound. At the end of
the incubation period, the medium was aspirated, and cells were
washed three times with ice-cold incubation medium. Cells were
lysed in 0.5ml of 0.2N NaOH solution, and kept for 6 h at room
temperature. After adding 100 µl of 1N HCl, the radioactivity in
aliquots (450 µl) was determined in 3ml of ACS II (Amersham
International, Little Chalfont, UK) by a liquid scintillation counter.
The remaining 50µl of the aliquots of cell lysate was used to

determine protein concentrations by the method of Bradford with
IgG as a standard.16)

Uptake study of pemetrexed and methotrexate by HEK-
hOAT1, HEK-hOAT3, and HEK-hOCT2 cells: HEK-hOAT1,
HEK-hOAT3, and HEK-hOCT2 cells were seeded on 3.5-cm
dishes at a density of 12 © 105 cells/dish. At 48 h after seeding, the
uptake of pemetrexed and methotrexate by cells was examined
with monolayer cultures of HEK-hOAT1, HEK-hOAT3, and HEK-
hOCT2 cells. Cells were preincubated with 1ml of the incubation
medium for 10min at 37°C. After preincubation, the medium was
replaced with 1ml of incubation medium containing pemetrexed or
methotrexate. At the end of the incubation period, the medium was
aspirated, and cells were washed three times with 2ml of ice-cold
incubation medium. Cells were solubilized with 1ml of extraction
solution (30mM phosphate buffer (pH 7.0)/methanol = 50/50) for
1 h at room temperature. The extraction solution was centrifuged
10,000 © g for 15min, and the supernatant was subjected to high-
performance liquid chromatography (HPLC).

HPLC conditions: Pemetrexed and methotrexate concentra-
tions in cells were determined according to the methods reported
previously with slight modifications.17,18) An LC-20AD HPLC
apparatus (Shimadzu, Kyoto, Japan) equipped with a UV spectro-
photometric detector (SPD-20A; Shimadzu) was adjusted to 254
and 303 nm for pemetrexed and methotrexate, respectively. The
stationary phase: NUCLEOSIL 5C8, 4.6mm I.D. © 250 (6A) for
pemetrexed and 5C18-AR-II, 4.6mm I.D. © 150mm for metho-
trexate. Flow rate was 1.2 and 1.0ml/min and the column tem-
perature was 50 and 40°C for pemetrexed and methotrexate,
respectively. The mobile phase consisted of 0.2% formic acid
(pH 3.08 adjusted with 10N NaOH): acetonitrile = 80:20 for
pemetrexed and 50mM ammonium acetate: acetonitrile = 93:7 for
methotrexate, respectively.

Kinetic analysis: Kinetic parameters of pemetrexed and
methotrexate for hOAT3 were estimated using the Eadie-Hofstee
plot method. Fitting was performed by nonlinear least squares
regression analysis using GraphPad Prism, version 5.01 (GraphPad
Software, San Diego, CA). Calculated IC50 values of pemetrexed
and methotrexate for hOAT3 were estimated by nonlinear least-
squares regression analysis of the competition curve according to
the following equation, R = 100 © IC50/(IC50 + [I]) + A, where R
is relative uptake amount of pemetrexed without inhibitors, [I]
is the concentration of each inhibitor, and A is the non-specific
pemetrexed uptake (% of control).

Statistical analysis: Data were analyzed by an unpaired t-test
using GraphPad Prism, version 5.01. Differences were considered
significant at p < 0.05.

Results

Uptake of reference substrates by HEK-hOAT1, HEK-
hOAT3, and HEK-hOCT2 cells: At the beginning, transport
of p-aminohippurate (PAH), estrone sulfate (ES), and metformin
were assessed to confirm the functionality of HEK293 cells
expressing hOAT1, hOAT3, and hOCT2, respectively. Uptake of
PAH, ES, and metformin in HEK-hOAT1, HEK-hOAT3, and
HEK-hOCT2 cells were about 34, 8.4, and 12 times larger than
those in corresponding control cells, respectively (data not shown).

Uptake of pemetrexed by HEK-hOAT1, HEK-hOAT3,
and HEK-hOCT2 cells: Next, we evaluated the activity of
pemetrexed transport by hOAT1, hOAT3, and hOCT2 by measur-
ing accumulation of pemetrexed in HEK-hOAT1, HEK-hOAT3,

Fig. 1. Chemical structures of pemetrexed (A) and methotrexate (B)
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and HEK-hOCT2 cells by incubation of the cells with 100µM
pemetrexed for 30min. As shown in Figure 2, accumulations
of pemetrexed in HEK-hOAT1 and HEK-hOAT3 cells were about
1.7-fold and 14-fold higher than that in HEK-pBK cells, the corre-
sponding controls, respectively. In contrast, there was no difference
in pemetrexed uptake between HEK-hOCT2 and HEK-VEC cells,
the corresponding controls.

Time-profile of pand methotrexate uptake by HEK-hOAT1
and HEK-hOAT3 cells: We examined further the time-profiles
of pemetrexed and methotrexate uptake by HEK-hOAT1 and HEK-
hOAT3 cells (Fig. 3). The accumulation of pemetrexed increased
time-dependently, and was saturated after 15min. Accumulations
of pemetrexed in HEK-hOAT1 and HEK-hOAT3 cells at 1 h
incubation were approximately 1.2-fold and 14-fold higher than
that in the control cells, respectively. On the other hand, accu-
mulation of methotrexate in HEK-hOAT1 and HEK-hOAT3 cells
was approximately 1.5-fold and 19-fold higher than that in the
control cells, respectively.

Concentration-dependence of pemetrexed uptake by HEK-
hOAT3 cells: To estimate the kinetic parameters of pemetrexed
transport by hOAT3, the concentration-dependence of pemetrexed
uptake was investigated. When the cells were incubated with
various concentrations of pemetrexed; i.e. 2, 5, 10, 20, 50, 100,
200, and 500 µM, for 5min, pemetrexed uptake by HEK-hOAT3

cells was curvilinear and thereby saturated at high concentrations
(Fig. 4A). Using an Eadie-Hofstee plot, apparent Km value for the
uptake of pemetrexed for HEK-hOAT3 was calculated as 28.2 «
2.6 µM. On the other hand, apparent Km value for the uptake of
methotrexate was 76.6 « 10.1 µM, when the methotrexate uptake
was evaluated at 2, 5, 10, 20, 50, 100, and 200 µM concentra-
tions for 15min. The Vmax values of pemetrexed for HEK-hOAT3
(136 « 7 pmol/mg protein/min) were about 4-fold higher than
those of methotrexate (32 « 3 pmol/mg protein/min). Therefore,
the intrinsic transport activity (Vmax/Km) of pemetrexed for hOAT3
(4.8 « 0.7 µl/mg protein/min) was about 11-fold higher than that of
methotrexate (0.42 « 0.05 µl/mg protein/min) (Table 1).

Effect of various anionic drugs on pemetrexed uptake by
HEK-hOAT3 cells: The effects of various anionic drugs on
pemetrexed uptake by hOAT3 were investigated. The accumula-
tion of pemetrexed was measured by incubation of the cells with
100 µM pemetrexed in the presence or absence of 1mM anionic
drugs including NSAIDs, and cephalosporin antibiotics or
tetraethylammonium (TEA), an inhibitor of organic cation trans-
porter, for 20min. As shown in Table 2, pemetrexed uptake was
markedly inhibited by estrone sulfate, loxoprofen, ibuprofen,
salicylate, flufenamate, indomethacin, and pravastatin. Among
cephalosporin antibiotics, cefotiam, cefazolin, and cefotaxime, but
not ceftibuten or ceftriaxone, significantly inhibited pemetrexed
uptake by HEK-hOAT3 cells. Moreover, apparent 50% inhibitory
concentration (IC50) values of loxoprofen, ibuprofen, pravastatin,
and cefazolin on pemetrexed transport by hOAT3 were estimated
by pemetrexed uptake in the presence of various concentrations of
these drugs. The IC50 values were estimated as 34.2 « 4.2,
27.9 « 7.7, 76.3 « 3.5, and 650 « 6µM for loxoprofen, ibuprofen,
pravastatin, and cefazolin, respectively (Fig. 5 and Table 3).

Discussion

In the present study, we clarified for the first time that
pemetrexed is a substrate of hOAT3. In addition, it is sug-
gested that the intrinsic activity of pemetrexed transport by hOAT3
was markedly higher than that for methotrexate. Furthermore,
pemetrexed transport was inhibited by some clinically relevant
anionic drugs at high concentrations.

OAT1 and OAT3 play important roles in renal uptake of anionic
drugs.19,20) It was also suggested that structural similarities could be
recognized among substrates of hOAT1 and hOAT3.21,22) On the
other hand, even a minor difference in the structures of antifolates
between aminopterin and methotrexate led to quite different

Fig. 2. Uptake of pemetrexed by HEK-hOAT1, HEK-hOAT3 (A), and HEK-hOCT2 (B)
Pemetrexed (100µM) was incubated for 30min at 37°C. After incubation, accumulation of pemetrexed in the cells was extracted and then determined by HPLC.
Each column represents mean « S.E. (n = 3). **p < 0.05, ***p < 0.001: significantly different from control.

Fig. 3. Time-profiles of pemetrexed (A) and methotrexate (B) uptake by
HEK-hOAT1, HEK-hOAT3, and HEK-pBK cells
HEK-hOAT1 ( ), HEK-hOAT3 ( ), and HEK-pBK ( ) cells were incubated
with 100 µM pemetrexed or 100 µM methotrexate at 37°C for up to 60min.
After incubation, accumulation of pemetrexed and methotrexate in the cells was
extracted and then determined by HPLC. Each point represents the mean « S.E.
(n = 3).
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transport characteristics between them.19) It was reported that
hOAT1 shows lower affinity for methotrexate transport (Km =
724.0 µM) than hOAT3 (Km = 17.2 µM) based on the experiments
using hOAT-expressing oocytes.11) In the present study, apparent
Km values for methotrexate and pemetrexed transport by HEK-
hOAT3 cells were 28.2 « 2.6 and 76.6 « 10.1 µM, respectively.
Although the kinetics of methotrexate transport by OAT1 was not
determined in the present study because of lower methotrexate
uptake activity by HEK-hOAT1 cells, it is likely that hOAT3 is a
high-affinity transporter for both methotrexate and pemetrexed
with Km values comparable to respective clinical concentrations.

Fig. 4. Concentration dependence of pemetrexed (A) and methotrexate (B) uptake by HEK-hOAT3 ( ) and HEK-pBK ( ) cells
Cells were incubated with various concentrations of pemetrexed and methotrexate at 37°C for 5min and 15min, respectively. After incubation, accumulation of
pemetrexed and methotrexate in HEK cells was extracted and then determined by HPLC. Inset: Eadie-Hofstee plots of the data; V is the uptake velocity (pmol/mg
protein/min), S is the concentration of pemetrexed or methotrexate (µM). Each point represents the mean « S.E. (n = 3).

Table 1. Kinetic parameters of the uptake of pemetrexed and methotrexate
by HEK-hOAT3

Pemetrexed Methotrexate

Km (µM) 28.2 « 2.6* 76.6 « 10.1
Vmax (pmol/mg protein/min) 136 « 7** 32 « 3
Vmax/ Km (µl/mg protein/min) 4.8 « 0.7** 0.42 « 0.05

The apparent Km and Vmax were determined from Eadie-Hofstee plots. Data are
calculated from Figure 4. Each value represents the mean « S.E. (n = 3).
*p < 0.05, **p < 0.01: significantly different from that of methotrexate.

Table 2. Inhibitory effect of various compounds on pemetrexed uptake by
HEK-hOAT3

Inhibitors
(1mM)

Pemetrexed uptake
(% of control)

Control 100 « 6
Estrone sulfate 5.38 « 0.12***
TEA 97.8 « 3.8

NSAIDs

Loxoprofen 22.5 « 1.0***
Ibuprofen 14.1 « 0.7***
Salicylate 22.1 « 0.8***
Flufenamate 9.75 « 0.67***
Indomethacin 17.5 « 0.8***

HMG-CoA reductase inhibitor Pravastatin 20.4 « 0.8***

Cephalosporin antibiotics

Cefotiam 85.6 « 1.5**
Ceftibuten 87.6 « 3.0
Cefazolin 41.8 « 0.3***
Cefotaxime 75.2 « 0.9**
Ceftriaxone 101 « 1

HEK-hOAT3 was incubated with 100 µM pemetrexed in the absence (control)
or presence of each substrate at 1mM for 20min. The uptake amounts of
pemetrexed in each cell were determined. **p < 0.01, ***p < 0.001: signifi-
cantly different from control values. Each value represents the mean « S.E. of
pemetrexed uptake as a percentage of control (n = 3).

Table 3. Calculated IC50 values of loxoprofen, ibuprofen, pravastatin, and
cefazolin for the uptake of pemetrexed by hOAT3

IC50 (µM)

Loxoprofen 34.2 « 4.2
Ibuprofen 27.9 « 7.7
Pravastatin 76.3 « 3.5
Cefazolin 650 « 6

IC50 values are calculated from Figure 5. IC50 values represent the mean « S.E.
(n = 3).

Fig. 5. Inhibition of pemetrexed uptake by loxoprofen, ibuprofen, pravas-
tatin and cefazolin in HEK-hOAT3 cells
The HEK-hOAT3 cells were incubated with 100 µM pemetrexed for 20min in
the presence or absence of various concentrations of loxoprofen (A), ibuprofen
(B), pravastatin (C), and cefazolin (D). Accumulation of pemetrexed (percentage
of control) in each cell was extracted and determined by HPLC. Each point
represents the mean « S.E. (n = 3).
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In the present study, HEK-hOAT3 cells showed 3-fold higher
affinity and 4-fold higher capacity for pemetrexed than metho-
trexate transport as evidenced by the Km (28.2 « 2.6 vs. 76.6 «
10.1 µM for pemetrexed and methotrexate, respectively) and Vmax

(136 « 7 vs. 32 « 3 pmol/mg protein/min for pemetrexed and
methotrexate, respectively) (Fig. 4 and Table 1). Moreover, the
intrinsic transport activity (Vmax/Km) of pemetrexed by HEK-
hOAT3 cells was about 11-fold higher than that of methotrexate. In
contrast to hOAT3, the time-course of pemetrexed uptake by HEK-
hOAT1 cells was only slightly higher than that of control HEK-
pBK cells. It is also reported that mRNA levels of hOAT3 are
approximately 3-fold higher than those of hOAT1 in the human
kidney.20) Therefore, it is likely that hOAT3 plays a much more
important role in the tubular secretion of pemetrexed than hOAT1.

Various NSAIDs, cephalosporins, and pravastatin are known
as substrates and/or inhibitors of OAT3.11,22,23) Previous reports
showed that coadministration of NSAIDs induced a marked eleva-
tion in blood methotrexate concentrations and consequent severe
toxicity.12,13) The NSAID-induced reductions in tubular secretion
of methotrexate by inhibition of hOAT1 and hOAT311) should
be involved in the inhibition of tubular secretion of methotrexate
in addition to the decreased renal blood flow via inhibition of
prostaglandin synthesis by NSAIDs.24,25) In the case of pemetrexed,
it is reported that ibuprofen influenced the pharmacokinetics of
pemetrexed with a 20% increase in the area under the plasma
concentration versus time curve (AUC) of pemetrexed over that
with pemetrexed alone in a clinical study.4) In the present study,
100µM of pemetrexed was employed, which is comparable to the
maximum plasma concentration of pemetrexed (194 µM) when
administered at the dose of 500mg/m2.5) In addition, concomitant
incubation of the cells with various NSAIDs, pravastatin, and some
cephalosporin antibiotics decreased pemetrexed (100µM) uptake
by HEK-hOAT3 cells. Therefore, it is rational to suppose that
concomitant administrations of some anionic drugs could cause
drug-drug interactions at hOAT3.

FDA draft guidance proposed that drugs exhibiting [I] (unbound
Cmax)/IC50 ² 0.1 should be evaluated by means of an in vivo drug-
drug interaction study with a sensitive substrate, although the
likelihood of the interaction cannot be predicted by the criteria.14)

In the present study, various NSAIDs inhibited the uptake of
pemetrexed by HEK-hOAT3 (Table 2). Focusing on ibuprofen and
loxoprofen, when 400mg of ibuprofen was administered to the
patients with normal renal function, maximum plasma concen-
trations (Cmax) of ibuprofen reached about 160µM and when 60mg
of loxoprofen was administered, maximum plasma concentration
reached about 25 µM.26,27) On the other hand, it has been reported
that protein binding of ibuprofen and loxoprofen is greater than
90%. Therefore, the IC50 value of ibuprofen for hOAT3 (27.9 « 7.7
µM) obtained in the present study should be within the therapeutic
range, suggesting that the incidence of interaction between
pemetrexed and ibuprofen in patients with renal failure would
occur. Moreover, considering our results that IC20 (20% inhibitory
concentration) was about 10 µM, ibuprofen at a clinical dose could
increase pemetrexed AUC by the direct inhibition of pemetrexed
transport via hOAT3 by ibuprofen (Fig. 4B).4) Furthermore, the
IC50 value of loxoprofen for hOAT3 determined in this study was
about ten times higher than the plasma protein-free concentra-
tion of loxoprofen, suggesting that tubular secretion of pemetrexed
via hOAT3 could be inhibited when the blood concentration of
loxoprofen is increased in patients with renal dysfunction or

overdosing of loxoprofen. However, the inhibition of tubular
secretion of pemetrexed may be moderate compared with
methotrexate, because pemetrexed binds to hOAT3 with higher
affinity than methotrexate (Fig. 4, and Table 1).

In the present study, the IC50 value of cefazolin for hOAT3 was
650 µM. It is reported that Cmax of cefazolin reached about 440
µM when 1,000mg of the drug was injected intravenously.28)

Considering that the protein binding of cefazolin is about 80%,
IC50 value of cefazolin for hOAT3 determined in this study was
comparable with the FDA draft guideline proposed equation. On
the other hand, the IC50 value of pravastatin determined in this
study was considerably higher than its therapeutic concentrations,
suggesting that drug-drug interaction between pemetrexed and
pravastatin via hOAT3 is unlikely.

Renal tubular secretion involves uptake from blood via the
basolateral membrane followed by excretion into the lumen through
the brush-border membrane of the proximal tubules. Recent study
showed that basolateral localization of mouse reduced folate carrier
(RFC-1) in the kidney is responsible for the uptake of methotrex-
ate,29) suggesting that RFC-1 could also be involved in the renal
uptake of pemetrexed. On the other hand, it has been reported that
ATP binding cassette transporters such as breast cancer resistance
protein (BCRP), multidrug resistance-associated protein (MRP) 2,
and MRP4 are also involved in excretion of organic anion com-
pounds into the lumen through the brush-border membrane of
proximal tubules.30–32) Although ATP-dependent uptake of metho-
trexate by MRP4-expressing membrane vesicles was most potently
inhibited by NSAIDs among these transporters, the drug-drug
interaction between methotrexate and ibuprofen via MRP-4 seems
to be unlikely at clinical concentrations.33) However, because there
are no reports regarding drug-drug interactions between pemetrexed
and anionic drugs focusing on these transporters, the role of these
transporters should be clarified in subsequent studies.

In conclusion, our results demonstrated for the first time that
pemetrexed is transported by hOAT3 with superior affinity and
capacity than methotrexate. Some clinical relevant anionic drugs
could cause drug-drug interactions with tubular secretion of
pemetrexed via hOAT3 at high concentrations. Our findings pro-
vide useful information for the appropriate use and safe manage-
ment of pemetrexed.
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