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ONO-1078 is a new class of peptide leukotriene re-
ceptor antagonist, and multidrug resistance protein
(MRP) is a membrane tranporter of multiple antican-
cer drugs and endogenous leukotriene C4 (LTC4). We
investigated the effects of ONO-1078 on drug sensitiv-
ity and LTC4-efflux in MRP-expressing lung cancer
cells. Drug sensitivity, intracellular vincristine accu-
mulation, and intracellular and extracellular LTC4

concentrations were measured with or without ONO-
1078. The effect of ONO-1078 on MRP-mediated
calcein-efflux was determined by flow cytometry.
ONO-1078 (1 to 10 mM) dose-dependently enhanced the
sensitivity of NCI-H520 cells to vincristine with the
reduced accumulation, and also enhanced the sensi-
tivity to doxorubicin and etoposide. ONO-1078 inhib-
ited both LTC4- and calcein-efflux from the cells with
increased intracellular accumulations. Our findings
indicate that ONO-1078 modulates multidrug resis-
tance and inhibits LTC4-efflux in lung cancer cells, by
inhibition of MRP function. © 1998 Academic Press

Peptide leukotrienes (LTs) including LTC4, LTD4
and LTE4 are metabolites of arachidonic acid, and con-
stitute potent mediators of bronchoconstriction, in-
flammation, and slow reacting substances of anaphy-
laxis (1). Recently, LTs have attracted interest as
targets in the treatment of bronchial asthma, and sev-
eral LT receptor antagonists (LTRAs) with different
structures have been synthesized (2–4). LTRAs bind to
multiple LT receptors in vitro, resulting in competitive
inhibition of LT activities in target cells expressing LT
receptors (3, 5). This leads to remarkable inhibition of
LTC4- and LTD4-induced contractions in airway

smooth muscle (3). In fact, certain LTRAs have proven
clinically effective in the treatment of bronchial
asthma (4, 6–8). In addition, LTRAs have multiple
biological effects reducing inflammatory cell recruit-
ment, vascular leakage, mucus production, neuronal
dysfunction, and airways remodeling, however, the ex-
act mechanisms remain undetermined (2, 3).

Multidrug resistance protein (MRP) is a 190 kDa
transmembrane protein belonging to the ATP-binding
cassette (ABC) superfamily which also includes the
cystic fibrosis transmembrane conductance regulator
and human P-glycoprotein (Pgp) encoded by the MDR1
gene (9). MRP and Pgp function as a drug-efflux pump
confering multidrug resistance (MDR) of cancer cells,
and they are broadly distributed in normal lung, heart,
kidney, skeletal muscle, testis, or peripheral mononu-
clear cells (9–12). In addition, in vitro studies have
shown that MRP is an ATP-energy-dependent
glutathione-conjugates transporter, by using mem-
brane vesicles of cells (13–15). Regarding LT transport,
MRP binds to endogenous LTC4 of a cytoplasmic glu-
tathione conjugate, and sequentially pump out LTC4
into the extracellular space (16). This probably leads to
LT-inducing inflammation in vivo (16).

A number of agents such as verapamil and cyclo-
sporin A are known to reverse Pgp-mediated MDR in
vitro (17). For MRP-mediated MDR, reversal agents
such as genistein, buthionine sulphoximine, and pro-
benecid have been reported (18–20). Recently, MK-571
of an anionic quinoline LTD4 receptor antagonist was
also found to specifically modulate MRP-mediated
MDR in MRP-overexpressing human cancer cells, and
inihibit LTC4 transport in vitro (21, 22). Thus, the
interaction between LTRAs and MRP as a LTC4 trans-
porter is of great interest. ONO-1078, a new class of
peptide leukotriene receptor antagonist with quite dif-
ferent structure from MK-571, is an orally active and
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selective LTRA (4). In this study, we investigated the
effects of ONO-1078 on anticancer drug sensitivity and
LTC4-efflux in MRP-expressing human lung cancer
cells.

MATERIALS AND METHODS

Chemical agents and cell lines. RPMI 1640 cell culture medium
and fetal calf serum (FCS) were purchased from Gibco BRL (Grand
Island, NY). Etoposide (VP-16) and cisplatin (CDDP) were gifts from
Nippon Kayaku Co. (Tokyo, Japan), and doxorubicin (DOX) from
Kyowa Hakko Kogyo Co. (Tokyo). Vincristine (VCR) was purchased
from Sigma Chemical Co. (St. Louis, MO), [3H]-VCR from Amersham
Co. (Tokyo), and calcein acetoxy-methyl ester (calcein-AM) from Mo-
lecular Probes (Eugene, OR). ONO-1078, 4-oxo-8-[4-(4-phenylbutoxy)-
benzoylamino]-2-(tetrazol-5-yl)-4H-1-benzopyran hemihydrate, was
a gift from Ono Pharmaceutical Co. (Osaka, Japan).

The multidrug-resistant HL60R human promyelocytic leukemia
cell line was selected by continuous exposure to DOX, as reported
previously (23). The adriamycin-resistant MCF7/ADR human breast
cancer cell line was a kind gift from Dr. Kenneth H. Cowan (National
Cancer Institute, Bethesda, MD) (24). Unselected human lung can-
cer cell lines, NCI-H520 (H520) squamous cell carcinoma and NCI-
H23 (H23) adenocarcinoma cells, were purchased from the American
Type Culture Collection (ATCC; Rockville, MD). All cells were cul-
tured at 37°C in a humidified atmosphere of 5% CO2 in RPMI 1640
medium supplemented with 10% heat-inactivated FCS, 4%
L-glutamine, and 80 mg/L kanamycin sulfate.

Reverse transcriptase polymerase chain reaction (RT-PCR). Total
RNA from cultured cells was obtained using the guanidinium iso-
thiocyanate method (25). RT-PCR for the MRP, MDR1 and
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) genes was per-
formed as previously described (23, 26). HL60R and MCF7/ADR cells
were used as positive controls for the MRP and MDR1 genes, respec-
tively.

Drug sensitivity assay. The sensitivity to anticancer drugs was
determined using the tetrazolium dye assay (27). Prior to the execu-
tion of these assays, we checked the linear relationship between cell
number and absorbance at 570 nm, followed by cell growth studies as
described previously (28). Cells (2,500 cells/well) were seeded in
96-well plates, at least in triplicate, with varying concentrations of
the anticancer drug, with or without ONO-1078. Following incuba-
tion for 4 days at 37°C, we added 15 ml of 5 mg/ml 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) to each
well. The cells were lysed after incubation for 4 hr at 37°C by adding
100 ml of 2-propanol-0.1 N HCl to each well. Absorbance was read on
a microplate reader (MR 600; Dynatech Co., Alexandria, VA) with
test and reference wavelengths of 570 and 630 nm, respectively. The
IC50 was defined as the concentration of the anticancer drug that
reduced the absorbance in each test by 50%. The modulation effect
was expressed as the ratio of the IC50 value with and without
ONO-1078. Each study was repeated three times.

Intracellular accumulation of [3H]-VCR. Cells (1 3 104 cells/well
for H520 cells; 6 3 103 cells/well for H23 cells) were seeded onto
12-well plates and cultured for 72 hr prior to the assay. The cells
were incubated at 37°C with 30 nM [3H]-VCR with or without ONO-
1078. Aliquots (0.5 ml) of cells were removed at the appropriate
times and ice-cold PBS was added to stop accumulation. After two
washes with ice-cold PBS, cells were lysed with 1% sodium dodecyl
sulfate, and the cell-associated radioactivity was determined using a
liquid scintillation system. Each study was performed in triplicate.

Measurement of LTC4. The intracellular and extracellular LTC4

concentrations were measured using a LTC4 specific [3H] assay sys-
tem (Amersham Co., Bucks, UK) (29). Briefly, 1.5 to 2.5 3 103 cells
were incubated without or with ONO-1078 for 4 days. Then, the cell
pellet and the supernatant of culture medium were obtained by

centrifugation at 4°C, and they were used for the measurement.
Each experiment was performed in triplicate.

Calcein-AM efflux assay. Calcein-AM is a highly lipophilic and
non-fluorescent compound, which rapidly penetrates the plasma cell
membrane, and it is transformed into calcein of the intensively
fluorescent organic anion by intracellular esterases (30). MRP ac-
tively pumps out calcein-AM and fluorescent calcein from the cyto-
plasm and sequentially reduces an intracellular calcein accumula-
tion after loading MRP-expressing cells with calcein-AM (31, 32).
Briefly, the efflux function of MRP in the cells is evaluated by
measurement of intracellular fluorescence of calcein using a flow
cytometer.

As a functional assay, fluorescence was analyzed with a FACScan
flow cytometer (Becton Dickinson Medical Systems, Sharon, MA),
equipped with an argon laser. A suspension of log phase cells was
incubated in 0.25 mM calcein-AM for 30 min with or without ONO-
1078. Cells were washed in ice-cold PBS and kept in the dark until
flow cytometric analysis. The fluorescence of 10,000 cells was loga-
rithmically measured at a laser excitation wavelength of 488 nm.
The fluorescence of calcein and propidium iodide was collected
through a 530 nm band-pass filter. Samples were gated on forward
scatter versus side scatter to exclude cell debris and aggregates. The
logarithmically amplified signals were converted into absolute val-
ues on a linear scale and expressed as relative fluorescence units
(FU), from which the mean fluorescence was calculated.

Statistical analysis. Data were expressed as means 6 SD, and
differences between groups were tested for statistical significance by
the unpaired Student’s t-test. A p , 0.05 denoted the presence of a
statistically significant difference.

RESULTS

MRP Expression in Lung Cancer Cells

The H520 and H23 cells expressed MRP mRNA but
not MDR1 mRNA, and the density of the MRP gene
band in H520 cells was relatively higher than that in
H23 cells (Fig. 1). Also in immunostaining with anti-
human MRP antibody, the plasma membrane of these
cells was positively stained, and the staining intensity
was consistent with the result in PCR analysis (data
not shown).

Effect of ONO-1078 on Drug Sensitivity

In preliminary experiments, we examined the cellu-
lar toxicity of ONO-1078 in the two cell lines used here,

FIG. 1. RT-PCR for the MRP and MDR1 genes. Note the 430 bp
MRP gene PCR product present in H520 and H23 cells, while the 308
bp MDR1 gene PCR product is absent. HL60R and MCF7/ADR cells
are positive controls for the MRP and MDR1 genes, respectively.
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and no toxicity was observed within a range of 0.1 to 10
mM ONO-1078 (data not shown). The effect of ONO-
1078 on VCR sensitivity of H520 cells was subse-
quently examined (Fig. 2). ONO-1078 enhanced the
sensitivity of H520 cells to VCR, and there were sig-
nificant differences among the IC50 values at 1, 5 and
10 mM ONO-1078 (p , 0.001).

Next, we examined the modulation effects of 10 mM
ONO-1078 on the sensitivity of H520 to VCR, DOX,
VP-16 and CDDP (Fig. 3). ONO-1078 significantly en-
hanced the sensitivity of H520 cells by approximately
3-fold in VCR, 4-fold in VP-16, and 2-fold in DOX, but
had no effect on CDDP which is not a substrate for
MRP. The modulation effects on H23 cells were be-
tween 1.5- and 2-fold in VCR, VP-16 and DOX, and no
effect on CDDP was observed (data not shown).

Effect of ONO-1078 on Intracellular Accumulation
of [3H]-VCR

To explore the modulation mechanism of ONO-1078,
intracellular accumulation of [3H]-VCR in H520 and
H23 cells was examined. The accumulation in H520
cells time-dependently increased in both without and
with 10 mM ONO-1078 (Fig. 4); the accumulation at
each time interval was significantly higher in the pres-
ence, than in the absence, of ONO-1078 (p , 0.0001).
At 180 min, 10 mM ONO-1078 increased the accumu-
lation by 1.6- and 1.3-fold in H520 and H23 cells,
respectively (Fig. 5), compared with each control (p ,
0.003).

Effect of ONO-1078 on LTC4 Efflux and
Accumulation

In our preliminary experiments, LTC4 was not de-
tected in the medium only, and LTC4 concentrations
time-dependently increased in the culture medium of
both cell lines for 4 days. The mean LTC4 concentration

in the medium of H520 cells was 31.3 and 22.1 pg/ml in
the absence (control) and presence of 10 mM ONO-1078
(Fig. 6), respectively, showing that ONO-1078 pro-
duced a 29.4% decrease relative to control (p , 0.001).
Conversely, the mean concentration of intracellular
LTC4 in H520 cells was 59.3 and 111 pg/protein in the
absence and presence of 10 mM ONO-1078 (Fig. 6),

FIG. 2. Modulatory effect of ONO-1078 on the cytotoxicity of
VCR. The sensitivity of H520 cells to VCR was determined without
(control) and with 1, 5, and 10 mM ONO-1078. Data represent the
mean value of triplicate MTT assays in a single experiment, and the
SD values were within the dots. VCR, vincristine.

FIG. 3. Modulation effect of ONO-1078 on the cytotoxicity of
VCR, DOX, VP-16 and CDDP. The sensitivity of H520 cells to drugs
was determined without (control) and with 10 mM ONO-1078. Data
represent the mean value of triplicate MTT assays in a single exper-
iment, and the SD values were within the dots. VCR, vincristine;
DOX, doxorubicin; VP-16, etoposide; CDDP, cisplatin.

FIG. 4. Effect of ONO-1078 on intracellular accumulation of
VCR in H520 cells. Accumulation of [3H]-VCR in H520 cells was
measured without (control) and with 10 mM ONO-1078 at each time
point. Data represent the mean value of triplicate determinations in
a single experiment, and the SD values were within the dots. VCR,
vincristine.
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respectively, indicating a significant difference (p ,
0.001).

Effect of ONO-1078 on Calcein-AM Efflux

To investigate whether ONO-1078 inhibits MRP
function as an efflux pump, a calcein-AM efflux assay
was performed. The assay was performed by loading
H520 and H23 cells with calcein-AM without or with
10 mM ONO-1078. The mean fluorescence of H520 cells
was 8.84 and 17.8 in the absence and presence of ONO-
1078, respectively, and that of H23 cells was 5.06 and
8.30, respectively (Fig. 7).

DISCUSSION

This study demonstrated that ONO-1078 of a new
class LTRA enhanced the sensitivity of MRP-
expressing human lung cancer cells to VCR, DOX, and
VP-16. The modulatory effect in VCR was dose-

dependent, and it was due to increased intracellular
VCR accumulation. Furthermore, we demonstrated
that ONO-1078 inhibited MRP-mediated calcein-efflux
in these cells. Accordingly, ONO-1078 is thought to
specifically inhibit the drug-efflux function of MRP and
then enhance the cytotoxicity of VCR, DOX and VP-16
in the cells. These findings indicate that ONO-1078 is
an inhibitor of MRP.

In this study, ONO-1078 inhibited the LTC4 excre-
tion from the MRP-expressing H520 lung cancer cells
with the increased intracellular LTC4 accumulation,
though the ONO-1078 concentration used here was
higher than those obtained at clinical dosage. Briefly,
this means that ONO-1078 inhibits endogenous LTC4-
efflux from the cells rather than LTC4 synthesis in the
cell, also suggesting that ONO-1078 is probably an
inhibitor of MRP, as described above. This close asso-
ciation between LTRAs and endogenous LTC4-efflux is
of great interest in LT-inducing inflammation. Recent
studies identified human canalicular multispecific or-
ganic anion transporter (cMOAT), a novel member of
the ABC superfamily, which transports endogenous
LTC4 and confers resistance against VCR, DOX and
CDDP (33–35). We also reported that the cMOAT gene
was expressed in various human cancer cells including
H520 and H23 cells (36). Thus, there is a possibility

FIG. 5. Effect of ONO-1078 on intracellular accumulation of
VCR. Accumulation of [3H]-VCR in H520 and H23 cells was mea-
sured 180 min after exposure to [3H]-VCR alone (control) and to
[3H]-VCR with 10 mM ONO-1078. Data represent the mean 6 SD of
triplicate determinations in a single experiment. VCR, vincristine.

FIG. 6. Effect of ONO-1078 on LTC4 efflux and intracellular
accumulation of H520 cells. The concentration of LTC4 was mea-
sured in the cell culture media (left) and whole cell pellet (right),
after 4-day culture without (control) or with 10 mM ONO-1078. Data
represent the mean of triplicate determinations in a single experi-
ment, and the SD values were very small.

FIG. 7. Effect of ONO-1078 on calcein-AM efflux. Fluorescence of
intracellular calcein was determined by flow cytometry without
(open) and with (shaded) 10 mM ONO-1078.
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that ONO-1078 might inhibit cMOAT-mediated LTC4
transport in this study. However, ONO-1078 did not
enhance the sensitivity of H520 cells to CDDP (Figure
3). Accordingly, we think that ONO-1078 inhibits
MRP-mediated LTC4 transport but probably not
cMOAT-mediated transport. On the other hand, con-
sidered together with the prior report that MK-571
modulated drug sensitivity of MRP-overexpressing
cancer cells (21), it is likely that other types of LTRAs
may also inhibit MRP-mediated LTC4-efflux. If our
hypothesis is correct, in the airways of patients with
bronchial asthma LTRAs block not only LT receptors
on smooth muscle cells but may also inhibit LTC4-
efflux from inflammatory cells such as eosinophils,
mast cells and basophils. Namely, certain LTRAs as
well as ONO-1078 are thought to have dual activities
towards both LT-producing effector cells and LT-
receptor-expressing target cells in LT-inducing inflam-
mation.

MRP is distributed in most human tissues including
peripheral blood cells (10, 12), where its exact physio-
logical functions remain undetermined (10). In the
lung, MRP is mainly localized to the cytoplasm of bron-
chial epithelium and alveolar macrophages (12), where
MRP is speculated to play an important role in inflam-
mation and detoxification, consistent with its function
as a glutathione conjugate transporter. Wijnholds and
co-workers recently established MRP-deficient mice
(mrp2/2 mice), and examined LT production, LT-
mediated inflammatory response to arachidonic acid,
and VP-16 sensitivity in these mice (16). The mrp2/2

mice had decreased LTC4 excretion with increased in-
tracellular LTC4 accumulation in the bone marrow-
derivatived mast cells, a poor response to arachidonic
acid, and hypersensitivity to VP-16 (16). These results
strongly indicate that physiologically MRP plays an
important role in LT-inducing inflammation and drug
sensitivity in vivo. Thus, as shown in this study of
ONO-1078, MRP inhibitors including LTRAs are not
only MDR-modulating drugs but also may be drugs
against LT-related inflammatory diseases such as
bronchial asthma.

To date, many agents with different structures and
activities, such as calcium channel blockers, immuno-
suppressants and protein kinase inhibitors, have been
shown to modulate MRP-mediated MDR in cancer cells
(10). This suggests that these agents as well as ONO-
1078 may inhibit LTC4-efflux from cells by their func-
tional inhibition of MRP, as described above. Nguyen
and co-workers recently reported that probenecid of an
MRP inhibitor inhibited LTC4 efflux from normal mu-
rine mast cells lacking MRP (37). It has been specu-
lated that other probenecid-sensitive LTC4 transport-
ers exist, in addition to MRP, in murine mast cells,
though they did not examine murine cMOAT expres-
sion (37). At present, ONO-1078 appears not to inhibit
cMOAT-mediated LTC4 transport as the above-

mentioned, but it is unknown whether other LTRAs
also interact with probenecid-sensitive LTC4 trans-
porters. However, to develop more effective LTRAs
that can inhibit LTC4-efflux from inflammatory cells
should be extremely useful in the treatment of LT-
related inflammatory diseases. These issues remain to
be investigated in future.

In conclusion, we showed that ONO-1078 of a new
class LTRA modulated the sensitivity to anticancer
drugs and inhibited LTC4-efflux in MRP-expressing
lung cancer cells by functional inhibition of MRP. Our
findings indicate that ONO-1078 not only blocks LT
receptors on cells but also inhibits MRP-mediated en-
dogenous LTC4 efflux from cells.
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