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Multidrug resistance-associated protein 1 (MRP1), a member of the ATP-binding cassette (ABC) superfamily of transporters, plays
an important role in normal lung physiology by protecting cells against oxidative stress and toxic xenobiotics. The present study
investigates the effects of allyl isothiocyanate (AITC) on MRP1 mRNA and MRP1 protein expression and transporter activity
in the immortalised human bronchial epithelial cell line 16HBE14o-. MRP1 mRNA and MRP1 protein expression in 16HBE14o-
cells that were treated with allyl isothiocyanate were analysed by real-time PCR assay and Western blotting. The transport of
carboxyfluorescein, a known MRP1 substrate, was measured by functional flow cytometry to evaluate MRP1 activity. Treatment
with AITC at concentrations of 5–40𝜇M increased MRP1 protein levels in a concentration-dependent manner. AITC treatments
at concentrations of 1–40𝜇M caused concentration-dependent increases inMRP1mRNA levels that were up to seven times greater
than the levels found in control cells. Finally, AITC treatment at concentrations of 5–40 𝜇Msignificantly increasedMRP1-dependent
efflux in 16HBE14o- cells. These results suggest that AITC can increase the expression and activity of MRP1 in 16HBE14o- cells in
a concentration-dependent manner. The upregulation of MRP1 activity and expression by AITC could produce therapeutic effects
in the treatment of lung disease.

1. Introduction

Isothiocyanates (–N=C=S) are naturally occurring com-
pounds that are primarily synthesised and stored in plants
and cruciferous vegetables, including Brussels sprouts, broc-
coli, cabbage, kale, and radishes, as glucosinolates. Isothiocy-
anates have shown significant cancer chemopreventive activ-
ity [1]. Allyl isothiocyanate (AITC), a hydrolysis product of
the glucosinolate sinigrin, has significant antimicrobial activ-
ity and possesses potential anticancer activity against cancers
such as colorectal and bladder cancers [2–6]. AITC causes cell
cycle arrest and apoptosis in cancer cell lines derived from
different tissues and modulates the levels of many genes and
proteins that are known to be involved in cancer cell survival
and proliferation. AITC-induced stomatal closure is part-
ially inhibited by an NADPH oxidase inhibitor and is com-
pletely inhibited by glutathione monoethyl ester [7]. The oral

bioavailability of AITC is extremely high, at nearly 90% [8].
Isothiocyanates such as sulforaphane (SF) and erucin (ER) are
known to enhance the expression levels of Phase II detoxifica-
tion enzymes. Isothiocyanate also increases the levels of mul-
tidrug resistance protein 1 (MRP1) and multidrug resistance
protein 2 (MRP2) in human carcinoma cell lines [9].

MRP1 (190 kDa), a member of a subfamily of the ATP-
binding cassette (ABC) superfamily of transport proteins,
was first detected in small cell lung cancer [10]. MRP1 is
highly expressed in normal human lung tissue [11], partic-
ularly on the basolateral side of human bronchial epithelial
cells [12, 13]. Glutathione, glucuronate, and sulphate-conjug-
ated organic anions areMRP1 substrates [14, 15]. Endogenous
leukotrieneC

4
(LTC
4
) and glutathione disulphide (GSSG) are

transported by MRP1 [16, 17]. Thus, MRP1 could play an im-
portant role in normal lung physiology by protecting cells
against oxidative stress and toxic xenobiotics [18, 19].
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The purpose of the present study was to investigate
whether AITC changedMRP1 expression and activity in vitro
in the human bronchial epithelial cell line 16HBE14o-.

2. Materials and Methods

2.1. Materials. AITC was purchased from Anhui Haibei
Import and Export Company (Hefei, Anhui, China). RPMI
1640 medium was obtained from Gibco. N-Acetylcysteine
(NAC), 5-carboxyfluorescein diacetate (5-CFDA), and
MK571 were purchased from Sigma-Aldrich. A monoclonal
anti-MRP1 antibody (MRPr1) was purchased from Alexis
Biochemicals (San Diego, CA, USA). Trizol reagent was pur-
chased from Invitrogen (CA, USA). Dimethyl sulphoxide
(DMSO) was purchased from Rui-Bio Company. All other
chemicals were commercially available and of reagent grade.

The human bronchial epithelial cell line 16HBE14o- was
purchased from Shanghai Fuxiang Biological Technology
Company. Cells were grown in RPMI 1640 supplemented
with 10% foetal bovine serum, 2mM L-glutamine, penicillin
(10 units/mL), and streptomycin (10 g/mL). Cells were main-
tained in 5% CO

2
at 37∘C in a humidified chamber. Cells

were routinely subcultured prior to reaching 80% confluence.
AITC was dissolved in DMSO.

2.2. Cell Viability Assay. 16HBE14o- cells were seeded into
96-well dishes at a density of 1 × 104 cells/well. After 24 h, the
medium was removed and replaced with medium containing
0–80 𝜇M AITC for 24 h and 48 h. After incubation with
AITC, the cells were incubated in 20𝜇L of a 5mg/mL solution
of MTT at 37∘C for 4 h and then lysed in 150𝜇L DMSO for
10min at room temperature with agitation.The absorbance of
each well wasmeasured at 490 nm in amicroplate reader.The
absorbance at 490 nm is proportional to the number of meta-
bolically active/living cells in the culture.

2.3. Real-Time Polymerase Chain Reaction (PCR). Additional
16HBE14o- cells were plated in six-well dishes at a density of
1 × 105 cells/well. 24 h later, the medium was removed and
replaced with a treatment medium containing either 0–40
𝜇M AITC or NAC (the positive control drug) (8 × 10−4M).
Cell total RNA was extracted from the 16HBE14o- cells using
Trizol reagent according to the manufacturer’s instructions.
The concentrations and A260/A280 ratios of the isolated
RNAs were determined from the absorbance at 260 and
280 nm in a Hitachi spectrophotometer (model U1100) and
the integrity was verified by agarose gel electrophoresis.
cDNAwas generated using theHigh-Capacity cDNAArchive
Kit according to the manufacturer’s instructions. Real-time
PCR was performed using the SYBR Green MasterMix
system (Applied Biosystems) according to themanufacturer’s
instructions on anABI 7500 real-time PCRmachine (Applied
Biosystems). Following the reverse transcription reaction,
2 𝜇L of the resultant cDNA was used for PCR amplification
reaction as follows: 10min at 95∘C. followed by 40 cycles of
15 s at 95∘C and 1min at 60∘C The primers used were MRP1
forward 5-CCTGGAGCTGGCCCACCTGA-3 and reverse
5-CGCTGCCCGACACTGAGGTT-3. GAPDH was used

as housekeeping gene, forward 5-CAAGGCTGTGGGCAA-
GGT-3 and reverse 5-GGAAGGCCATGCCAGTGA-3.

2.4. Western Blotting Analysis. Additional 16HBE14o- cells
were plated in six-well plates at a density of 1 × 106cells/well.
24 h later, themediumwas removed and replacedwith a treat-
ment medium containing either 0–40 𝜇MAITC or NAC (8 ×
10−4M). The protein concentrations were measured by using
the BioRad Protein Assay Reagent according to the manufac-
turer’s instructions. Total protein was separated by electro-
phoresis on a 10% SDS-polyacrylamide gel and electroblot-
ting on PVDF (polyvinylidene fluoride) membranes. Mem-
branes were blocked overnight at 4∘C in a buffer containing
5% nonfat milk, 1% Tween-20, 1M Tris-HCl, and 0.5M NaCl
and for 2 h at room temperature with agitation. Membranes
were probed with a monoclonal antibody against MRP1 for
2 h at room temperature with agitation, washed 3 times in
wash buffer (20mM Tris base, 137mM NaCl, and 1% Tween
20, pH 7.6), and incubated with a polyclonal horseradish-per-
oxidase-conjugated secondary antibody for 2 h. After wash-
ing, membranes were developed using the ECL Plus system
according to the manufacturer’s instructions. Kodak 1D
image analysis software was used to analyse theWestern blot-
ting results.

2.5. Flow Cytometry. To determine MRP1-mediated trans-
port, 16HBE140o- cells were incubated with a medium con-
taining 1 𝜇M 5-CFDA for 1 h. The compound 5-CFDA is a
nonpolar, nonfluorescent compound that diffuses freely into
cells, where it is converted to carboxyfluorescein (CF), which
is a substrate for efflux by MRP1. To establish the effect of
AITC onMRP1-mediated activity, 1× 106 cells were incubated
in 0.5mLRPMI 1640mediumwith or without the addition of
AITC for 24 h. Cells were washed twice with cold phosphate-
buffered saline (PBS) and incubated for 60min at 37∘C in
mediumwith or without 20𝜇MMK-571, which was used as a
specific inhibitor of MRP1 activity. In addition NAC was as
the positive control drug to induce MRP1 activity. After in-
cubation, cells were detached and centrifuged at 500×g for
5min, and the pellets were suspended in 1mL of ice-cold PBS
and immediately placed on ice. The fluorescence of the CF
retained within the cells was analysed by flow cytometry in
30min using an ABI LSRII flow cytometer (Applied Biosys-
tems). We measured 10,000 events per sample (living cells).
Samples were excited at 488 nm using an argon laser, and the
emission fluorescence was detected at 530 nm.TheWinlist 5.1
program (Verity Software House Inc., Topsham, ME, USA)
was used to calculate the mean fluorescence intensity (MFI)
values.

2.6. Statistical Analysis. Paired Student’s 𝑡-tests or independ-
ent sample 𝑡-tests were used to calculate significant differ-
ences.Differenceswere considered significantwhen𝑃 < 0.05.
Statistical analyses were performed with SPSS 17.0 (SPSS Inc.,
Chicago, IL).

3. Results
The cytotoxicity of AITC in a 16HBE14o- cell line was evalu-
ated using theMTT assay, which ensured that the cell number
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Figure 1: Survival of 16HBE14o- cells in the presence of AITC, as
determined by the MTT assay. Cells were incubated with 0–80 𝜇M
AITC for 24 and 48 h.The IC

50
concentration was 35.86 ± 0.037 𝜇M

with 0–80𝜇MAITC for 48 h (mean ± SE, 𝑛 = 4).

and cell proliferation were optimized for subsequent experi-
ments. After incubating for 24 h, the data showed that AITC
had no significant effect on human bronchial epithelial cell
line 16HBE14o- at concentration from 1 to 40 𝜇M, and
at 80 𝜇M AITC significantly decreased cell viability in
16HBE14o- cells (Figure 1). The IC

50
for AITC in 16HBE14o-

cells was 35.86 ± 0.037 𝜇M when 16HBE14o- was incubated
for 48 h. Therefore, AITC concentrations in the range of 1–
40 𝜇M and treatment period of 24 h were selected for sub-
sequent experiments.

The levels ofMRP1mRNA in 16HBE14o- cells after AITC
treatments were determined by real-time reverse-trans-
cription PCR (Figure 2). AITC significantly increased MRP1
mRNA levels at concentrations ≥1𝜇M.The increase inMRP1
mRNA levels induced by AITC treatment was dependent on
the concentration of AITC, with up to a sevenfold increase
over levels found in untreated control cells. These results de-
monstrate that MRP1 mRNA expression could be effectively
upregulated by AITC in 16HBE14o- cells. In the 16HBE14o-
cells, treatment with NAC resulted in similar changes in
MRP1 mRNA levels to those obtained after treatment with
AITC.

The effect of AITC on the expression ofMRP1 protein was
evaluated in 16HBE14o- cells. The complete Western blotting
corresponding molecular weight range 175∼200 kDa was
shown in Figure 3(a). An increase inMRP1 protein levels was
not observed in 16HBE14o- cells after treatment with 1.0 𝜇M
AITC, but AITC concentrations of 5–40𝜇M increasedMRP1
protein levels (Figure 3(b)). AITC increased MRP1 protein
levels in a concentration-dependentmanner compared to un-
treated control cells. The positive control drug NAC also
increased MRP1 protein levels in 16HBE14o- cells.

To determine whether increased MRP1 protein levels re-
sulted in increasedMRP1 activity in 16HBE14o- cells, the cells
were loaded with 5-CFDA, and the disappearance of the fluo-
rescent efflux substrate CF was evaluated by flow cell cytom-
etry 30min after loading. Intracellular CF in 16HBE14o- cells
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Figure 2: The effect of AITC or NAC (8 × 10−4M) treatment on
MRP1mRNA expression in 16HBE14o- cells. Cells were exposed to
treatments for 24 h. Data represent means ± SE of two independent
experiments, performed in triplicate. ∗𝑃 < 0.05.
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Figure 3: (a) The effect of AITC or NAC (8 × 10−4M) treatment on
MRP1 protein levels. Cells were treated for 24 h. Equal protein load-
ing was confirmed by the detection of 𝛽-actin. (b) Densitometric
analysis of data from 16HBE14o- cells showing the effects of AITCon
MRP1 levels. Data are presented as themean± SE (𝑛 = 3); ∗𝑃 < 0.05.

decreased with increasing AITC concentrations (𝑃 < 0.05)
(5–40𝜇M; Figure 4(a)). Treatment of 16HBE14o- cells with
AITC at concentrations of 5–40𝜇Mresulted in significant in-
creases inMRP1-dependent efflux (Figure 4(c)).The intracel-
lular fluorescence intensity was significantly increased after
coincubation with the MRP1 inhibitor MK571 compared to
the respective controls (𝑃 < 0.05) (Figure 4(b)). NAC had
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Figure 4: Continued.
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Figure 4:The effect of AITC or NAC treatments onMRP1-dependent efflux in 16HBE14o- cells. (a) Cells were stimulated with ATIC or NAC
(8 × 10−4M) for 24 h. (b) Cells were stimulated with AITC or NAC (8 × 10−4M) for 24 h and then incubated with MK-571 (MRP1 inhibitor)
for 1 h. (c) Intracellular CF (MFI) retention as measure of MRP1 function in 16HBE14o- cells incubated without MK-571. (d) Intracellular CF
(MFI) retention as measure of MRP1 function in 16HBE14o- cells incubated with MK-571. Data are presented as the mean ± SE (𝑛 = 3) and
∗

𝑃 < 0.05 AITC or NAC treated versus untreated control. CF, carboxyfluorescein; MFI, mean fluorescence intensity.

a similar significant effect on the accumulation of CF at 8 ×
10−4M. This result showed that AITC could increase MRP1
activity.

4. Discussion

We have reported for the first time that AITC induces
concentration-dependent increases in the levels of MRP1
mRNA and MRP1 protein expression and functional activity
in 16HBE14o- cells. Our findings showed that treating
16HBE14o- cells with AITC increased the expression ofMRP1
mRNA and this increase was associated with an increase in
MRP1 protein expression and transporter activity. Our previ-
ous study showed that the plasma concentration of AITC at
300minwasmore than 1𝜇g/mL [20] and the concentration of
AITC in the lung tissue was 0.65𝜇g/g at 60min after intra-
venous injection of AITC 20mg⋅kg−1. Compared with the
AUC of AITC after intravenous administration, the absolute
bioavailability of AITC after i.g. administration was 84.95%,
which was consistent with the published data [8]. Compared
with the concentration of AITC in vitro, the plasma concen-
tration of AITC could be reached in a consistently level in
vivo.

5-CFDA was used as a model MRP1 substrate and was
measured with flow cytometry to evaluate the function of
MRP1 [21]. The induction of AITC was observed absolutely
from Figures 4(a) and 4(c). In the same time, we used the
insufficient MK571 as a positive control for inhibition of
MRP1 activity [22], which further confirmed that AITC could
increase the function of MRP1 (Figures 4(b) and 4(d)). The
results also showed that the intracellular fluorescence inten-
sity was significantly increased after coincubation with the
MRP1 inhibitor MK571 compared to the respective controls
(Figures 4(a) and 4(c)). Previous reports used flow cytometry

to study the function of MRP1 in 16HBE14o- cells and
found thatNAC increasedCF transport byMRP1 in a concen-
tration-dependent manner [22, 23]. The present study
showed that NAC increased not only MRP1 functional activ-
ity but also theMRP1mRNA and MRP1 protein levels.

Chronic obstructive pulmonary disease (COPD) is an
inflammatory lung disease [24]; reduced MRP1 expression in
the bronchial epithelium of COPD patients compared to
healthy subjects has been reported. In amrp1/mdr1a/1b triple
knockoutmousemodel, smoke-induced IL-8 productionwas
reduced compared to wild type mice, and this reduction in
IL-8 production was associated with a significantly reduced
inflammatory response to cigarette smoke [25]. These obser-
vations suggest that MRP1 is likely to play an important role
in COPD [26, 27]. In traditional Chinese medicine, the seeds
of cruciferous herbs, such as Sinapis albae, pepperweed
(Lepidium latifoliumL.) andRadish (Raphanus sativus L.), are
widely used to treat respiratory inflammatory disorders such
as asthma and COPD; AITC is the major component in these
medicinal plants [28, 29]. We have previously shown that the
herbal recipe “Huatan jiangqi,” which has Sinapis albae as its
major plant component, could alleviate lung inflammation
and improve lung function in a rat COPDmodel; these effects
may be due to the regulation of the function and expression of
MRP1 in the bronchial epithelium [30]. We speculate that the
upregulation of MRP1 activity and expression is a possible
explanation for the therapeutic effects of herbal medicines in
lung diseases such as COPD. Further study is required to
determine whether the clinical effects of these herbal medi-
cines are at least partly due to AITC.

Based on studies in embryonic fibroblast cells from wild
type and knockout mice, NFE2-related factor-2 (Nrf2) is
important for the expression of constitutive and inducible lev-
els of MRP1 [31–35]. Nrf2 is involved in the cellular response
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to oxidative stress, stimulating the induction of genes that are
regulated by antioxidant response elements (AREs).TheNrf2
pathway has been demonstrated to regulate ARE-dependent
pathways inmacrophages andmonocytes. Furthermore, Nrf2
is an antioxidant-activated transcription factor that recently
emerged as a critical regulator of the cellular defence system
against oxidative and inflammatory lesions [36]. These stud-
ies suggest that the Nrf2 pathway maybe involved in the in-
creases inMRP1 expression that were observed in the present
study. More studies are necessary to evaluate the role of Nrf2
and putative AREs in the induction of MRP1 by AITC.

In conclusion, the present study showed that AITC
increased the expression and activity of MRP1, a transporter
that protects against oxidative stress and toxic xenobiotics in
lung tissue, in a concentration-dependent manner. The up-
regulation ofMRP1 activity and expressionmay be associated
with therapeutic benefits in the treatment of lung disease.
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