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In our previous study, we clearly demonstrated the roles of pro-inflammatory cytokines, including tumor necrosis factor-�,
interleukin-1� (IL-1�), and IL-6, and subsequent reactive oxygen species (ROS) generation on the pathogenesis of cisplatin ototoxicity in
vitro and in vivo. ROS generation in cisplatin-treated HEI-OC1 auditory cells was also correlated with changing mitochondrial membrane
potential. However, the roles of NADPH oxidase in cisplatin-induced ROS generation and ototoxicity have not been fully elucidated.
Herein, immunohistochemical studies demonstrated that treatment of cisplatin induced the expression of NADPH oxidase isoforms
NOX-1 and NOX-4 in HEI-OC1 auditory cells. Expression of mRNA for NOX-1, NOX-4, NOXO1, NOXA1, p47 phox, and p67 phox was also
increased. Inhibition of NADPH oxidase with diphenyleniodonium chloride or apocynin abolished ROS production and the subsequent
apoptotic cell death in cisplatin-treated cells. Furthermore, suppression of NOX1 and NOX4 expression by small interfering RNA trans-
fection markedly abolished the cytotoxicity and ROS generation by cisplatin. Together, our data suggest that ROS generated, in part,
through the activation of NADPH oxidase plays an essential role in cisplatin ototoxicity.

Introduction
Cisplatin (cis-diaminedichloroplatinum II; CDDP) is an exten-
sively used chemotherapeutic agent for the treatment of a broad
spectrum of tumors (Fram, 1992). However, progressive, irre-
versible side effects of cisplatin, including nephrotoxicity and
ototoxicity, greatly impair the patient’s quality of life and fre-
quently result in having to lower dosage during treatment or
discontinuation of treatment. In particular, cisplatin ototoxicity
occurs primarily in the cochleae. Damage to cochlear structures
by apoptosis especially includes outer hair cells (OHCs) (Alam et
al., 2000), spiral ganglion cells (Lee et al., 2003), and the marginal
cells of the stria vascularis (Lee et al., 2004). In recent years,
evidence has accumulated to demonstrate that cisplatin ototox-
icity is closely related to the increased production of reactive
oxygen species (ROS) (McAlpine and Johnstone, 1990; Rybak et
al., 1999). ROS is generated within the cochleae after exposure to
noise (Henderson et al., 1999) or ototoxic drugs such as cisplatin
(Clerici et al., 1996; Kopke et al., 1997) and aminoglycoside anti-
biotics (Clerici et al., 1996) as well as within the cultures of rat
organ of Corti explants exposed to cisplatin in vitro (Kopke et al.,

1997). Although the role of oxidative stress in inner ear damage is
well established, its source is poorly elucidated. Potential enzy-
matic sources of ROS include mitochondrial electron transport
chain system (Szeto, 2006), xanthine oxidase (Berry and Hare,
2004), cytochrome p-450 enzymes (Gottlieb, 2003), and NADPH
oxidase (Miller et al., 2006). Especially in phagocytic cells such as
neutrophils, superoxide is generated by NADPH oxidase enzyme
complex (Geiszt, 2006). However, recently, many studies have
proven that the expression of superoxide-generating similar
NADPH oxidases (NOXs) is not restricted to phagocytic cells, but
it is present in a wide variety of nonphagocytic cells and tissues
(Quinn et al., 2006). Besides the well known catalytic subunit of
the phagocytic NADPH oxidase (gp91 phox or NOX2), six other
superoxide-producing nonphagocytic NOX enzymes, including
NOX1, NOX3, NOX4, NOX5, DUOX1, and DUOX2, have been
identified (Quinn et al., 2006). These enzymes are distinct from
the phagocyte NOX2 and play essential roles in functions other
than host defense. However, structural features of many nonph-
agocyte oxidase proteins are very similar to or even identical with
those of their phagocyte counterparts. Therefore, there is a high
level of interest in understanding the physiological functions of
these enzymes and their potential roles in pathophysiological
events (Quinn et al., 2006). Of note, recently, it has been reported
that superoxide-generating NADPH oxidase isoform NOX3 was
expressed in the organ of Corti of the cochleae (Bánfi et al., 2004;
Mukherjea et al., 2006) and vestibular system (Paffenholz et al.,
2004). Bánfi et al. also demonstrated that NOX3-dependent su-
peroxide production was markedly enhanced after cisplatin ex-
posure to NOX3-transfected human embryonic kidney 293 cells
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(Bánfi et al., 2004). They suggested that NOX3-dependent ROS
generation might contribute to the hearing loss and balance
problems in response to ototoxic drugs. However, the roles of the
other NADPH oxidases in cisplatin-induced ROS generation and
ototoxicity have not been fully elucidated. Therefore, we here
investigated the expression of NADPH oxidases and their roles
on cisplatin ototoxicity in vitro using HEI-OC1 cells and in vivo.

Materials and Methods
Reagents. Cisplatin, diphenyleniodonium chloride (DPI), apocynin,
NADPH, N, NP-dimethyl-9,9P-biacridinium dinitrate (lucigenin), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
were purchased from Sigma. DMEM, fetal bovine serum (FBS), and
other tissue culture reagents were obtained from Invitrogen. Anti-
Tumor necrosis factor-� (TNF-�), anti-interleukin-1� (IL-1�), anti-
IL-6 antibodies were purchased from R & D Systems. Antibodies specific
to NOX1 (catalog #SC-25545), NOX4 (catalog #21860), p22 phox (catalog
#SC-20781), p47 phox (catalog #SC-7660), p67 phox (catalog #SC-7663),
and caspase-3 (catalog #SC-7148) were obtained from Santa Cruz Bio-
technology. Monoclonal anti-phosphotyrosine and anti-phosphoserine/
threonine antibodies were obtained from Millipore Corporation.
Pharmacological inhibitors of mitogen-activated protein kinase
(MAPK), including SB203580 [4-(4-fluorophenyl)-2-(4-methylsulfinyl-
phenyl)-5-(4-pyridyl)-1H-imidazole], SP600125 (anthra[1,9-cd]pyrazol-6
(2H)-one), and U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophe-
nylmercapto)butadiene], were purchased from Calbiochem.

Cell culture and viability. The establishment and characterization of
the conditionally immortalized HEI-OC1 auditory cells were described
previously by Kalinec et al. (2003). Expression of outer hair cell-specific
markers, such as Prestin and Math1, were detected in HEI-OC1 cells
(data not shown). HEI-OC1 cells were maintained in high-glucose
DMEM (Invitrogen) containing 10% FBS. For the experiments described
below, HEI-OC1 cells were cultured under permissive conditions: 33°C,
5% CO2 in DMEM supplemented with 10% FBS. Cells (3 � 10 4 cells per
well of 24-well plate) were plated for 16 h and further incubated with 20
�M cisplatin for 24 h. To determine the cell viability, MTT (0.25 mg) was
added to 1 ml of cell suspension for 4 h. After washing the cells three
times with PBS, pH 7.4, the insoluble formazan product was dissolved in
DMSO. Then, the optical density (O.D.) of each culture well was mea-

sured using a microplate reader (Titertek Multiskan; Flow Laboratories)
at 590 nm. The O.D. in the control cells was taken as 100% of viability.

Determination of ROS production. The intracellular ROS level was
measured using a fluorescent dye 2�,7�-dichlorofluorescein diacetate
(DCFH-DA) (Invitrogen). In the presence of an oxidant, DCFH is con-
verted into the highly fluorescent 2�,7�-dichlorofluorescein. Cells were
plated in 96-well culture plates overnight and treated with cisplatin in the
presence or absence of NOX inhibitors apocynin and DPI for 24 h. After
washing with PBS, serum-free DMEM containing 10 �M DCFH-DA was
added to each well and incubated at 37°C for 1 h. ROS production was
measured using a microplate reader equipped with a spectrofluorometer
at an emission wavelength of 538 nm and extinction wavelength of 485
nm. Relative ROS production was expressed as the change in fluores-
cence of experimental groups compared with that of the appropriate
controls (100%).

Flow cytometry analysis. For measurement of intracellular ROS level by
flow cytometry analysis, the oxidation-sensitive probe DCFH-DA was
used. Briefly, cells were incubated with 10 �M DCFH-DA for 30 min. For
flow cytometry analysis, cells were detached by trypsinization, washed
once in PBS buffer, and resuspended in 800 �l of PBS buffer. Flow cyto-
metric analyses (10,000 events per sample) were performed in a FACS-
Calibur system (BD Biosciences) with extinction and emission at 485 and
538 nm and then evaluated with the CellQuest software.

Transfection of NOX1 and NOX4 small interfering RNA constructs into
HEI-OC1 cells. Inhibition of NOX1 and NOX4 expression was assessed
by reverse transcription (RT)-PCR analysis after transfection of HEI-
OC1 cells with NOX1 and NOX4 small interfering RNA (siRNA), respec-
tively. The NOX1 siRNA construct is a pool of three sequences of siRNA as
follows: duplex 1 sense strand, 5�-GCA ACC GUA CAC UGA GAA ATT-3�;
duplex 2 sense strand, 5�-CCU AUC UCA UCC UGA GAA ATT-3�; and

Figure 1. Cisplatin-induced cytotoxicity is associated with an increase in ROS production in
HEI-OC1 auditory cells. Cells were treated with 20 �M cisplatin for various time periods. Cell
viability was then measured by MTT assay. In addition, the level of intracellular ROS was also
monitored at indicated time points using a peroxide-sensitive fluorescent probe, DCFH-DA. The
data represent the mean � SD of triplicate. *,#p � 0.05, **,##p � 0.01, by one-way ANOVA
compared with cell viability (*, **) or ROS generation (#, ##) in zero time (0 h) control cells.

Figure 2. Pharmacological inhibition of NADPH oxidase attenuated the cisplatin cytotoxicity
and ROS generation in HEI-OC1 cells. Cells were pretreated with 100 nM DPI or apocynin, an
inhibitor of NADPH oxidases, for 30 min and further incubated with 20 �M cisplatin for 24 h. A,
Cell viability was then measured by MTT assay. B, After 24 h, the level of intracellular ROS was
also monitored using a peroxide-sensitive fluorescent probe, DCFH-DA. The data represent the
mean � SD of three independent experiments. *p � 0.05, by one-way ANOVA compared with
cisplatin-only treated cells. C, Intracellular ROS level was also measured by flow cytometry as
described in Materials and Methods.
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duplex 3 sense strand, 5�-GCU UCC AUC UUG AAA UCU ATT-3�
(mRNA GenBank accession number NM_172203.1). The NOX4 siRNAs
is also a pool of three sequences of siRNA as follows: duplex 1 sense strand,
5�-CCA UUU GCA UCG AUA CUA ATT-3�; duplex 2 sense strand, 5�-CCA
AGA CUC UUC AUA GUU UTT-3�; and duplex 3 sense strand, 5�-CAA
GAC CUC UCU CCU UUG ATT-3� (mRNA GenBank accession num-
ber NM_015760.4). All siRNA constructs were purchased from Santa
Cruz Biotechnology. Briefly, cells were grown in 24-well plates or 60
mm dishes and transiently transfected with 100 nM NOX1, NOX4, and
control siRNA constructs mixed with X-tremeGENE siRNA transfection
reagent (Roche Applied Science) according to the protocol of the man-
ufacturer. After incubation at 33°C and 5% CO2 for 36 h, cells were
further treated with cisplatin for 24 h. Samples were then prepared and
analyzed for viability or Western blot.

Subcellular fractionation and Western blot analysis. The cells were
washed twice with ice-cold PBS and homogenized in a lysis buffer (10 mM

HEPES, 10 mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 1 mM CaCl2, 0.5
mM MgCl2, 5 mM EDTA, 1 mM PMSF, 0.1% Triton X-100, and protease
inhibitor cocktail). The lysates were centrifuged at 13,000 � g for 10 min
at 4°C, and supernatant proteins were ultracentrifuged at 100,000 � g for
1 h at 4°C. The supernatant containing cytosolic proteins and pellet
containing membrane protein were separated on 12% SDS-polyacrylamide
gels for 3 h at 20 mA and then transferred onto nitrocellulose membrane.
The membrane was incubated with antibody in 5% (wt/vol) dried milk
protein in PBS containing 0.05% (v/v) Tween 20 (PBS-T) for 1 h, washed
in PBS-T, and then further reacted with antibodies for p22 phox, p47 phox,
p67 phox, and pro-caspase-3 (1:1000) for 1 h. The membrane was exten-
sively washed with PBS-T and then incubated with anti-rabbit IgG anti-
body conjugated to HRP (1:3000) for 1 h. After extensive washes, protein

bands on the membrane were visualized using
chemiluminescent reagents according to the
instructions of the manufacturer (Supersignal
Substrate; Pierce). For the p47 phox phosphor-
ylation assay, total lysate (800 �g) was pre-
cleared by incubating with protein G-agarose
beads (Millipore Corporation) for 1 h at 4°C.
After centrifugation, cleared lysates were incu-
bated overnight with 1 �g of p47 phox antibody
and precipitated with protein G-agarose beads
(Millipore Corporation) for 2 h at 4°C. For
Western blot analysis, immunoprecipitated
proteins were probed with antibodies against
phosphotyrosine, phosphoserine/phospho-
threonine, and p47 phox.

Immunocytochemistry. Cells were treated
with 20 �M cisplatin for 18 h. After removal of
the culture medium, cells were washed three
times with PBS and fixed with 4% paraformal-
dehyde in PBS for 30 min at room temperature.
Cells were then rinsed twice with PBS, preincu-
bated in the same buffer containing 0.1% Tri-
ton X-100, and followed by three washes. Cells
were blocked with 1% BSA in PBS for 30 min
and then incubated with primary antibodies in
PBS containing 1% BSA for 1 h at room tem-
perature. After three washes with PBS, cells
were incubated with Alexa Fluor 488 (for anti-
NOX4 antibody) or 568 (for anti-NOX1 anti-
body) secondary antibodies at a dilution of
1:500 in PBS for 1 h at room temperature. Cells
were then washed in PBS and further incubated
with 0.5 �g/ml 4�,6�-diamidino-2-
phenylindole for nuclear image at room tem-
perature for 10 min. Cells were observed under
fluorescent microscope equipped with digital
camera (IX71; Olympus). The fluorescent im-
ages were captured using appropriate filters.

NADPH oxidase activity. The activity of
NADPH oxidase was determined in membrane
fractions (50 �g of protein) incubated with 1

mM EGTA and 5 �M lucigenin in phosphate buffer, pH 7.0. The assay was
initiated by the addition of 50 �M NADPH to the incubation mixture.
Samples were counted immediately using a tabletop luminometer
(Berthold Detection Systems FB Luminometer; Zylux) with sampling
time every 6 s. Samples were counted over a period of 5 min, and the
fluorescence values were recorded for over 2 min of stable readings and
averaged for that sample.

Caspase activity assay. Whole-cell lysate was prepared in a lysis buffer
(1% Triton X-100, 0.32 M sucrose, 5 mM EDTA, 1 mM PMSF, 1 �g/ml
leupeptin, 1 mM DTT, 10 mM Tris-HCl, pH 8.0) on ice for 30 min and
centrifuged at 20,000 � g for 15 min. An equal amount of total protein
was quantified by BCA protein quantification kit (Sigma) in each lysate.
Catalytic activity of caspase-3 from cell lysate was measured by proteo-
lytic cleavage of 100 �M 7-amino-4-methylcoumarin (AMC)-DEVD, a
fluorogeic substate (Calbiochem), for 1 h and AMC as a negative stan-
dard in an assay buffer (100 mM HEPES, 10% sucrose, 0.1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, pH 7.5, 1 mM

PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin, and 1 mM DTT) at 380 nm of
excitation wavelength and 460 nm of emission wavelength.

In vivo experiment of cisplatin ototoxicity. Male BALB/c mice, weighing
between 20 and 23 g at 7 weeks, were used in this study. The animals were
fed a standard commercial diet and housed in a room at 20 –22°C ambi-
ent temperature with a relative humidity of 50 � 5% and 12 h light/dark
cycle. The animals were randomly divided into three groups. Group 1
animals received intraperitoneal injection of PBS. Group 2 animals were
intraperitoneally administered with cisplatin alone (4 mg/kg, body
weight) for 4 d. To neutralize TNF-� pharmacologically, group 3 ani-
mals were intraperitoneally given etanercept (400 �g/kg, body weight;

Figure 3. Various NOX isoforms are expressed in the cisplatin-treated HEI-OC1 auditory cells. A, Cells were treated with 20 �M

cisplatin for the indicated time periods. Total RNA was then isolated by TRIzol, and cDNA was synthesized by reverse transcription.
The cDNAs for various NOX isoforms were amplified using specific primer sets as described in Materials and Methods. B, Cells were
treated with 20 �M cisplatin for 18 h. After reaction with anti-NOX1 and NOX4 antibodies as described in Materials and Methods,
cells were visualized under fluorescent microscope. C, Cells were treated with 20 �M cisplatin for the indicated time periods and
subjected to Western blotting with anti-p22phox, anti-p47phox, anti-p67phox, and anti-�-actin, respectively. D, Cells were
treated with 20 �M cisplatin for the indicated time periods. Then, the activity of NADPH oxidase was determined using lucigenin as
described in Materials and Methods. The data represent the mean�SD of three independent experiments. *p�0.05, by one-way
ANOVA compared with zero time (0 h) control cells. #p � 0.05, by post hoc test compared with cisplatin-only group at each time
point.
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Wyeth Pharmaceuticals) at 12 h before injection of
cisplatin. The animals in all groups were killed un-
der anesthesia (CO2 gas) on the next day after final
cisplatin injection, and the whole temporal bone
was removed. The experimental protocol was ap-
proved by the Animal Care and Use Committee at
the Wonkwang University School of Medicine.

Immunohistochemical studies and terminal de-
oxynucleotidyl transferase-mediated dUTP nick
end-labeling assay. The removed temporal
bones were fixed and perfused with 4% para-
formaldehyde for 16 h, decalcified with 10%
EDTA in PBS for 2 weeks, dehydrated, and em-
bedded in paraffin wax. Sections of 5 �m were
deparaffinized in xylene and rehydrated
through graded concentrations of ethanol. For
immunohistochemical study, the kit (LSAB
Universal K680; Dako) was used, and all the
procedures were performed according to the
instructions of the manufacturer. The endoge-
nous peroxidase was blocked with 3% hydro-
gen peroxide for 5 min at room temperature.
After sections were washed in PBS, nonspecific
binding was blocked with 1% bovine serum
albumin for 1 h. Then, primary antibody (1:
200 diluted) was added to the slides and incu-
bation proceeded for 1 h. After repeated washes
with PBS, the section was incubated with bio-
tinylated secondary antibody for 1 h and then
covered for 15 min with streptavidin–peroxi-
dase. Finally, after repeated washes with PBS,
the section was stained in a freshly prepared
substrate solution (3 mg of 3-amino-9-
ethylcarbazole in 10 ml of sodium acetate
buffer, pH 4.9, 500 �l of dimethylformamide,
and 0.03% hydrogen peroxide) for 10 min. The
nuclei of immunostained cells were counter-
stained with Mayer’s hematoxylin (Sigma-
Aldrich). Apoptotic cells were detected in
situ using the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling
(TUNEL) assay (TUNEL POD kit; Roche Molec-
ular Biochemicals). Briefly, a section was deparaf-
finized and rehydrated. After treatment with proteinase K (20 �g/ml in 10 mM

Tris-HCl, pH 7.6) for 30 min, sections were washed in PBS, and the labeling
reaction was performed using a labeling solution containing terminal
deoxynucleotidyl transferase, its buffer, and fluorescein dUTP at 37°C for 60
min in a humidity chamber. The nuclei were counterstained with propidium
iodide (0.5 �g/ml; Invitrogen) for 10 min at room temperature. After wash-
ing with PBS, it was examined under a fluorescence microscope.

Culture of the organ of Corti explants. Sprague Dawley rats were killed on
postnatal day 2 (P2), and the cochlea was carefully dissected out. The stria
vascularis and spiral ligament were dissected away, leaving the organ of
Corti. The middle turn of the cochlea was used for additional analysis. Co-
chlea explants were treated with high glucose (4.5 g/l) DMEM containing
10% FBS, 20 �M cisplatin, 100 nM DPI, and apocynin and further incubated
at 37°C in 5% CO2 for 24 h. Control sample in DMEM containing only
serum was run concurrently with the experimental samples. At the end of the
experiments, the culture was prepared for histological analysis. The speci-
men was fixed for 15 min in 2% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, at room temperature. The specimen was rinsed in 0.1 M PBS, then
incubated in 0.25% Triton X-100 for 2 min, and immersed in tetram-
ethylrhodamine isothiocyanate (TRITC)-labeled phalloidin (P1951; 1:100;
Sigma) in PBS for 20 min. After three washes with PBS, the specimen was
examined under fluorescence microscope with appropriate filters for TRITC
(excitation, 510–550 nm; emission, 590 nm).

RT-PCR and quantitative real-time PCR amplification. Total RNA was
extracted from whole cochlea of mice and HEI-OC1 cells with the use of
TRIzol (Invitrogen) according to the protocol of the manufacturer.

Single-stranded cDNA was synthesized from total RNA. Then, PCR us-
ing TaqDNA polymerase (Takara, Takara Shuzo) was performed for 30
cycles using the following protocol: 94°C for 30 s, 60°C for 30 s, and 72°C
for 30 s. Then, 10 �l of the PCR products was separated on 1.2% agarose
gel and visualized under UV light. The sequences of primers used for PCR
amplification are as follows: NOX1 (forward, 5�-TGA ACA ACA GCA
CTC ACC AAT GCC-3�; reverse, 5�-TCA TTG TCC CAC ATT GGT
CTC CCA-3�); NOX3 (forward, 5�-TTG TGG CAC ACT TGT TCA ACC
TGG-3�; reverse, 5�-TCA CAC GCA TAC AAG ACC ACA GGA-3�);
NOX4 (forward, 5�-TCA TGG ATC TTT GCC TCG AGG GTT-3�; re-
verse, 5�-AGT GAC TCC TCA AAT GGG CTT CCA-3�); DUOX1 (for-
ward, 5�-CAC CAT TGG GAC CCT TTG CTG TTT-3�; reverse, 5�-AGC
CTT TCA TGA AGA CCA CCA GGA-3�); DUOX2 (forward, 5�-AAC
CAC CTA TCT GGG CAT CAT CCT-3�; reverse, 5�-AGC TGC CAT
GGA TGA TGA TCT GGA-3�); NOXO1 (forward, 5�-CCA TGC TGT
AGC CTT GGT GCA AAT-3�; reverse, 5�-AAA CCA GGC TAC CTG
CTG ATC CTT-3�); p22 phox (forward, 5�-ATG GGG CAG ATC GAG
TGG GCC ATG-3�; reverse, 5�-TCA CAC GAC CTC ATC TGT CAC
TGG-3�); NOXA1 (forward, 5�-CAT TCC TGA TGA CCA CAA CG-3�;
reverse, 5�-AGT CCA AAT CCT CCG GTC TT-3�); p47 phox (forward,
5�-TAT CTG GAG CCC CTT GAC AGT CCC-3�; reverse, 5�-TCA CAC
AGC GGA CGT CAG CTT CCG-3�); p67 phox (forward, 5�-GTG CTC
ATG GAG ACG CGG CTT GGC-3�; reverse, 5�-CTA GAC TTC TCT
GGG AAT GCC TTC C-3�); and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (forward, 5�-GGG TGT GAA CCA CGA GAA AT-3�;
reverse, 5�-GTC ATG AGC CCT TCC ACA AT-3�). Real-time PCR anal-
ysis using the TaqMan fluorescence method was performed for quanti-

Figure 4. Knockdown of NOX1 and NOX4 by siRNAs transfection inhibited cisplatin-induced ROS production. Cells were trans-
fected with 100 nM of NOX1, NOX4, and scrambled control siRNAs, incubated for 36 h, and further treated with 20 �M cisplatin for
18 h (for RT-PCR) or 24 h (for ROS generation and flow cytometry analysis), respectively. A, Then, RT-PCR was performed to amplify
NOX1, NOX4, and GAPDH genes. In addition, total cell lysates were subjected to 12% SDS-PAGE and immunoblotted with NOX1-
and NOX4-specific antibody. W.B., Western blot. B, The level of intracellular ROS was also monitored using a peroxide-sensitive
fluorescent probe, DCFH-DA. The data represent the mean � SD of three independent experiments. *p � 0.05, by one-way
ANOVA compared with cisplatin-only treated cells. C, Intracellular ROS level was also measure by flow cytometry as described in
Materials and Methods.
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tative analysis of mRNAs. The products were amplified using LightCycler
(Roche Diagnostics) in a reaction mixture (20 �l) containing 2 �l of
LightCycler-FastStart DNA Master Taqman (Roche), 0.5 �m each
primer, and 3 mM MgCl2. The forward, reverse, and probe oligonucleo-
tide primers for multiplex real-time TaqMan PCR are as follows: NOX1
(forward, 5�-TGG CTA AAT CCC ATC CAG TC-3�; reverse, 5�-CCC
AAG CTC TCC TCT GTT TG-3�); and NOX4 (forward, 5�-ACT TTT
CAT TGG GCG TCC TC-3�; reverse, 5�-AGA ACT GGG TCC ACA GCA
GA-3�). The copy numbers of mRNA were standardized by using
�-actin.

Statistical analysis. Each experiment was performed at least three
times independently, and all values are represented as the means �
SD of triplicates. One-way ANOVA or post hoc test for different in-
teraction within one test was used to analyze a statistical significance
of the results. Values of p � 0.05 were considered as statistically
significant.

Results
Cisplatin-induced cytotoxicity is associated with an increase
in ROS production in HEI-OC1 auditory cells
First, to investigate the effect of cisplatin on intracellular ROS
generation and cell viability, HEI-OC1 auditory cells were treated
with 20 �M cisplatin for various periods. Cell viability was mea-
sured by MTT assay, and the level of intracellular ROS was mon-
itored by DCFH-DA, which is a peroxide-sensitive fluorescent
probe. As shown in Figure 1, cisplatin decreased the viability of
cells in a time-dependent manner; however, cisplatin signifi-
cantly increased the production of intracellular ROS in a time-
dependent manner also. Therefore, to evaluate whether ROS
generation in cisplatin-treated cells was mediated by NADPH
oxidase pathway, cells were pretreated with 100 nM DPI or apo-
cynin, which are inhibitors of NADPH oxidases for 30 min, and
further incubated with 20 �M cisplatin for 24 h. We did not find
any significant cytotoxic effect of DPI or apocynin alone even at
500 nM concentration (data not shown). However, both DPI and

Figure 5. Knockdown of NOX1 and NOX4 by siRNAs transfection inhibited cisplatin-
mediated cytotoxicity and caspase-3 activation in HEI-OC1 cells. Cells were transfected with 100
nM NOX1, NOX4, and scrambled control siRNAs, incubated for 36 h, and further treated with 20
�M cisplatin for 24 h. A, Cell viability was measured by MTT assay. The data represent the
mean � SD of three independent experiments. *p � 0.05, by one-way ANOVA compared with
cisplatin-only treated cells. B, The activity of caspase-3 was measured by determining the
cleaved fluorogenic substrate AMC-DEVD. The data represent the means � SD of three inde-
pendent experiments. *p�0.05, by one-way ANOVA analysis compared with cells treated with
cisplatin only. C, Total amount of pro-caspase-3 was determined by Western blotting analysis.

Figure 6. Neutralization of pro-inflammatory cytokines attenuated cisplatin-induced NOX 1
and NOX4 mRNA expressions and NADPH oxidase activity in HEI-OC1 cells. Cells were pretreated
with neutralizing antibodies, including anti-TNF-� (10 ng/ml), anti-IL1� (10 ng/ml), and anti-
IL-6 (10 ng/ml), for 30 min, and further incubated with 20 �M cisplatin for 6 h (for NADPH
oxidase activity) or 18 h (real-time PCR), respectively. A, Then, total RNA was isolated by TRIzol,
and cDNA was synthesized by reverse transcription. NOX1, NOX4, and �-actin cDNAs were
amplified by quantitative real-time PCR using specific primer sets. The relative copy numbers of
mRNA were standardized by those of �-actin. B, The activity of NADPH oxidase was determined
using lucigenin as described in Materials and Methods. The data represent the mean � SD of
three independent experiments. *p � 0.05, by one-way ANOVA compared with the cisplatin-
only group.
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apocynin significantly protected HEI-OC1 auditory cells from
cisplatin-induced cytotoxicity (Fig. 2A). In addition, both DPI
and apocynin also significantly reduced ROS generation in
cisplatin-treated cells (Fig. 2B). These inhibitory effects of NOX
inhibitors on ROS generation were further confirmed by flow
cytometry analysis using DCFH-DA staining. After 24 h of expo-
sure to cisplatin, we observed a rightward shift of fluorescence
signals in cisplatin-treated cells compared with control cells,
whereas this rightward shift was completely abrogated by DPI or
apocynin (Fig. 2C). These results suggest that NADPH oxidase
pathways are closely involved in cisplatin-induced ROS genera-
tion in HEI-OC1 auditory cells.

Various NOX isoforms are expressed in the cisplatin-treated
HEI-OC1 auditory cells
NADPH oxidases have a number of closely related tissue-
specific isoforms (Quinn et al., 2006). NADPH activity is regu-
lated by the specific binding of NOX isoforms and NOX-related

regulatory subunits. The unique binding partners of NOX1 are
NOXO1 (p47 phox homolog) and NOXA1 (p67 phox homolog).
However, the binding partners of NOX2 are p47 phox and p67 phox

through p22 phox. In addition, it has been reported that NOX3 can
bind to NOXO1 (or p47 phox) and NOXA1 (or p67 phox), and
NOX3 activity seems dependent on the presence of a specific
combination of these organizers and activators. In contrast with
NOX1–NOX3, NOX4 seems to function independently of addi-
tional cytosolic oxidase cofactors. Therefore, we investigated the

Figure 7. Inhibition of MAPKs, especially ERK, attenuated cisplatin-induced NOX1 and NOX4
mRNA expression and NADPH oxidase activity in HEI-OC1 cells. Cells were pretreated with phar-
macological inhibitors of MAPKs for 30 min and then further treated with 20 �M cisplatin for 6 h
(for NADPH oxidase activity) or 18 h (real-time PCR), respectively. A, Then, total RNA was
isolated by TRIzol, and cDNA was synthesized by reverse transcription. NOX1, NOX4, and �-actin
cDNAs were amplified by quantitative real-time PCR using specific primer sets. The relative copy
numbers of mRNA were standardized by those of �-actin. B, The activity of NADPH oxidase was
determined using lucigenin as described in Materials and Methods. The data represent the
mean � SD of three independent experiments. *p � 0.05, by one-way ANOVA compared with
the cisplatin-only group.

Figure 8. Neutralization of pro-inflammatory cytokines attenuated cisplatin-induced
p47phox phosphorylation and membrane translocations of p47phox and p67phox. Cells were
pretreated with neutralizing antibodies, including anti-TNF-� (10 ng/ml), anti-IL-1� (10 ng/
ml), and anti-IL-6 (10 ng/ml) for 30 min and further incubated with 20 �M cisplatin for 6 h. A,
Total cell lysates were subjected to 12% SDS-PAGE and immunoblotted with phosphorylated
serine/threonine-specific antibody and p47phox-specific antibody. IP, Immunoprecipitation. B,
The band intensities of phosphorylated serine/threonine p47phox and total p47phox were
scanned using Scan software (Image Pro Plus 4.5). The relative expression level of the phos-
phorylated serine/threonine p47phox was quantified by normalization to the level of total
p47phox. The data represent the mean � SD of three independent experiments. *p � 0.05, by
one-way ANOVA compared with the cisplatin-only group. C, Cytosolic and membrane fractions
were prepared as described in Materials and Methods. These fractions were subjected to 12%
SDS-PAGE and immunoblotted with antibodies specific for p22phox, p47phox, p67phox, and
�-actin. M.F., Membrane fraction; C.F., cytosolic fraction.
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mRNA expression of these NOX isoforms and NOX-related reg-
ulatory subunits in cisplatin-treated HEI-OC1 auditory cells. The
results indicated in Figure 3A showed that treatment with cispla-
tin could induce an early transcriptional activation of various
NOX isoforms and their regulatory subunit mRNAs, including
NOX1, NOX4, p47 phox, and p67 phox at 1 h after treatment,
whereas NOXO1, NOXA1, and DUOX1 mRNAs were compara-

bly detectable at 6 h or later. However, p22 phox mRNA was not
changed by cisplatin exposure. Of note, NOX1, NOX4, NOXO1,
and NOXA1 mRNAs were somewhat time dependently increased
by cisplatin. Interestingly, NOX3 mRNA was not detected in
HEI-OC1 auditory cells (data not shown). Next, to further con-
firm the expression and cellular localization of the different NOX
isoforms in cisplatin-treated HEI-OC1 cells, immunocytochem-
istry analysis was performed with antibodies against NOX1 (red
color; Alexa Fluor 568-labeled) and NOX4 (green color; Alexa
Fluor 488-labeled). Especially because these two antibodies were

Figure 9. Inhibition of MAPKs, especially ERK, attenuated cisplatin-induced p47phox phos-
phorylation and membrane translocations of p47phox and p67phox. Cells were pretreated with
pharmacological inhibitors of MAPKs for 30 min and then further treated with 20 �M cisplatin
for 6 h. A, Total cell lysates were subjected to 12% SDS-PAGE and immunoblotted with phos-
phorylated serine/threonine-specific antibody and p47phox-specific antibody. IP, Immunopre-
cipitation. B, The band intensities of phosphorylated serine/threonine p47phox and total
p47phox were scanned using Scan software (Image Pro Plus 4.5). The relative expression level
of the phosphorylated serine/threonine p47phox was quantified by normalization to the level
of total p47phox. The data represent the mean � SD of three independent experiments. *p �
0.05, by one-way ANOVA compared with the cisplatin-only group. C, Cytosolic and membrane
fractions were prepared as described in Materials and Methods. These fractions were subjected
to 12% SDS-PAGE and immunoblotted with antibodies specific for p22phox, p47phox,
p67phox, and �-actin. M.F., Membrane fraction; C.F., cytosolic fraction.

Figure 10. Inhibitors of NADPH oxidase, DPI and apocynin, protected primary organ of Corti
explant from cisplatin cytotoxicity. The organ of Corti explant from primary P2 rat was treated
with media alone (A), 20 �M cisplatin alone (B), 100 nM DPI plus cisplatin (C), or 100 nM

apocynin plus cisplatin (D) for 24 h. The organ of Corti explant was stained with TRITC-
conjugated phalloidin and then observed under fluorescent microscope.

Figure 11. Intraperitoneal injection of cisplatin increased the mRNA expressions of various
NOX isoforms and their regulatory subunits in the cochleae of BALB/c mice. Total RNA was then
isolated from whole cochleae of each experiment group as described in Materials and Methods,
and cDNA was synthesized by reverse transcriptase. NOX1, NOX3, NO4, DuOX2, NOXO1,
p22phox, p47phox, p67phox, and GAPDH cDNA sequences were amplified using specific mouse
primer sets.
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indirectly tagged with two different fluorophores, respectively,
we could also elucidate the colocalization of NOX isoforms. As
shown in Figure 3B, neither NOX1 nor NOX4 was expressed in
control HEI-OC1 auditory cells. However, after exposure to cis-
platin, both NOX1 and NOX4 were obviously expressed on the
cell membrane. Interesting, the NOX1 isoform displayed a clus-
tered appearance evocative of proteinaceous-like aggregates in
lipid raft as for signal transducing platforms, whereas the NOX4
isoform was evenly expressed throughout the cell membrane.
Moreover, colocalization of NOX1 and NOX4 was also shown in
some areas of cisplatin-treated cells. We also examined the total
amount of cellular p22 phox, p47 phox, and p67 phox proteins after
cisplatin exposure by Western blotting. As shown in Figure 3C,
the total amount of cellular p47 phox and p67 phox proteins were
clearly increased by cisplatin treatment in a time-dependent
manner, whereas that of p22 phox was not changed by cisplatin
exposure. Next, to examine whether the transcriptional activa-
tion of various NOX isoforms and their regulatory subunits by
cisplatin resulted in the increase of NADPH oxidase activity,
HEI-OC1 cells were treated with 20 �M cisplatin for various time
periods in the absence or presence of the NOX inhibitors DPI

and apocynin. As expected, exposure to cisplatin for 3 h or
longer induced a significant increase of NADPH oxidase activity
in isolated HEI-OC1 cell membranes, whereas this increased ac-
tivity of NADPH oxidase induced by cisplatin was markedly ab-
rogated by the NOX inhibitors DPI and apocynin (Fig. 3D).

Inhibition of cisplatin-induced ROS production by NOX1
and NOX4 siRNAs transfection
Although DPI and apocynin were widely used in many literatures
as NOX inhibitors, recently it has been reported that these two
compounds are not specific inhibitors for NOXs (Aldieri et al.,
2008). Therefore, we further examined the direct involvement of
NOXs on cisplatin-induced ROS production by specific knock-
down of NOX genes by siRNAs. To determine the roles of NOX1
and NOX4 in cisplatin-mediated ROS production, we transfected
HEI-OC1 cells with NOX1/NOX4-specific siRNA constructs or a
scrambled control siRNA. We confirmed that transfection of
NOX1 or NOX4 siRNAs curtailed the expression of their respec-
tive mRNA without influencing GAPDH mRNA levels (Fig. 4A).
However, transfection with control siRNA did not affect the
cisplatin-induced NOX1 and NOX4 mRNA expression. In addi-

Figure 12. Intraperitoneal injection of cisplatin increased the protein expressions of NOX1 in the cochleae of BALB/c mice. Cochleae from BALB/c mice injected with PBS or cisplatin were removed
and embedded in paraffin, and then 5 �m sections were prepared. For immunohistochemistry studies, an immunohistochemistry kit (LSAB Universal K680; Dako) was used, and all the procedures
were performed according to the instructions of the manufacturer. The anti-NOX1 was used. A, Whole cochlea from PBS-injected control mice. B–E, Enlarged images of circled part of A. F, Whole
cochlea from cisplatin-injected mice. G–J, Enlarged images of circled part of F. SLig, Spiral ligament; SV, stria vascularis; SGN, spiral ganglion neuron; SLim, spiral limbus; OC, organ of Corti.
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tion, protein expression of NOX1 or NOX4 after cisplatin expo-
sure was obviously alleviated by the transfection of NOX1 or
NOX4 siRNAs but not by scrambled control siRNAs, respectively
(Fig. 4A). HEI-OC1 cells transfected with NOX1 or NOX4 siRNAs
showed a significantly lower generation of ROS compared with
cisplatin-treated or cisplatin/control siRNA transfected cells (Fig.
4B). Flow cytometry analysis also showed that a rightward
shift of fluorescence signals in cisplatin-treated cells was mark-
edly blocked by NOX1 or NOX4 siRNAs but not by control
siRNA (Fig. 4C). These results suggest that both NOX1 and
NOX4 are directly linked in cisplatin-induced ROS generation in
HEI-OC1 auditory cells.

Inhibition of cisplatin-induced cytotoxicity and caspase-3
activation by NOX 1 and NOX4 siRNAs transfection
To further evaluate whether ROS generation via the NOX1 and
NOX4 pathway was critical for the cisplatin-mediated apoptotic
death of HEI-OC1 auditory cells, we examined the effects of
NOX1 and NOX4 siRNAs transfection on cisplatin-induced cy-
totoxicity and caspase-3 activation. As shown in Figure 5A, trans-
fection of either NOX1 or NOX4 siRNAs but not unrelated

control siRNAs resulted in a substantial protection against cispla-
tin cytotoxicity. In addition, both cisplatin-induced caspase-3
enzymatic activation (Fig. 5B) and pro-caspase-3 degradation
(Fig. 5C) were markedly decreased by the transfection of either
NOX1 or NOX4 siRNAs.

Effect of pro-inflammatory cytokines on cisplatin-induced
NADPH oxidase mRNA expression
We have demonstrated previously that pro-inflammatory cyto-
kines play a critical role in cisplatin-induced cochlear injury (So
et al., 2007, 2008). TNF-� especially played an important role in
this process because the inhibition of TNF-� action significantly
attenuated the expression of other pro-inflammatory cytokines
after cisplatin injection. Therefore, we assessed the influences of
pro-inflammatory cytokine productions by cisplatin on NOX1
and NOX4 mRNA expression. Endogenously produced pro-
inflammatory cytokines were neutralized by pretreatment of cell
cultures with anti-TNF-� (10 ng/ml), anti-IL-1� (10 ng/ml), and
anti-IL-6 (10 ng/ml) antibodies for 30 min before cisplatin expo-
sure. As shown in Figure 6A, each antibody alone successfully
inhibited cisplatin-induced NOX1 and NOX4 mRNA expression.

Figure 13. Intraperitoneal injection of cisplatin increased the protein expression of NOX4 in the cochleae of BALB/c mice. Cochleae from BALB/c mice injected with PBS or cisplatin were removed
and embedded in paraffin, and then 5 �m sections were prepared. For immunohistochemistry studies, an immunohistochemistry kit (LSAB Universal K680; Dako) was used, and all the procedures
were performed according to the instructions of the manufacturer. The anti-NOX4 was used. A, Whole cochlea from PBS-injected control mice. B–E, Enlarged images of circled part of A. F, Whole
cochlea from cisplatin-injected mice. G–J, Enlarged images of circled part of F. SLig, Spiral ligament; SV, stria vascularis; SGN, spiral ganglion neuron; SLim, spiral limbus; OC, organ of Corti.
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Consistent with the attenuation effect of neutralizing antibodies
on cisplatin-induced NOX1 and NOX4 mRNA expression, the
enzymatic activities of NADPH oxidase were significantly de-
creased by neutralizing antibodies (Fig. 6B).

Effect of MAPKs on cisplatin-induced NADPH oxidase
mRNA expressions
In our previous report, we demonstrated that cisplatin induced
the activations of the MAPKs extracellular signal-regulated ki-
nase (ERK), c-Jun N-terminal protein kinase (JNK), and p38
pathways, whereas only the pharmacologic inhibition of MEK1/
ERK activity rescued HEI-OC1 cells from cisplatin cytotoxicity
(So et al., 2007). Thus, we examined the effect of MAPK inhibi-
tors on cisplatin-mediated NOX1 and NOX4 mRNA expression.
As shown in Figure 7A, pharmacological inhibition of p38 and
JNK with SB203580 or SP600125, respectively, did not affect the
mRNA expression of NOX4 in cisplatin-treated cells. However,
inhibition of JNK by SP600125 did slightly and significantly at-
tenuated cisplatin-mediated NOX1 mRNA expression. On the
contrary, pretreatment with the MEK1/ERK inhibitor U0126
blocked cisplatin-induced NOX1 and NOX4 mRNA expression

(Fig. 7A). Consistent with the attenuation effect of the MEK1/
ERK inhibitor U0126 on cisplatin-induced NOX1 and NOX4
mRNA expression, the enzymatic activity of NADPH oxidase was
significantly decreased by MEK1/ERK inhibitor U0126 (Fig. 7B).

Effect of pro-inflammatory cytokines on cisplatin-induced
p47 phox phosphorylation and membrane translocations of
p47 phox and p67 phox

To characterize the mechanisms by which cisplatin-induced pro-
inflammatory cytokines activate NADPH oxidase activity, we ex-
amined the phosphorylation of the cytosolic p47 phox subunit of
NADPH oxidase, which is a requisite step in activation of this
complex and thereby induces membrane translocation from cy-
tosol. HEI-OC1 cells were pretreated with anti-TNF-� (10 ng/
ml), anti-IL-1� (10 ng/ml), and anti-IL-6 (10 ng/ml) antibodies
for 30 min, followed by cisplatin treatment. Phosphorylation of
p47 phox was determined by immunoprecipitation and Western
blotting for phosphoserine and phosphothreonine. Cisplatin ob-
viously increased serine/threonine phosphorylation of p47 phox

when compared with untreated cells (Fig. 8A,B). However, neu-
tralization of pro-inflammatory cytokine by each specific anti-

Figure 14. Etanercept obviously attenuated cisplatin-induced protein expressions of NOX1 and NOX4 in the cochleae of BALB/c mice. Cochleae from BALB/c mice injected with cisplatin and
etanercept were removed and embedded in paraffin, and then 5 �m sections were prepared. For immunohistochemistry studies, an immunohistochemistry kit (LSAB Universal K680; Dako) was
used, and all the procedures were performed according to the instructions of the manufacturer. The anti-NOX1 (A–E) or anti-NOX4 (F–J ) was used. A, Whole cochlea; B–E, Enlarged images of circled
part of A. F, Whole cochlea. G–J, Enlarged images of circled part of F. SLig, Spiral ligament; SV, stria vascularis; SGN, spiral ganglion neuron; SLim, spiral limbus; OC, organ of Corti.
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body successfully inhibited cisplatin-induced serine/threonine
phosphorylation of p47 phox. Next, we investigated whether neu-
tralization of pro-inflammatory cytokines modulated the mem-
brane translocation of p47 phox and p67 phox in cisplatin-treated
HEI-OC1 cells. Cisplatin alone increased the translocations of
p47 phox and p67 phox to the total membrane fraction, whereas it
decreased the cytoplasmic amounts of p47 phox and p67 phox (Fig.
8C). However, neutralization of pro-inflammatory cytokines, es-
pecially TNF-�, clearly attenuated the cisplatin-induced mem-
brane translocations of p47 phox and p67 phox from cytosol. The
membrane-associated NADPH oxidase component p22 phox and
�-actin were used as a loading control for membrane fraction or
cytosolic fraction, respectively (Fig. 8C).

Effect of MAPK inhibitors on cisplatin-induced p47 phox

phosphorylation and membrane translocations of p47 phox

and p67 phox

Next, we evaluated the effect of MAPK inhibitors on cisplatin-
induced p47 phox phosphorylation and membrane translocations
of p47 phox and p67 phox. As shown in Figure 9, A and B, pharma-
cological inhibition of p38 and JNK with SB203580 or SP600125,
respectively, did not attenuate the phosphorylation of p47phox in
cisplatin-treated cells. However, the MEK1/ERK inhibitor U0126
blocked cisplatin-induced p47 phox phosphorylation (Fig. 9A,B).
The MEK1/ERK inhibitor U0126 also clearly attenuated the
cisplatin-induced membrane translocations of p47phox and p67phox

from the cytosol, whereas the p38 inhibitor SB203580 or the JNK
inhibitor SP600125 attenuated a small amount or very little

cisplatin-induced membrane translocations of p47phox and p67phox

from cytosol, respectively (Fig. 9C).

Protective effect of NADPH oxidase inhibitors on the organ
of Corti explant from cisplatin
To examine whether inhibitors of NADPH oxidase, DPI and apo-
cynin, also protect primary organ of Corti explant, the half mid-
dle turn of the organ of Corti from P2 Sprague Dawley rat was
isolated and treated with 20 �M cisplatin in the presence or ab-
sence of 100 nM DPI or apocynin for 24 h and then labeled with
TRITC-conjugated phalloidin. As shown in Figure 10A, treat-
ment of media alone did not induce apparent damages on stere-
ocilia bundles. Three rows of OHCs and a single row of inner hair
cells (IHCs) were clearly observed in this experiment group.
Treatment with cisplatin markedly destroyed the most of stereo-
cilia bundles of hair cells and resulted in the disarray of the stere-
ocilia (Fig. 10B). However, pretreatment of DPI or apocynin
apparently provided complete protection against cisplatin-
induced loss of stereocilia in P2 rat primary organ of Corti ex-
plant (Fig. 10C, D).

Intraperitoneal injection of cisplatin increased the
expressions of various NOX isoforms in the cochleae
To investigate the localization and expression profiles of NOX
isoforms and their regulatory subunits in the cochleae after cis-
platin injection, mice were given intraperitoneal injections of cis-
platin for 4 consecutive days (4 mg/kg body weight per injection).
We also investigated the effect of the therapeutic neutralization of
TNF-� by using etanercept, a TNF-� inhibitor, which has been
used successfully to neutralize mouse TNF-� in vivo (Satoh et al.,
2002). We first examined mRNA levels of NOX isoforms and
their regulatory subunits in whole cochleae using RT-PCR. The
total RNAs of whole cochleae from each experiment group were
prepared and used for RT-PCR. As shown in Figure 11, the
mRNA levels of NOX isoforms and their regulatory subunits
were increased after cisplatin injection compared with PBS con-
trol mice. Although NOX3 mRNA was not detected in cisplatin-
treated HEI-OC1 cells, its expression was obviously detected in
control mice and markedly increased in whole cochleae from
cisplatin-injected mice. In addition, the simultaneous injection
of etanercept and cisplatin markedly blocked the expression of
NOX subunit mRNAs. Next, immunohistochemistry was per-
formed to investigate the localization and expression profiles of
NOX1 and NOX4 proteins in the cochleae after cisplatin injec-
tion. In PBS control mice, the staining of NOX1 proteins was
barely detectable except weakly stained spiral prominence re-
gions (Fig. 12A–E). However, after injection with cisplatin,
NOX1 staining was prominently observed throughout spiral lig-
ament (Fig. 12F,H), spiral limbus and spiral ganglion neurons
(Fig. 12F, J), as well as OHCs and IHCs in the organ of Corti (Fig.
12 I). NOX4 was also mostly expressed throughout the spiral lig-
ament (Fig. 13F–H), spiral limbus and spiral ganglion neurons
(Fig. 13F, J), as well as OHCs and IHCs in the organ of Corti from
cisplatin-injected mice (Fig. 13I). Of note, NOX1 and NOX4
protein expression were barely detected in the stria vascularis of
cisplatin-injected mice, respectively (Figs. 12G, 13G). We also
examined the in vivo effect of etanercept on cisplatin-induced
NOXs expression and cochlear damages. In parallel with the at-
tenuation effect of etanercept on cisplatin-induced NOX mRNAs
expression, etanercept also markedly blocked the protein expres-
sions of NOX1 and NOX4 in the cochlea (Fig. 14). In addition, no
TUNEL-positive cells were observed in cochleae from PBS con-
trol (Fig. 15A) or etanercept/cisplatin-coinjected mice (Fig. 15C).

Figure 15. Etanercept markedly blocked the cisplatin-induced cochlear damages. Cochleae
from BALB/c mice injected with PBS control (A), cisplatin (B), or cisplatin and etanercept (C)
were removed and embedded in paraffin. Five micrometer cochlear sections from each exper-
imental group were stained with TUNEL as described in Materials and Methods and then visu-
alized under fluorescent microscope. SLig, Spiral ligament; SV, stria vascularis; SGN, spiral
ganglion neuron; SLim, spiral limbus; OC, organ of Corti.

Figure 16. Proposed mechanisms of cisplatin-induced auditory cell damages. The scheme
shows that cisplatin induced pro-inflammatory cytokine production and MAPKs activation and
thereby induced ROS through the increase of NOX expression, which caused the oxidative dam-
ages of auditory cells. However, NOX inhibitors, DPI and apocynin, attenuated cisplatin cytotox-
icity in auditory cells via the inhibition of NOXs activation. HC, Hair cells; SC, supporting cells.
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However, histological sections from cisplatin-only treated mice
exhibited TUNEL-positive cells in the stria vascularis, spiral lig-
ament, spiral limbus, and the organ of Corti (Fig. 15B).

Discussion
Cisplatin is widely used as a chemotherapeutic agent for the treat-
ment of broad spectrums of tumors (Fram, 1992). However, the
use of this agent is limited by profound nephrotoxicity and oto-
toxicity (Humes, 1999). Cisplatin ototoxicity is manifested by se-
vere sensorineural hearing loss after high doses have been
administered in cancer chemotherapy (McKeage, 1995). Damage
to inner ear structures includes apoptosis of the outer hair cells
(Alam et al., 2000), spiral ganglion neuron cells (Lee et al., 2003),
and the marginal cells of the stria vascularis (Lee et al., 2004).
There are a considerable number of studies that look at the patho-
logical role of excessive ROS production in the inner ear (Hen-
derson et al., 1999; Kopke et al., 1999). Ototoxic drugs such as
cisplatin and aminoglycoside antibiotics lead to accumulation of
ROS in both the cochlea (Clerici et al., 1996) and the vestibular
system (Takumida and Anniko, 2002; Darlington and Smith,
2003; Sergi et al., 2003). Noise trauma has been also demonstrated
to be a prominent cause of ROS production in the cochlea (Ohle-
miller et al., 1999). A sustained increase of ROS concentration
leads primarily to the death of sensory epithelial cells and to a
lesser extent the death of innervating neurons (Bánfi et al., 2004).
It would be very interesting to elucidate the sources of ROS gen-
erated from tissues or cells exposed to a variety of deleterious
stimuli. One of the well recognized mechanisms responsible for
the generation of oxidative radicals is the disturbance of mito-
chondrial electron transport chain system, which was accompa-
nied by the mitochondrial membrane potential loss as an
indicator of mitochondrial dysfunction. Interestingly, mitochon-
dria themselves are particularly vulnerable to oxidative stress.
Oxidative damage to mitochondria causes the impairment of mi-
tochondrial function and subsequently leads to cell death via
apoptosis and necrosis (Bai and Cederbaum, 2001). Therefore,
ROS-mediated oxidative damage to mitochondria favors more
ROS generation, resulting in a vicious cycle. In our previous re-
port, we already demonstrated that cisplatin induced mitochon-
drial membrane potential loss of HEI-OC1 cells accompanied
with cytosolic cytochrome c release from mitochondria (So et al.,
2005). These results suggest that mitochondria are the important
sources for ROS in cisplatin-mediated auditory cell damages.
However, we cannot exclude the non-mitochondrial sources
for ROS in cisplatin-mediated auditory cell damages either. Re-
cently, Paffenholz et al. (2004) also suggest a physiological role
for ROS in the inner ear by reporting that het (head tilt) mice
showed impaired balance and the lack of otoconia formation in
the utricle and saccule attributable to the mutations of NOX3
gene, which is one of the non-mitochondrial ROS production
pathways (Paffenholz et al., 2004). Interestingly, the het mice did
not show any gross hearing deficits, implicating no overt physio-
logical role of NOX3 in hearing. However, a pathological role for
NOX3 is possible in the cochlea as well as in the vestibular system.
Bánfi et al. (2004) demonstrated that cisplatin treatment is asso-
ciated with increased NADPH oxidase activity primarily from
NOX3 in the cochlea (Bánfi et al., 2004). They suggested that induc-
tion of NOX3 could serve as a major source of ROS generation in the
cochlea and form part of the pathway leading to cisplatin-mediated
damage. However, although they observed the localization of NOX3
mRNA in the inner ear by in situ hybridization, they did not dem-
onstrate ROS generation in the cochlea or in vitro in auditory cells
after cisplatin exposure, whereas they only observed ROS gen-

eration by cisplatin in NOX3-transfected human embryonic kidney
293 cells. Therefore, the expression and the role of the NADPH ox-
idase isoforms, including NOX3 in ROS generation and cytotoxicity
in cisplatin-exposed cochlea or auditory cells, have yet to still be
elucidated.

We report here for the first time that NOX1 and NOX4 pro-
tein plays important roles in the overproduction of ROS and
subsequent ototoxic damage attributable to cisplatin. In the
present study, treatment with cisplatin induced the expression of
NADPH oxidase isoforms, including NOX1 and NOX4 in vitro
and in vivo (Figs. 4, 11–13). Of note, protein expression of both
NOX1 and NOX4 in the cochlear tissues, such as spiral ligament,
organ of Corti, spiral limbus, and spiral ganglion neuron, were
clearly induced after in vivo injection of cisplatin (Figs. 12, 13). In
our in vitro study, inhibition of NADPH oxidase activity with
apocynin or DPI abolished ROS production and subsequent ap-
optotic cell death in cisplatin-treated HEI-OC1 cells (Fig. 2) and
organ of Corti explants (Fig. 10), which suggests that the intra-
cellular ROS generation by NADPH oxidase activations was di-
rectly involved in the cytotoxic mechanism of cisplatin. However,
apocynin or DPI did not further enhance survival or decrease
ROS level of cisplatin-treated cells in the absence of NOX1 or
NOX4 by siRNA transfection (data not shown). We also con-
firmed that NOX1 and NOX4 expression played a critically es-
sential role in cisplatin-mediated ROS generation and
cytotoxicity by knockdown experiments using specific siRNA
transfections (Figs. 4, 5). In our previous study, we demonstrated
that cisplatin increased the early immediate release and de novo
synthesis of pro-inflammatory cytokines, including TNF-�, IL-
1�, and IL-6, through the activation of MEK1/ERK in HEI-OC1
cells. Neutralization of pro-inflammatory cytokines significantly
attenuated the death of HEI-OC1 auditory cells caused by cispla-
tin. Pharmacologic inhibition of MEK1/ERK significantly atten-
uated the cisplatin-induced cytotoxicity and pro-inflammatory
cytokine production. Furthermore, exogenous treatment with
these pro-inflammatory cytokines induced intracellular ROS
generation in HEI-OC1 cells. Therefore, we suggest that the
cisplatin-mediated secretion of pro-inflammatory cytokines is an
upstream signal of ROS production. It would also be interesting
to elucidate whether pro-inflammatory cytokine and MAPKs are
sequentially involved in cisplatin-induced NADPH oxidase acti-
vation. In the present study, we demonstrated that cisplatin-
induced ERK activation and pro-inflammatory cytokine
production were directly involved in the activation of NADPH
oxidases (Figs. 6, 7). Of note, TNF-� and ERK activation were
involved in the increase of NADPH oxidase activity through
NOX1 and NOX4 mRNA expression and NOX subunit p47 phox

and p67 phox protein expression. TNF-� and ERK activation also
induced phosphorylation of p47 phox and thereby its transloca-
tion into the membrane (Fig. 8). Consistent with our results,
several studies demonstrated that the phosphorylation of serine
345 in p47 phox is mediated by ERK1/2 (Hazan-Halevy et al., 2005;
Dang et al., 2006). In the case of p67 phox, Serù et al. (2004) also
reported that NADPH oxidase activation was induced by the
ERK1/2-mediated serine/threonine phosphorylation of p67 phox

in a human neuroblastoma cells. However, we did not observe the
serine/threonine phosphorylation of p67 phox in cisplatin-treated
HEI-OC1 cells, whereas we observed the tyrosine phosphoryla-
tion of p67 phox (data not shown). Interestingly, this tyrosine
phosphorylation of p67 phox has not been reported yet. Consider-
ing these results, we suggest that ERKs regulate NADPH oxidase
activation through the phosphorylation of their regulatory sub-
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unit component as well as their transcriptional activation in
cisplatin-mediated auditory cell death.

NADPH oxidase is ubiquitously expressed in a wide variety of
cells and organ systems, including kidney, spleen, sperm, mam-
mary glands, and brain (Lambeth, 2004). In our experiments, we
demonstrated that the protein expressions of NOX1 and NOX4
were prominently observed throughout spiral ligament, spiral
limbus, spiral ganglion neurons, as well as OHCs and IHCs in the
organ of Corti. Interestingly, when we compared the localizations
of pro-inflammatory cytokine from our previous report (So et al.,
2008) and NOX subunit expressions in cisplatin-injected mice, it
showed very similar localization patterns of these components
except stria vascularis. In stria vascularis, NOX1 and NOX4 pro-
tein expression were barely detected in cisplatin-injected mice,
whereas pro-inflammatory cytokines were highly expressed (So
et al., 2008). However, consistent with our previous report (So et
al., 2008), TUNEL-positive cells were obviously observed in the
spiral ligament, spiral limbus, the organ of Corti, and even stria
vascularis of cisplatin-injected mice (Fig. 15B). Therefore, these
results suggest that, although NADPH oxidases, including NOX1
and NOX4, are mainly involved in the cisplatin-mediated audi-
tory cell death of cochlea, other unknown components except
NOX 1 or NOX4 are also involved in cisplatin-mediated apopto-
tic death of stria vascularis. Furthermore, in vivo etanercept in-
jection obviously attenuated the NOX1 and NOX4 protein
expressions by cisplatin. Consistent with our results, Pan et al.
(2009) recently reported that expression of TNF-� and IL-1� was
markedly increased in cisplatin-mediated renal injury, and
NOX1 and NOX4 were also critically involved in this injury
through ROS production. Considering that cisplatin usually in-
duces nephrotoxicity and ototoxicity, we speculate that a similar
damage mechanism through pro-inflammatory cytokines in-
cluding TNF-� and NOX1 and NOX4 expression may be ex-
ploited in the cisplatin toxicity on both kidney and inner ear.
Based on the results presented here, the proposed mechanisms
of cisplatin-induced auditory cell damages are summarized in
Figure 16.

Together, our data demonstrate for the first time that NOX1
and NOX4 may play a critical role in cisplatin-induced cochlear
injury. In addition, TNF-� and ERK� played a key role in
NADPH oxidase activation because the inhibition of TNF-� or
ERK significantly attenuated the expression and activation of
NADPH oxidase isoforms after cisplatin injection. These findings
are particular interesting because inflammation and ROS gener-
ation through NADPH oxidases are one of the mechanisms in the
pathogenesis of cisplatin ototoxicity. Furthermore, elucidation of
the intracellular mechanisms that participate in cisplatin damage
to the inner ear may provide new opportunities for pharmaco-
therapy with regard to cisplatin and immune-mediated disorders
of hearing and balance.
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