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a b s t r a c t

P-glycoprotein (Pgp) participates in the export of numerous toxins, drugs, and physiological compounds.
To examine the involvement of Pgp in smoke-induced oral cell insult, the effects of extracts of the main-
stream tobacco smoke (TS) on Pgp were studied in an oral epidermal carcinoma cell line, OECM-1. TS
was first extracted with cyclohexane (CTS) and the residues were further extracted with isopropanol
(ITS). For comparison, cells were exposed to CTS and ITS at the concentrations according to their rela-
tive extraction yield. ITS but not CTS decreased the efflux of a Pgp substrate, rhodamine (Rh) 123, in a
concentration- and time-dependent manner. The efflux was also decreased by co-exposure to CTS and ITS.
eywords:
obacco smoke
-glycoprotein
ral cell insult

However, immunoblot analysis revealed that the protein level of Pgp was not affected by ITS. Naphtha-
lene, mainly detected in the ITS, decreased Rh 123 efflux. However, the efflux activity was not affected by
benzo(a)pyrene and nicotine, which were present in the CTS and both extracts, respectively. Co-exposure
to CTS in combination with ITS, naphthalene, or verapamil enhanced cell insult compared to single expo-
sure. These results demonstrated that smoke and its constituent, naphthalene, diminished Pgp-mediated

gp fu
efflux. The reduction in P

. Introduction

The multidrug resistant (MDR) gene-encoded P-glycoprotein
Pgp) is responsible for the ATP-dependent export of numerous
ndogenous and exogenous compounds across the plasma mem-
rane. Substrates of Pgp include physiological compounds, such as
ldosterone, as well as environmental pollutants and toxins, such
s benzo(a)pyrene and 2-amino-1-methyl-6-phenylimidazo-[4,5-
]pyridine (PhIP) (Walle and Walle, 1999; Yeh et al., 1992; Penny
nd Campell, 1994). The impairment in Pgp-mediated efflux can
educe the elimination of toxins and elevate their cytotoxicities.
or example, the nephrotoxicity of cyclosporine A was enhanced

y the Pgp inhibitor, sirolimus, and the neurotoxicity of loperamide
as enhanced by the Pgp inhibitor, quinidine (Sadeque et al., 2000;
nglicheau et al., 2006).

Abbreviations: TS, tobacco smoke; Pgp, P-glycoprotein; OEC-M1, oral epidermal
arcinoma cell line, Meng-1; CTS, the cyclohexane extract of tobacco smoke; ITS, the
sopropanol extract of tobacco smoke; Rh 123, rhodamine 123.
∗ Corresponding author at: National Research Institute of Chinese Medicine, 155-
Li-Nong Street, Sec. 2, Taipei 112, Taiwan, ROC. Tel.: +886 2 2820 1999x6351;

ax: +886 2 2826 4266.
E-mail address: ueng@nricm.edu.tw (Y.-F. Ueng).

378-4274/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2008.12.007
nction could be a stimulatory factor of TS-induced oral cell insult.
© 2008 Elsevier Ireland Ltd. All rights reserved.

Oral cancer has increased in both incidence and mortality over
the past decade (Chung et al., 2005). Smoking represents the main
stimulatory factor of the most common type of oral carcinoma, oral
squamous cell carcinoma (OSCC) (Blot et al., 1988). Pgp has been
identified in normal oral tissues, untreated primary oral tumors,
and dysplastic lesions as analyzed by immunocytochemical stain-
ing (Jain et al., 1997; Muzio et al., 2000). Maternal exposure to
tobacco smoke stimulates placental mdr1a messenger (m)RNA
without affecting mdr1b mRNA in Wistar rats (Yan et al., 2006).
However, a smoke extract decreased the function of a multidrug
resistant-associated protein, MRP1, in bronchial epithelial cells (van
der Deen et al., 2007). The constituent(s) responsible for this inhibi-
tion was not analyzed. Besides the respiratory tract, the oral cavity is
also a tissue target directly exposed to tobacco and tobacco smoke.
However, the effect of smoke on oral Pgp function has not been
investigated. An oral epidermal carcinoma cell line, OECM-1 (or
OEC-M1), derived from human gingiva has been used in the tox-
icological and cancer research (Lin et al., 2005; Yang and Meng,
1994; Yang et al., 2003). OECM-1 grew as adherent monolayer, had
the morphology of epithelioid, and showed responsiveness to the

modulators of cyclooxygenase and fibrotic toxins, such as areca nut
(Yang and Meng, 1994; Yang et al., 2003).

Among the more than 4000 compounds present in tobacco
smoke (TS), benzo(a)pyrene is one of the major constituents
responsible for TS-induced mutagenicity and alterations in

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:ueng@nricm.edu.tw
dx.doi.org/10.1016/j.toxlet.2008.12.007
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rug-metabolizing enzymes, such as CYP1A (Smith and Hansch,
000). Pgp was able to pump out benzo(a)pyrene in MCF-7 breast
ancer cells and human intestinal epithelium (Penny and Campell,
994; Yeh et al., 1992). In a rat liver epithelial cell line, SDVI and
human intestinal cell line, Caco-2, benzo(a)pyrene caused Pgp

nduction (Fardel et al., 1996; Sugihara et al., 2006). However,
enzo(a)pyrene did not affect the protein level of Pgp in Xenopus

aevis (Colombo et al., 2003). There were heterogeneity in response
o the inductive effect of benzo(a)pyrene on Pgp in different biolog-
cal systems. Risner (1988) reported that cyclohexane is an efficient
xtraction solvent for determining the content of benzo(a)pyrene
n TS. Therefore, in this report, TS was first extracted with cyclohex-
ne to obtain the benzo(a)pyrene-enriched extract, and the residues
ere further extracted with isopropanol to prepare the isopropanol

xtract. To reveal the participation of Pgp in TS-induced oral cell
nsult, effects of cyclohexane and isopropanol extracts of TS on oral
gp function and cell viability were investigated in this report. The
ontribution of benzo(a)pyrene and two other smoke constituents,
icotine and naphthalene, to TS-mediated Pgp functional changes
ere characterized.

. Materials and methods

.1. Chemicals and antibodies

Benzo(a)pyrene, 3-methylcholanthrene, naphthalene, nicotine, and rhodamine
Rh) 123 were purchased from Sigma–Aldrich Chemical (St. Louis, MO, USA). RPMI-
640, fetal bovine serum (FBS), and a mixture of antibiotics (10,000 units/ml
enicillin, 10 mg/ml streptomycin, and 0.025 mg/ml amphotericin) were purchased
rom Biological Industries (Kibbutz Beit Haemek, Israel). Molecular weight markers
or the immunoblot analyses were purchased from Bio-Rad Laboratories (Hercules,
A, USA). The Pgp-immunoreacted monoclonal antibody, C219, was purchased from
erck-Calbiochem (Merck, Darmstadt, Germany).

.2. Preparation of tobacco extracts

Cigarettes (LongLife, classic premium deluxe, 83 mm in length) were purchased
rom Taiwan Tobacco and Liquor Corporation (Taipei, Taiwan). The mainstream
moke condensate was prepared as the TS from 100 cigarettes using an RM200 smok-
ng machine (Borgwaldt KC, Hamburg, Germany) at an air flow of 18.8 cm/s under
8.8 kPa of air pressure and 60% humidity at 22 ◦C. The smoking machine utilized
ight puffs per cigarette. The CO and CO2 produced during cigarette smoking were
2.9–13.6 and 43.0–44.5 mg/cigarette, respectively. The smoke was collected on a
lass-fiber filter and the filter was immersed in 400 ml cyclohexane twice for 24 h at
oom temperature and then filtered through filter paper (Whatman, Florham Park,
J, USA). After filtration, the filtrate was dried using a rotary evaporator and yielded
.130 g cyclohexane extracts from TS (CTS). The residues were further extracted by
00 ml isopropanol twice for 24 h at room temperature. After filtration, the filtrate
as dried, and yielded 0.874 g isopropanol extract from TS (ITS).

.3. Quantification of benzo(a)pyrene, nicotine, and naphthalene

TS was dissolved in acetonitrile. The contents of benzo(a)pyrene were deter-
ined using a high performance liquid chromatographic (HPLC) method modified

rom the method of the National Institute of Safety and Health (NIOSH) method 5506
NIOSH, in press). Separation was performed using a 50-min gradient of 70% acetoni-
rile to 100% acetonitrile and then 100% acetonitrile for more 30 min at a flow rate of
.5 ml/min. Benzo(a)pyrene was detected using an excitation wavelength of 290 nm
nd an emission wavelength of 425 nm. The quantities of nicotine and naphthalene
ere measured using gas chromatography (GC)–mass spectrometry (MS) following
method modified from Kim et al. (2005). A Network gas chromatography system

6890N, Agilent Technology, Santa Clara, CA, USA) equipped with a DB-5ms column
30 m × 0.25 mm × 0.25 �m) and a Network Mass Selective detector (Agilent Tech-
ology) was used. Helium was used as the carrier gas for the GC. Following sample

njection, the GC column was held at 135 ◦C for 0.5 min, the temperature was pro-
rammed to 250 ◦C at 10 ◦C/min, held at 250 ◦C for 1 min, then programmed to 300 ◦C
t 15 ◦C/min, and finally held at 300 ◦C for 3.5 min. The total run time was 20 min
ith a flow rate of 1 ml/min. The ion source was kept at 230 ◦C and the quadrupole

t 150 ◦C. Scan and selected ion modes were used for the quantitative analyses of
icotine (m/z 84) and naphthalene (m/z 128), respectively. Data represent the mean

f duplicate determinations.

.4. Culture and treatments of oral cells

An oral epidermal carcinoma cell line, OECM-1, was generously provided by
rof. Kuo-Wei Chang (National Yang-Ming University, Taipei, Taiwan) and cultured
ters 185 (2009) 116–123 117

in RPMI-1640 medium supplemented with a 10% (v/v) FBS and 1% (v/v) antibiotic
mixture in a humidified atmosphere at 37 ◦C with 5% CO2. Cell viability was analyzed
by a cellular 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl tetrazolium (MTT) reduc-
tion assay (Alley et al., 1988) and trypan blue (0.4%) exclusion assay. Cell survival
was expressed as the percentage of treated cells compared to vehicle control cells.
Extracts of TS were dissolved in dimethyl sulfoxide (DMSO). The final DMSO con-
centration in the medium was <0.5%. The pH value of the medium did not change
with the addition of TS extracts. Cells (8–20 passages) were treated with various
concentrations of tobacco extracts for 18 h at 60–70% confluence. After treatment,
cultured cells approached about 80% confluence, and the activities and protein levels
of Pgp were analyzed. Cells were treated with 1 �M 3-methylcholanthrene for 18 h to
induce CYP1A1/2 activity. A human proximal tubular cell line, HK-2, was purchased
from Bioresource Collection and Research Center, Food Industry Research and Devel-
opment Institute (Hsinchu, Taiwan). HK-2 cells were cultured following the method
of Romiti et al. (2002). The crude membrane fractions of untreated HK-2 cells were
used as a marker for the immunoblot analysis of Pgp.

2.5. Rh 123 accumulation assay

OECM-1 cells were seeded onto a 6-well plate (1 × 105 cells/well), and 70–80%
confluent cells were incubated with 5 �M Rh 123 in complete medium at 37 ◦C in
a CO2 incubator for 1 h. After two washes with an ice-cold potassium phosphate-
buffered saline (PBS) solution, cells were lysed with 0.1% Triton X-100 for 30 min. The
PBS solution contained 137 mM NaCl, 2.68 mM KCl, 10 mM Na2HPO4, and 1.75 mM
KH2PO4 (pH 7.2). The amount of Rh 123 was determined by measuring the fluores-
cence with 485 nm for excitation and 538 nm for emission (F-4500, Hitachi, Tokyo,
Japan). The cellular Rh 123 content was calculated using a linear regression and
was normalized with the protein content in each sample. The protein concentration
was determined by the dye-binding assay following the instruction manual of the
Bio-Rad Protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).

2.6. Rh 123 efflux assay

The Pgp-mediated efflux was monitored by verapamil-inhibited Rh 123 efflux
(Piquette-Miller et al., 1998; Lee and Piquette-Miller, 2003). Cells were seeded on a 6-
well plate (1 × 105 cells/well), and 70–80% confluent cells were incubated with 5 �M
Rh 123 in complete medium at 37 ◦C in a CO2 incubator for 1 h. After two washes with
an ice-cold PBS solution in the dark, cells were incubated with Rh 123-free medium
in the absence and presence of 100 �M verapamil at 37 ◦C in a CO2 incubator for
3 h. After three washes with an ice-cold PBS solution in the dark, the fluorescence
of Rh 123 retained in the cell was measured using a microplate reader (Flex Station,
Molecular Devices, Sunnyvale, CA, USA). The reduced intracellular fluorescence due
to the efflux of Rh 123 was calculated as the percent of fluorescence measured at
0 h. The Pgp-mediated efflux was calculated as the difference in Rh 123 efflux in the
absence and presence of the Pgp inhibitor, verapamil.

2.7. Immunoblot analysis of Pgp

The crude membrane fraction was prepared following the method of König et
al. (1999) using a hypotonic buffer. Sodium dodecylsulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) was carried out using the discontinuous system of Laemmli
(1970). Membrane fractional proteins (100 �g) were electrophoresed on a 6% (w/v)
polyacrylamide gel for the analysis of Pgp. Markers with high molecular weight
ranges (45–200 kDa, Bio-Rad Laboratories) were used for the molecular weight
determination. Electrophoresis was carried out at 8 ◦C and 15 mA/gel during stacking
and 30 mA/gel during separation. Following electrophoresis, proteins were trans-
ferred from the slab gel to a nitrocellulose membrane using the method of Towbin
et al. (1979). The expressed Pgp protein was immunoreacted with the C219 mon-
oclonal antibody (Kartner et al., 1985). Immunoreactive protein was detected by
rabbit immunoglobulin Gs (IgGs) against mouse IgGs conjugated with horseradish
peroxidase and immunostained using a chemiluminescence detection kit purchased
from PerkinElmer LAS (Boston, MA, USA). The protein band density was analyzed by
densitometry using ImageMaster (Pharmacia Biotech, Uppsala, Sweden).

2.8. Statistical analysis

The statistical significance of differences between two groups was evaluated by
Student’s t-test. The differences between >2 sets of data were analyzed by one-way
ANOVA followed by Dunnett’s test for multiple comparisons. A p value <0.05 was
considered statistically significant.

3. Results
3.1. Effects of the tobacco smoke extracts and naphthalene on oral
cell viability

The extracts of CTS and ITS were prepared as described in Sec-
tion 2. Cell viability was monitored by measuring cellular reduction
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ig. 1. (A) The viability of OECM-1 cells following the treatment of the cyclohexan
anels (B) and (C) shows the effects of isopropanol extract of tobacco smoke and na
ellular MTT reduction activity. Data are presented as the mean ± S.E.M. of six dete
ontrol value, p < 0.05. There was no significant difference in cell viability between v

f MTT. Cell viability was not affected by the 18-h treatments with
TS at concentrations of up to 50 �g/ml. Exposure to CTS at 100
nd 200 �g/ml decreased cell viability by 26% and 56%, respec-
ively (Fig. 1A). The IC50 value for the decrease of cell viability in
he treatment with CTS was 176 ± 17 �M. However, the IC50 value
n the cotreatment with CTS and verapamil was 133 ± 31 �M. The
resence of verapamil reduced the IC50 value for the decrease of
ell viability. ITS at 1 �g/ml did not change the cellular MTT reduc-
ion. However, ITS caused a dose-dependent increase in viable cells
t the concentrations of 10–50 �g/ml. ITS at 10, 20, and 50 �g/ml
aused 31%, 47%, and 43% increases in MTT reduction, respectively
Fig. 1B). This increase in viable cells was diminished at higher
TS concentrations. At 100 �g/ml, ITS-treated cells showed a MTT
eduction level similar to that of DMSO-treated cells. At 200 �g/ml,
TS decreased cell viability by 48%. The smoke constituent, naph-
halene, at 0.2–100 �M did not affect cell viability (Fig. 1C).

.2. Establishment of optimal assay condition for determining
gp function in OECM-1 cells
To establish optimal assay condition for measuring Rh 123 accu-
ulation in OECM-1 cells, the intracellular concentration of Rh 123
as determined after incubating cells with Rh 123 at initial concen-

rations of 1–10 �M in the culture media for 1 h. The accumulation

ig. 2. (A) Rhodamine (Rh) 123 accumulation in OECM-1 cells at various initial concentrati
nd cellular fluorescence was determined after two washes with PBS solution. Data repre
B) Rh 123 retained in OECM-1 cells after efflux for different time periods. Results are pre
resence (�) of 100 �M verapamil. (C) Effect of verapamil on Rh 123 efflux in OECM-1 cel
hree to six replicates. An asterisk (*) indicates that the value significantly differed from t
ract of tobacco smoke in the absence (�) and presence (©) of 100 �M verapamil.
lene on the viability of OECM-1 cells, respectively. Cell viability was monitored by

tions. An asterisk (*) indicates that the value significantly differed from the vehicle
e control and verapamil-treated cells.

of Rh 123 increased with an increasing Rh 123 concentration from
1 to 5 �M in the culture media. However, the cellular accumulation
of Rh 123 at the initial 10 �M was not higher than that at 5 �M
(Fig. 2A). Thus, 5 �M Rh 123 was used in the accumulation step
of the assay. After Rh 123 accumulation, cells were re-incubated
in a medium without Rh 123, and efflux began. After efflux for
1 and 3 h, 77% and 65% Rh 123 were retained in cells, respec-
tively (Fig. 2B). A Pgp inhibitor, verapamil, at 100 and 150 �M
decreased the Rh 123 efflux to 43% and 37% of the control, respec-
tively (Fig. 2C). Thus, Pgp-mediated Rh 123 efflux was determined
using a 3-h efflux period in the absence and presence of 100 �M
verapamil.

3.3. Dose–response and time-course effects of tobacco extracts on
Rh 123 efflux activity

According to the extraction yield, 1–20 �g/ml CTS and
50–200 �g/ml ITS were studied. The exposure of cells to CTS for
18 h had no effect on Pgp-mediated Rh 123 efflux activity (Fig. 3A).

The Rh 123 efflux was not affected by 50 �g/ml ITS. However, 100
and 200 �g/ml ITS significantly decreased the efflux by 55% and
53%, respectively. Thus, cells were treated with 100 �g/ml ITS in
the time-course study. Treatment of cells with 100 �g/ml ITS for 3
and 6 h did not affect the Rh 123 efflux activity (Fig. 3B). However,

ons of Rh 123. Cells were incubated with increasing concentrations of Rh 123 for 1 h,
sent the mean ± S.E.M. of three individual experiments with three to six replicates.
sented as the mean ± S.E.M. of three to six determinations in the absence (©) and
ls. Results are presented as the mean ± S.E.M. of three individual experiments with
he control value, p < 0.05.
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ig. 3. Effects of tobacco smoke (A) extracts on Rh 123 efflux. OECM-1 cells were
xtracts of tobacco smoke condensate. (B) Time-course effects of ITS on Rh 123 efflu
o-exposure to 15 �g/ml CTS and 100 �g/ml ITS on Rh 123 efflux. Data are presente
n asterisk (*) indicates that the value significantly differed from the control value,

TS caused 55% and 38% decreases in Rh 123 efflux after treatment
or 18 and 24 h, respectively. Based on the extraction yield, the expo-
ure to 1 cigarette/100 ml resulted in the exposure to 15 �g/ml CTS
nd 100 �g/ml ITS. Thus, cells were exposed to a medium contain-
ng CTS (15 �g/ml) and ITS (100 �g/ml) for 18 h. This co-treatment
ignificantly decreased the Rh 123 efflux activity by 21% (Fig. 3C).

.4. Immunoblot analyses of Pgp in control and ITS-treated cells

Functional Pgp was reported to be expressed in HK-2 cells, and
he Pgp member, MDR-1, was identified in HK-2 cells (Romiti et
l., 2002). Thus, the crude membrane fraction of HK-2 cell lysate
as loaded as a marker of Pgp. Immunoblot analyses of the crude
embrane proteins of OECM-1 cells showed that one protein with

n apparent molecular mass of 159 kDa immunoreacted with the
219 monoclonal antibody (Fig. 4). This protein had a gel-mobility

qual to the Pgp protein in HK-2 cells. The relative band densities
f Pgp in control and ITS-treated cells were 100 ± 8% and 95 ± 2%
f three separate experiments, respectively. ITS treatment did not
ignificantly reduce the protein level of Pgp in OECM-1 cells.

ig. 4. Immunoblot analyses of P-glycoprotein (Pgp) in OECM-1 cells. Cells were
reated with 100 �g/ml of the isopropanol extract of tobacco smoke (ITS) for 18 h.
ontrol cells were treated with the same concentration of DMSO as ITS-treated cells.
lectrophoresis and immunodetection were carried out as described in Section 2.
embrane fractional proteins (100 �g) were loaded for immunoreaction with C219.

ane 1 contains the molecular weight markers. Lanes 2 and 3 contain membrane
roteins from control and ITS-treated OECM-1 cells, respectively. Lane 4 contains
embrane proteins from untreated HK-2 cells.
d with increasing concentrations of the cyclohexane (CTS) and isopropanol (ITS)
ls were exposed to 100 �g/ml ITS for the time period as indicated. (C) Effects of the
he mean ± S.E.M. of six determinations. Experiments were repeated at least twice.
5.

3.5. Contents of benzo(a)pyrene, nicotine, and naphthalene in the
TS extracts

HPLC analyses revealed that there was 35 �g benzo(a)pyrene/g
extract in CTS, whereas the contents of benzo(a)pyrene in ITS was
under the detection limit (Table 1). Fig. 5A shows the full-scan
GC–MS chromatograms of CTS and ITS. Results of the GC–MS anal-
yses showed that nicotine was the main constituent of all extracts
and its contents in CTS and ITS were 53 and 86 mg/g extract,
respectively. The chromatogram showed that CTS apparently had
more-hydrophobic constituents than ITS, since the main peaks of
CTS appeared at retention times of longer than 15 min. In contrast,
the main constituents of ITS appeared at retention times of shorter
than 6 min, and almost no peaks were detected at retention times of
longer than 10 min. Naphthalene, which appeared at 2.4 min, could
only be quantitatively detected in ITS (Fig. 5B). There was 0.15 mg
naphthalene in 1 g ITS.

3.6. Effects of benzo(a)pyrene, nicotine, and naphthalene on Rh
123 efflux

The concentration of nicotine in a mixture containing 15 �g/ml
CTS and 100 �g/ml ITS was 72 �M. Treatment with 50 and 100 �M

nicotine for 18 h had no effects on Pgp-mediated Rh 123 efflux activ-
ity (data not shown). Benzo(a)pyrene was mainly collected in CTS,
and its concentration in 15 �g/ml CTS was 2 nM. Treatment with
benzo(a)pyrene at higher concentrations (1 and 10 �M) for 18 h, had
no effect on Pgp function (data not shown). The concentration of

Table 1
Contents of benzo(a)pyrene, nicotine, and naphthalene in the extracts.

Extract Benzo(a)pyrene
(�g/g extract)

Nicotine (mg/g extract) Naphthalene
(mg/g extract)

CTS 35 ± 4 53 n.d.
ITS n.d. 86 0.15

Data represent the mean and mean ± S.D. of duplicate and triplicate determinations,
respectively. n.d.: not detectable.
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F opropanol (ITS) extracts of tobacco smoke. Panel (A) shows the separation profile of the
f nel (B) shows the representative gas chromatograms of select-ion mode (m/z = 128) of
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ig. 5. The gas chromatograms of GC–MS analyses of the cyclohexane (CTS) and is
ull-scan modes. Nicotine appeared at a retention time of 3.2 min (the insert). Pa
aphthalene, CTS, and ITS. Naphthalene (3 �g/ml) and tobacco extracts (10 mg/ml)
nd the response in mass spectrometer was measured.

aphthalene in 100 �g/ml ITS was 0.2 �M. Naphthalene at 0.2 �M
as not sufficient to inhibit Rh 123 efflux activity (Fig. 6). However,

8 h treatment with naphthalene at concentrations of 1–100 �M
ignificantly decreased cellular Rh 123 efflux activity.

.7. Effects of the exposure to CTS in combination with ITS or
aphthalene on cell viability

Consistent with the decreased Rh 123 efflux by ITS, 18 h exposure
o 100 �g/ml ITS caused a significant increase in Rh 123 accu-

ulation (Fig. 7A). Single exposure of OECM-1 to 15 �g/ml CTS,
00 �g/ml ITS, or 0.2 �M naphthalene did not affect cell viability
s monitored by the MTT reduction assay (Figs. 1 and 7B). How-
ver, co-exposure to 15 �g/ml CTS and 100 �g/ml ITS significantly
ecreased cell viability to 57% that of DMSO-treated cells (Fig. 7B).
o-exposure to 15 �g/ml CTS and 0.2 �M naphthalene also signifi-
antly decreased cell viability to 69% that of DMSO-treated cells. CTS
t 50 �g/ml showed 89% cell viability. Co-incubation of cells with
0 �g/ml CTS and 0.2 �M naphthalene showed cell viability similar
o that of CTS or naphthalene alone. However, co-exposure of cells
o 50 �g/ml CTS and 10 �M naphthalene significantly decreased
ell viability compared to cells treated with CTS alone. To fur-

her examine the contribution of CYP1A to the decreased cell
iability, cells were concomitantly exposed to a CYP1A inducer,
-methylcholanthrene (1 �M), and naphthalene (0.2 �M) for 18 h.
his co-exposure did not decrease cell viability (Fig. 7C). Due to the
nterference of verapamil on MTT assay (Vellonen et al., 2004), the

Fig. 6. Effect of naphthalene on Rh 123 efflux in OECM-1 cells. Cells were treated
with increasing concentrations of naphthalene for 18 h. Control cells were treated
with DMSO. Experiments were repeated at least twice. Results are presented as
the mean ± S.E.M. of six determinations. An asterisk (*) indicates that the value
significantly differed from the control value, p < 0.05.



W.-C. Pan et al. / Toxicology Letters 185 (2009) 116–123 121

Fig. 7. (A) Effect of verapamil and the isopropanol extract of tobacco smoke (ITS) on the accumulation of rhodamine (Rh) 123 in OECM-1 oral cancer cells. (B) Oral cell
viability after single or co-exposure to the cyclohexane extract of tobacco smoke (CTS) in combination with the ITS or naphthalene. Cell viability was monitored by cellular
MTT reduction activity. Control cells were treated with DMSO. Data represent the mean ± S.E.M. of six determinations. (C) Effect of single or co-exposure to naphthalene
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nd 3-methylcholanthrene (3-MC) on cell viability. Data represent the mean ± S.E.
ombination with the ITS or verapamil. The percentage of viable cells was determine
he mean ± S.E.M. of three determinations. An asterisk (*) indicates a significant diff

umber of living cells was further examined by a trypan blue exclu-
ion assay. Consistent with the results of MTT assay, co-treatment
ith 15 �g/ml CTS and 100 �g/ml ITS decreased cell viability com-
ared to single treatments (Fig. 7B and D). In the presence of a Pgp

nhibitor, verapamil (100 �M), treatments with 15 and 50 �g/ml
TS significantly decreased cell viability to 72% and 65% that of
MSO-treated cells, respectively (Fig. 7D).

. Discussion

Smoking is known to be an important risk factor for OSCC
Blot et al., 1988). Our study of TS showed that ITS but not
TS at 10–50 �g/ml increased the MTT reduction, suggesting
he stimulation of cell proliferation. Our BrdU incorporation
nalysis demonstrated this stimulatory effect of ITS (results
ot shown). Another GC–MS study we performed indicated
hat a proliferation-stimulating agent, 4-(methylnitrosamino)-1-
3-pyridyl)-1-butanone (NNK), was mainly present in the ITS
unpublished results). In the exposure to the smoke from 1 cigarette
n 100 ml medium, cells were exposed to 15 �g/ml CTS and
00 �g/ml ITS according to their respective extraction yield from
S. Under these exposures, cell viability was not affected. ITS but
ot CTS decreased the Rh 123 efflux activity. Thus, the TS-induced
gp dysfunction might be attributed mainly to its isopropanol
xtractable portion after removing CTS. Increasing the exposure

oncentration of ITS to 200 �g/ml, cell viability and Pgp function
ere decreased. The Pgp dysfunction might be associated with

educed cell viability. Co-treatment of oral cells with ITS and CTS
aused a decrease of Rh 123 efflux less potent than ITS alone.
he CTS may interfere with the inhibitory mechanism of ITS on
six determinations. (D) Oral cell viability after single or co-exposure to the CTS in
ypan blue exclusion 18 h after the extract and verapamil treatments. Data represent
e between the two groups, p < 0.05.

the export of Rh 123 and reduced the inhibitory potency of ITS.
Although the ITS-mediated decrease of Rh 123 efflux activity was
reduced by co-treatment with CTS, the cell insult was enhanced
by this co-treatment. From the study of digoxin and cyclosporin A,
Okamura et al. (1993) suggested that there could be more than one
substrate binding sites in Pgp. Since CTS alone did not affect the
export of Rh 123, CTS and/or its metabolites could be pumped out
by Pgp though a binding site different from Rh 123 pathway. ITS-
mediated Pgp inhibition could increase the accumulation of CTS
and/or its metabolites and enhanced cell insult. Besides of the ITS-
mediated Pgp inhibition, the cell insult may also be attributed to
other factors, such as the synergistic cytotoxicity and cross activa-
tion of ITS and CTS ingredients. Therefore, the cell insult was highly
increased.

Competition with substrates for export was the most common
mechanism of Pgp inhibition. Thus, cells were treated with ITS
during the accumulation or efflux periods instead of with 18 h of
treatment. ITS could not affect Rh 123 accumulation and efflux,
whereas verapamil elevated Rh 123 accumulation and decreased
Rh 123 efflux. These results suggested that ITS did not directly com-
pete with Rh123 for being pumped out. Results of our time-course
study showed that ITS decreased Pgp function after treatment for
18 and 24 h, whereas 3 h and 6 h treatment did not affect Pgp func-
tion. These results suggest that a time period of more than 6 h was
required to cause Pgp functional loss. However, our immunoblot
analysis of membrane proteins showed that the level of Pgp was

not affected by ITS. Other factors including ATP loss, nitration and
phosphorylation of transporter protein, biophysical changes in the
plasma membrane, and induction of metabolizing enzymes respon-
sible for the formation of a metabolite which is the Pgp substrate,
have been proposed or proven to be factors causing functional inhi-
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ition of transporters (Fenyvesi et al., 2008; Idriss et al., 2000;
iganti et al., 2005). All these processes may require a certain period
f exposure. However, the formation of nitric oxide and nitrated
roteins were too low to be detected using Greiss reagent and

mmunoblot analysis, respectively (data not shown). Thus, further
nvestigations on MS analysis of Pgp modification, enzyme induc-
ion, plasma membrane environment, and metabolomic profiles,

ay help clarify the contributions of these pathways.
Our determination using GC–MS showed the most abundant

onstituent in the TS extracts was nicotine, which was not a Pgp
ubstrate (Wang et al., 2005). CTS had the highest benzo(a)pyrene
ontent, but it did not affect Rh 123 efflux in OECM-1 cells. Nicotine
nd benzo(a)pyrene did not affect Rh 123 efflux, either. Activation
f p53 was reported to be necessary for the induction of Pgp by
enzo(a)pyrene in hepatoma cells (Mathieu et al., 2001). However,
ECM-1 cells exhibit restriction fragment length polymorphism

n p53 gene and no p53 protein was detected using immunoblot
nalysis (Kim et al., 1993). On the other hand, the benzo(a)pyrene
oncentrations and exposure time periods (10–50 �M for 24 h) for
gp induction in Caco2 and SDVI cells was greater than those used
n our study (Fardel et al., 1996; Sugihara et al., 2006). The dif-
erences in treatment regimen and cell types may cause the lack
f induction in our study. In smokers with abnormal p53 expres-
ion, our results suggested that smoking may increase the risk of
ral cell insult through inhibiting Pgp function. Naphthalene was
ot a Pgp substrate (Chang et al., 2006) and could be detected
nly in the ITS. However, it decreased Pgp efflux activity after 18 h
reatment. Although we could not exclude the contribution of the
ther smoke constituents to this Pgp inhibition, naphthalene con-
ributed at least partially to Pgp inhibition by ITS. To clarify the
gp-inhibitory mechanism of naphthalene, it would be of interest
o investigate naphthalene-triggered signaling and effects of naph-
halene oxidation metabolites on Pgp function in oral cells in the
uture.

Different from the unchanged MTT reduction in cells with single
reatments, co-treatment of cells with 15 �g/ml CTS in combination
ith 100 �g/ml ITS or 0.2 �M naphthalene decreased cell viability.
lthough 0.2 �M naphthalene was insufficient to cause a signif-

cant decrease of Rh 123 efflux, it was sufficient to enhance the
ell insult under lower CTS exposure concentration. This might
e due to the differences in IC50 values for inhibiting the efflux
f different Pgp substrates. When cells were exposed to 50 �g/ml
TS, cell viability was decreased by co-treatment with 10 �M
aphthalene but not with 0.2 �M naphthalene. Higher concen-
ration of naphthalene was required to enhance cell insult when
ells were exposed to higher concentration of CTS. Based on this
ependence on the concentration ratio of naphthalene to CTS,
aphthalene metabolites formed during 18 h exposure may com-
etitively inhibit the export of CTS and/or its metabolites and
aused cell insult. On the other hand, cytotoxicity of naphtha-
ene could be elevated by over-expression of CYP1A1 in ovarian
ells (Greene et al., 2000), suggesting the activation of naphtha-
ene cytotoxicity by CYP1A1. 3-Methylcholanthrene is a prototype
YP1A inducer. Pre-treating cells with 3-methylcholanthrene, CTS
nd ITS increased the 7-ethoxyresorufin O-deethylation activ-
ty from 1.0 ± 0.5 pmol/min/mg protein of DMSO-treated cells
o 160.5 ± 20.3, 48.1 ± 3.6 and 21.8 ± 3.7 pmol/min/mg protein,
espectively. However, co-treatment with 3-methylcholanthrene
nd naphthalene (0.2 �M) did not decrease the MTT reduction level.
hese results suggest that the decreased cell viability following co-
xposure to naphthalene (0.2 �M) and CTS (15 �g/ml) was not due

o the activation of naphthalene by CTS-induced CYP1A. In addition,
o-treatment with CTS and verapamil decreased the cell viability,
uggesting that Pgp may play a protective role against the cell insult
nduced by CTS. Although we could not exclude the other causes for
nhanced cell damage, results of co-treatment indicated that the
ters 185 (2009) 116–123

reduction in Pgp function might be involved in the smoke-induced
oral toxic event through diminishing the export of smoke toxins out
of cells.

In summary, our results demonstrate that Pgp-mediated Rh 123
efflux was inhibited by ITS in OECM-1. Benzo(a)pyrene-enriched
CTS did not affect Rh 123 efflux. Consistent with these results,
the ITS constituent, naphthalene, but not the CTS constituent,
benzo(a)pyrene, decreased Rh 123 efflux. Concurrent exposure to
CTS in combination with naphthalene, ITS, or verapamil appeared
to be more hazardous than individual agents. In the future, further
experiments including small interfering RNA-mediated knockdown
and over-expression of Pgp may provide further evidence to show
the protective role of Pgp against smoke-induced cell insult.
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