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ABSTRACT. It has been suggested that selected COX inhibitors can 
overcome multidrug resistance through the inhibition of ATP-binding 
cassette-transporter proteins thereby enhancing the inhibitory effect 
of doxorubicin on human tumor growth and promoting the actions of 
cytostatics. However, their effect on lung cancer and the molecular 
mechanisms involved in the overcoming of multidrug resistance are 
unclear. In the present study, the ability of meloxicam, a COX-2-specific 
inhibitor to enhance doxorubicin-mediated inhibition was investigated 
in human A549 lung cancer in vivo and in vitro. In order to unravel 
the molecular mechanisms involved in doxorubicin accumulation, we 
measured the levels of multidrug resistance-associated protein (MRP)-
transporter protein activity and expression by western blotting, since this 
has been implicated in meloxicam action as well as in chemoresistance. 
We found that, in A549 cells, meloxicam could increase intracellular 
accumulation of doxorubicin, a substrate for MRP, through inhibition of 
cellular export. Western blot analysis indicated that meloxicam reduced 
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the expression of MRP1 and MRP4. The results reported in the present 
study demonstrate for the first time that the specific COX-2 inhibitor 
meloxicam can increase the intracellular accumulation of doxorubicin 
and enhance doxorubicin-induced cytotoxicity in A549 cancer cells by 
reducing the expression of MRP1 and MRP4.
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INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely prescribed analgesic and 
anti-inflammatory agents that exert biological effects through inhibition of the cyclooxygenase 
(COX) enzyme. The two isoforms of COX, COX-1 and COX-2, convert arachidonic acid to 
prostaglandin G and H2, which are subsequently converted to various eicosanoids having 
activities including anti-apoptosis, promotion of angiogenesis, and stimulation of estrogen 
synthesis (Lim et al., 2012). Preliminary studies identified upregulation of COX-2 expression 
in colorectal tumor tissue compared to that in non-tumor tissue. In addition, recent reports of 
experimental and clinical studies have shown promising effects of NSAIDs in the treatment of 
various cancers (Eberhart et al., 1994) including colorectal cancer (Cole et al., 2009), breast 
cancer (Zhao et al., 2009), esophageal and gastric cancer (Abnet et al., 2009), and lung cancer 
(Xu et al., 2012). An analysis of individual patient data from eight randomized trials showed 
that daily administration of aspirin could reduce the risk of death from cancer by approximately 
20%, compared to controls (Rothwell et al., 2011). Such a reduction in the incidence of cancer 
cannot be ignored.

Lung cancer is one of the most serious cancers worldwide with approximately 1.5 
million newly diagnosed cases, and a death toll of an estimated 1 million people per year (Le 
Chevalier, 2010). There is increasing evidence that NSAIDs may have a protective role in 
lung cancer. Specifically, COX-2 was expressed at much higher levels in lung neoplastic tissue 
than that in non-tumor tissue (Wolff et al., 1998). Clinical evidence also suggested that COX-2 
expression was associated with poor lung cancer survival in human subjects (Dannenberg et 
al., 2005). Experimental studies reported that NSAIDs and specific COX-2 inhibitors inhibited 
cell proliferation, cell motility, adhesion, angiogenesis, and the induction of apoptosis in 
tumors (Gately and Li, 2004). These anticancer properties suggest the potential for a treatment 
strategy that combines NSAIDs and COX-2 inhibitors with conventional anticancer therapies, 
such as chemotherapy (van Wijngaarden et al., 2007).

The mechanism by which NSAIDs and specific COX-2 inhibitors enhance the effect 
of cytostatic drugs is, however, not clear. There is a suggestion that the COX-inhibitors 
modulate the resistance of tumors to chemotherapeutic drugs by affecting the activity of 
plasma membrane transporter proteins of the ABC-transporter family, which behave as energy-
dependent efflux pumps for cytostatics (van Wijngaarden et al., 2007). There are three key 
mammalian transporters involved in the transport of most anticancer agents: P-glycoprotein 
(P-gp/ABCB1), multidrug-resistance protein-1 (MRP1/ABCC1), and breast cancer resistance 
protein (BCRP/ABCC2) (Sparreboom et al., 2003).

In order to improve chemotherapeutic treatment, much effort has been invested to 
identify agents that are able to overcome multidrug resistance (MDR) by inhibiting P-gp, 
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MRPs, or BCRP (de Jong et al., 2001) and COX inhibitors have been suggested as potential 
candidates (O’Connor et al., 2004). In the present study, we addressed these issues both in 
vivo and in vitro by studying the effects of NSAIDs and selective COX-2 inhibitors such as 
meloxicam, in combination with doxorubicin, on the A549 lung cancer cell line.

MATERIAL AND METHODS

Cell lines, chemicals, and reagents

The human lung cancer cell line A549 was purchased from the American Type Culture 
Collection (Rockville, MD, USA). RPMI 1640 cell culture medium (powder with L-glutamine 
and without sodium bicarbonate), phosphate-buffered saline (PBS, 0.01 M), pH 7.4, 
meloxicam, celecoxib, doxorubicin, probenecid, and phorbol 12-myristate 13-acetate (PMA) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Drug-sensitive A549-EV cells 
and drug-resistant A549-MRP-OE cells, stably transfected with wild-type mrp, previously 
described by Chang et al. (1997), were routinely grown at 37°C in RPMI 1640 supplemented 
with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 mg/mL streptomycin in a 5% 
CO2/95% air humidified atmosphere according to standard protocols (Maeng et al., 2014).

Animal study

Female BALB/c nu/nu mice were obtained from the Experimental Animal Center of 
the Zhejiang Academy of Medical Sciences and were housed in individual ventilated cages 
under sterile conditions according to the Swiss guidelines for the care and use of laboratory 
animals. Sterile food and water were provided ad libitum. The experimental procedures were 
approved by the Institutional Animal Care and Use Committee of Zhejiang University. Mice 
were maintained on a regular light-dark cycle (lights on at 10:00 am, lights off at 10:00 pm; 
room temperature 20°-22°C; room relative humidity 65%; and a maximum of 3 animals per 
cage). Mice, approximately 10 weeks old were injected in the left flank with A549 cells (2 x 
106 cells/100 μL) or A549 cells overexpressing MRP1 (2 x 106 cells/100 μL). After 10 days, 
animals having a tumor with a volume (TV) of 20 ± 3 mm3 were selected and randomly 
divided into four groups of eight mice each. TV was assessed by using a caliper to measure the 
axes and calculated by the formula TV = π/6 (d1 x d2)1/2 (Van Wijngaarden et al., 2007). Mice 
(8 per experimental group) were injected intraperitoneally with control (DMSO), meloxicam 
(15 mg/kg), doxorubicin (0.5 mg/kg), or a combination of meloxicam and doxorubicin in a 
total volume of 100 μL according to previous results (data not shown). The mice were treated 
every other day for 30 days. TV and body weight were measured every 4 days. After 30 days, 
all the mice were sacrificed and samples collected.

Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick 
end-labeling (TUNEL) assay

Apoptosis mediated by doxorubicin, meloxicam, or a combination of the two was 
detected by the enzymatic labeling of DNA strand breaks, using TUNEL stain in a Cell Death 
Detection kit (Roche, Mannheim, Germany) according to the manufacturer instructions. The 
apoptotic ratio was measured by flow cytometry, according to the manufacturer instructions.
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Drug-sensitivity assay

The effects of drugs on cell proliferation were evaluated using the (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Cell Titer 96 
Aqueous, Promega) for 4 groups (control, DMSO; doxorubicin, 0.01-0.5 μM; doxorubicin 
and meloxicam combination; doxorubicin and celecoxib combination). Celecoxib was 
used as the positive control. Briefly, 1.5 x 105 cells per well were seeded in triplicate in 90 
μL culture medium on 96-well flat-bottom microculture plates and pre-cultured for 1 day 
before the addition of the test drugs. After 4 days of culture, the number of viable cells was 
determined by adding 100 μL 1 mg/mL MTT solution to each well and measuring optical 
density (OD) at 540 nm (Thermomax, Molecular Devices) after a 2-h incubation. The results 
are reported as the mean OD of each 3-well set. Growth inhibition was evaluated as IC50, 
the drug concentration resulting in a 50% reduction in cell number, as compared to controls 
cultured in parallel without the drug.

Doxorubicin accumulation assay

The doxorubicin accumulation in the A549 cell assay was as described by van 
Wijngaarden et al. (2007), with slight modifications. Briefly, A549 cells were incubated for 
24 h in medium containing doxorubicin (0.5, 1, or 5 μM), with or without meloxicam (50 
μM), or celecoxib (50 μM). Cells (1.5 x 105) were seeded on 4-well Lab-Tek glass Chamber 
Slides (Nalge Nunc International Corp., Naperville, IL, USA) and incubated overnight, 
after which test materials were added and incubated for 24 h. Subsequently, the culture 
medium was removed and cells were washed thrice with PBS. Cells were fixed in 4% 
paraformaldehyde for 10 min at room temperature, washed thrice with PBS and mounted 
under glass coverslips with Vectashield mounting medium (Brunschwig, Amsterdam, 
Netherlands). The cells were examined for doxorubicin fluorescence using fluorescence 
microscopy with excitation at 465-495 nm and detection at an emission maximum of 515-
555 nm. Intracellular doxorubicin was quantified using computerized image analysis. Cells 
were measured and values are reported as mean light intensity per cell ± SD, corrected for 
background.

MRP activity analysis

Calcein is an anionic fluorescent probe substrate for MRP, which can be used to 
assay the enzyme activity (Feller et al., 1995). For calcein accumulation experiments, 
cells were incubated in RPMI medium for 1 h with calcein acetomethoxy (0.5 μM) and 
various concentration of meloxicam (0, 25, 50, 100, 200 μM) and probenecid (MRP-
specific inhibitor, 200 μM). Drug-sensitive A549-EV cells and drug-resistant A549-MRP-
OE cells were then washed thrice with ice-cold PBS and lysed by ultrasonication in distilled 
water. The amount of intracellular calcein was determined by fluorometry using a Titertek 
Fluoroscan spectrofluorometer (Flow Laboratories, Puteaux, France) at excitation and 
emission wavelengths of 485 and 538 nm, respectively. Results are reported as fluorescence 
arbitrary units after normalization to the amount of cellular protein measured by the BioRad 
assay in an aliquot of cell lysate.
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Western blot analysis

Six treatment groups: control, DMSO; COX-2 inducer: PMA (10 nM); meloxicam 
(50 μM); celecoxib (50 μM); PMA (10 nM) with meloxicam (50 μM); and PMA (10 nM) 
with celecoxib (50 μM) were prepared for western blot analysis. Cytoplasmic or nuclear 
protein (40 μg) was prepared from cells treated for 24 h under different conditions and 
separated on a 10% SDS-polyacrylamide gel overlaid with a 4% polyacrylamide-stacking 
gel. After separation, proteins were electroblotted onto a nitrocellulose membrane (Amersham 
Biosciences, Piscataway, NJ, USA). The membrane was blocked with 5% nonfat dry milk in 
Tris-buffered saline containing 0.1% Tween 20 (TBS-T, pH 7.4) for 1 h at room temperature 
and then membrane was washed with 0.1% TBS-T and incubated with primary antibodies 
against MRP1 (sc-365635, Santa Cruz), MRP2 (sc-59609, Santa Cruz), MRP3 (sc-5776, 
Santa Cruz), MRP4 (sc-59614, Santa Cruz), MRP5 (sc-376965, Santa Cruz), and β-actin (sc-
47778, Santa Cruz) in 0.1% TBS-T overnight at 4°C. The membrane was then washed thrice 
with 0.1% TBS-T and incubated with the secondary antibody (1:5000 dilutions of anti-rat for 
MRP1, MRP2, MRP3, MRP4, MRP5; and anti-mouse for β-actin) for 1 h at room temperature, 
followed by three washings with 0.1% TBS-T.

Statistical analysis

Data are reported as means ± SD and the Student t-test was used for comparing treated 
groups with controls. A P value of <0.05 was considered to be significant. All statistical analyses 
were performed using Prism 5 (GraphPad Software, La Jolla, CA, USA).

RESULTS

A549 tumor growth inhibition in vivo

All the mice survived the experiments, apart from one animal in the control group 
and one in the meloxicam group. Results of the subcutaneous growth of A549 human 
lung cancer cell xenotrans plantated in nude mice are shown in Figure 1. After 30 days of 
treatment, there was significant suppression (P < 0.05) of the average tumor volume in mice 
treated with a combination of doxorubicin (0.5 mg/kg) and meloxicam (15 mg/kg) compared 
to the control group. However, treatment with either doxorubicin or meloxicam as single 
agents did not significantly affect tumor growth under these conditions. This suggested that 
the inhibitory effect of doxorubicin on A549 growth in vivo was enhanced by a combination 
with meloxicam.

Effect of meloxicam on doxorubicin-induced A549 tumor apoptosis

To our knowledge, there have not been any previous studies that investigated the role 
of meloxicam during doxorubicin-induced apoptosis in A549 tumor. We used TUNEL staining 
with flow cytometry to observe the effects of meloxicam (15 mg/kg), doxorubicin (0.5 mg/kg), 
or a combination of the two drugs and showed that meloxicam increased apoptotic cell death 
in the A549 tumor, compared to a single administration of doxorubicin (Figure 2).
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Figure 2. Effect of meloxicam on doxorubicin-induced A549 tumors. Results of TUNEL staining to assess changes in 
apoptosis with doxorubicin treatment alone and in combination with meloxicam in the A549 tumor xenograft model.

Figure 1. Meloxicam (15 mg/kg) and doxorubicin (0.5 mg/kg) alone or in combination induce A549 tumor 
regression in vivo. Mice with A549 tumor xenografts were treated with saline (control) or with different drugs, 
either alone or in combination followed by measurement of tumor size every 4 days for a total of 30 days. Percent 
change in tumor size was calculated relative to the size of the tumor before treatment. The tumor volume, tumor 
weight, and tumor-inhibitory rate was averaged from data obtained from 8 mice per group. *P < 0.05 compared to 
saline-treated controls.
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Doxorubicin sensitivity against A549 in vitro

The effect of doxorubicin on A549 cells in the presence or absence of meloxicam (10 
μM) and celecoxib (10 μM) is shown in Table 1. Doxorubicin inhibited cell proliferation in 
a dose-dependent fashion with an IC50 of 0.61 ± 0.14 μM. Although meloxicam or celecoxib, 
alone had no effect on cell growth, when they were used in combination with doxorubicin, the 
IC50 decreased to 0.34 ± 0.08 μM (meloxicam) and 0.44 ± 0.11 μM (celecoxib). These results 
demonstrated that a combination of drugs decreased the IC50 value of doxorubicin against 
A549 cells in vitro.

Compounds A549 (IC50 ± SD, μM)

Doxorubicin 0.61 ± 0.14
+Meloxicam (10 μM)   0.34 ± 0.08*
+Celecoxib (10 μM)   0.44 ± 0.11*

*P < 0.05, compared to doxorubicin.

Table 1. IC50 of A549 cells treated with doxorubicin or combinations of doxorubicin and meloxicam or 
celecoxib.

Intracellular accumulation of doxorubicin

Doxorubicin is an auto-fluorescent compound, which enables intracellular 
visualization by fluorescence microscopy. Figure 3 shows the fluorescence of intracellular-
accumulated doxorubicin in A549 cells after a 24-h incubation with different concentrations 
of doxorubicin (0.5, 1, and 5 μM) in the absence (A, D, and G) or presence of meloxicam 
(50 μM, B, E, and H) or celecoxib (50 μM, C, F, and I). The figure demonstrates that at all 
concentrations, the intracellular fluorescence was significantly (5 μM, P < 0.05; 0.5 and 1 μM, 
P < 0.01) higher in cells that were co-treated with meloxicam or celecoxib and doxorubicin, 
compared to doxorubicin alone.

MRP activity measured by analysis of calcein accumulation

Doxorubicin is a substrate for proteins of the MRP-transporter protein family 
known to enhance the efflux of cytostatic drugs. Since the present hypothesis suggests 
that meloxicam modulates the cellular actions of doxorubicin via inhibition of MRP 
transporters, we examined the MRP activity by analyzing the accumulation of calcein. The 
effects of various concentrations of meloxicam on the accumulation of the MRP substrate 
calcein were determined in drug-sensitive A549-EV cells and drug-resistant A549-MRP-
OE cells. Figure 4 shows that meloxicam increased calcein levels in A549-MRP-OE cells 
in a dose-dependent manner. A concentration of 50 μM meloxicam enhanced the cellular 
dye-related fluorescence by approximately 30%, and higher concentrations of 100 and 200 
μM, increased the levels of calcein by approximately 70 and 120%, respectively, although 
25 μM meloxicam was ineffective. In addition, meloxicam had no effect on MRP activity 
in A549-EV cells.
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Figure 3. Effect of meloxicam and celecoxib (positive control) on the intracellular accumulation of doxorubicin. 
A-I show fluorescent microscopic pictures of A549 cells that were incubated for 24 h in a medium containing 
doxorubicin 0.5 μM (A), 1 μM (D), or 5 μM (G), or these concentrations of doxorubicin in combination with 
meloxicam 50 μM (B, E, H) and celecoxib 50 μM (C, F, I), respectively. Magnification: 200X. For all experimental 
conditions, the bar graphs show the mean light intensity per cell, measured by computerized image analysis, and 
reported as means ± SD, *P < 0.05, **P < 0.01.

Figure 4. Effect of various concentrations of meloxicam on calcein accumulation in drug-sensitive A549-EV cells 
and drug-resistant A549-MRP-OE cells. Cells were incubated with 0.5 μM calcein in the presence of various 
doses of meloxicam (from 0 to 200 μM). Probenecid, a specific MRP inhibitor, was used as the positive control. 
Intracellular calcein accumulation was determined by fluorimetry. The values are reported as fluorescence arbitrary 
units (FAU) normalized to protein content and are means ± SD of three independent experiments in triplicate. *P 
< 0.05 compared to control.
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Downregulation of COX-2 suppressed the levels of MRP1 and MRP4 in A549 cells

To further demonstrate the relationship between meloxicam and MRP activity, cells 
were treated with PMA in the presence of meloxicam, and the levels of MRP1, MRP2, MRP3, 
MRP4, and MRP5 proteins were investigated using western blot analysis. As shown in Figure 5, 
meloxicam significantly suppressed the PMA-induced levels of MRP1 and MRP4. In contrast, 
the levels of MRP2, MRP3, and MRP5 remained unaffected. These results demonstrate that 
the specific COX-2 inhibitor, meloxicam, can increase doxorubicin cytotoxicity against A549 
cells through downregulation of MRP1 and MRP4, which decreases the efflux of the drug.

Figure 5. Western blot detection of MRP1, MRP2, MRP3, MRP4, and MRP5 protein levels from drug-resistant 
A549-MRP-OE cells. A549-MRP-OE cells were cultured for 24 h in the absence (control) or presence of PMA 
(COX-2 inducing, 10 nM) , meloxicam (50 μM) , celecoxib (50 μM) , PMA (10 nM) in combination with celecoxib 
(50 μM), and PMA (10 nM) in combination with meloxicam (50 μM) .

DISCUSSION

Meloxicam, a derivative of enolic acid, is a widely used NSAID with anti-inflammatory, 
antipyretic, and analgesic properties, and exerts its effects through the inhibition of COX, 
specifically the COX-2 enzyme (Furst, 1997). There have been a number of reports that 
meloxicam has anti-tumor properties in different cancer cell lines, including prostate (Montejo 
et al., 2010), colorectal (Goldman et al., 1998), and non-small lung cancer cells (Tsubouchi 
et al., 2000). In this study, we showed that meloxicam also significantly increased the 
intracellular accumulation and retention of doxorubicin in vitro. These effects of meloxicam 
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were dependent on COX inhibition and of downregulation of MRP activity.
COX-2 is the only isoform that has been associated with carcinogenesis (Williams 

et al., 1999), given that it is expressed in several malignant tumors (Gupta et al., 2000). The 
therapeutic effects of selective COX-2 inhibitors have already been assessed in vivo (human 
hepatocellular carcinoma implants in nude mice) and in vitro (canine osteosarcoma) models with 
encouraging outcomes (Wolfesberger et al., 2006). Previous studies have shown that NSAIDs 
and specific COX-2 inhibitors are able to enhance the effects of certain cytostatic agents both 
in vitro and in vivo. For example, celecoxib was shown to enhance the ability of doxorubicin 
to inhibit tumor growth in breast tumor-bearing mice (Awara et al., 2004) and in human breast 
carcinoma MDA-MB231 xenografts in nude mice (van Wijngaarden et al., 2007). In one case-
control study that focused on selective COX-2 blockade and lung cancer risk, there was a 
significant reduction in the risk of lung cancer following daily administration of drugs such as 
celecoxib or rofecoxib over 2 years or more (Harris et al., 2007). The combination of either 
aspirin or celecoxib with 5-fluorouracil (5-FU) was capable of improving chemosensitivity in 
chemorefractory colorectal cancer cells in vitro, but a synergistic effect with 5-FU could only 
be demonstrated with celecoxib (Rahman et al., 2012). Treatment of bladder cancer cells with 
a combination of sunitinib malate and meloxicam showed a synergistic effect, and there was 
an increase in the number of autophagic vacuoles and early apoptotic cells when the combined 
treatment was employed (Arantes-Rodrigues et al., 2013). In accordance with these results, 
we showed here that the treatment of human lung cancer A549 xenografts in nude mice with 
a combination of doxorubicin and meloxicam inhibited tumor growth both in vitro and in vivo 
more efficiently than doxorubicin treatment alone (Figure 1 and Table 1). 

MDR is a major cause of cancer treatment failure when using cytostatic drugs 
(Mansilla et al., 2007) and the mechanism by which tumor cells acquire this drug resistance is 
probably through overexpression of membrane transport proteins that effectively efflux them 
(Garnier-Suillerot et al., 2001). The best-characterized mechanism of MDR is mediated through 
the overexpression of ABC transporter superfamily members, for example P-gp (MDR-1) 
and the multidrug resistant-associated protein (MRP-1) (Deeley and Cole, 2006). MRP-1, 
originally isolated from a doxorubicin-selected lung cancer cell line, mediates resistance to a 
broad range of anticancer drugs (Gottesman et al., 2002). As the increased expression of either 
the MRP-1 gene or the MDR-1 gene in various cancers including small cell lung cancer, the 
combination of anti-cancer agents together with MRP inhibitors to limit the drug efflux, is an 
obvious direction for developments in chemotherapy (Canitrot et al., 1998).

MDR-1 activity can be inhibited by a wide variety of drugs including calcium channel 
blockers such as verapamil, immunosuppressive agents such as cyclosporin A, as well as 
phenothiazines and steroids (Ford and Hait, 1990). These compounds, termed modulators 
or chemosensitizers, enhance the intracellular retention of anticancer drugs in MDR-1-
overexpressing cells and thus circumvent drug resistance (Sikic, 1993). Unfortunately, in 
contrast to MDR-1-mediated resistance, MRP is affected by only a few agents (Garnier-Suillerot 
et al., 2001). However, the MDR-1 inhibitors, verapamil and cyclosporin A, have also been 
found to increase the accumulation of the MRP substrate, daunorubicin in drug-resistant cells 
(Lautier et al., 1996). Another report indicated that rifamycins, including rifampicin, might 
constitute a new class of chemical modulators, which downregulate MRP-mediated drug 
transport (Courtois et al., 1999).

Previous studies using less specific or sensitive assays suggested that the enhancement 
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of cytostatic drug efficacy by COX inhibitors, such as celecoxib, might be due to inhibition 
of MDR-1 (Awara et al., 2004) or MRP-1 (O’Connor et al., 2004). In our study, we show 
that both meloxicam and celecoxib augmented the in vitro intracellular accumulation and 
retention of doxorubicin, also suggesting the possible involvement of one of the doxorubicin 
transporters (Figure 3). Recently, the combination of NSAIDs with anticancer drugs gained 
attention as a treatment option because NSAIDs can inhibit the COX-2/PGE2 pathway in 
cancer cells (Maeng et al., 2014). An additional study indicated that NSAIDs also inhibit the 
overexpression of MRP4 in lung cancer, which is most likely to be advantageous and result 
in enhanced accumulation of anticancer agents that would otherwise be ejected from the cell. 
However, there may be additional mechanisms that regulate MRP4 expression, since treatment 
with the COX-2-specific inhibitor celecoxib was ironically reported to increase the expression 
of MRP4 in the lung (Gradilone et al., 2007) and colon cancer (Gradilone et al., 2008). 

A previous study showed that the specific COX-2-specific inhibitor celecoxib 
enhanced the inhibitory effect of doxorubicin on human MDA-MB231 breast tumor growth 
in vivo and in vitro and increased the intracellular accumulation and retention of doxorubicin 
in vitro (Feller et al., 1995). However, the study concluded that structurally different 
compounds, including celecoxib and PSC833, the MDR-1 blocker, acted most likely through 
the modulation of NF-κB activity (O’Connor et al., 2004). Upregulation of COX-2 in A549 
cells could promote the overexpression of multidrug resistance protein 4 (MRP4) via a 
PGE2-dependent pathway (Goldman et al., 1998). In the present study, we demonstrated by 
western blotting that meloxicam inhibited the PMA-stimulated expression of MRP1 and 
MRP4 in A549 cells. It seems reasonable that meloxicam may also downregulate the MRP1 
and MRP4 overexpression because of the presence of COX in these cells. The results shown 
in Figure 4, indicate that meloxicam increased calcein cell accumulation in normal A549 
cells, but not in A549-MRP-OE cells. Further studies should be designed to determine the 
mechanism of COX-moderated meloxicam inhibition of the expression of MRP1 and MRP4 
in cancer cells.

In conclusion, our results showed that meloxicam increased the intracellular 
accumulation of calcein, a fluorescent dye substrate for MRP, in A549 cells through inhibition 
of extracellular export. Moreover, meloxicam also enhanced the accumulation of the anticancer 
drug, doxorubicin, another known substrate of MRP in A549 cells. The results from the western 
blot analysis reported in the present study indicate for the first time that meloxicam reduces the 
expression of MRP1 and MRP4.
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