JARO 9: 290-306 (2008)
DOI: 10.1007/510162-008-0126-y

Journal of the Association for Research in Otolaryngology

Evidence that Cisplatin-induced Auditory Damage
is Attenuated by Downregulation of Pro-inflammatory

Cytokines Via Nrf2/HO-1

HoNGSEoB So Hyune]iv Kiv'* YUNHA Kiv' EUNSOOK Kiv' HYUN-OCK Par', HUN-TakG CHUNG',
Hye-JunG Kiv® KAN(,-BEOM KWON KANG-MIN Leg* HAA-YUN(, Lrr’ SUN(,-KYUN Moox®,

AND RAEKIL PARK

Westibulocochlear Research Center & Department of Microbiology, School of Medicine, Wonkwang University School of
Medicine, 344-7 Shinyong-dong, Iksan, Jeonbuk 570-749, South Korea

2De;ban‘mem‘ of Family Medicine, Wonkwang University Hospital, Tksan, Jeonbuk 570-749, South Korea
3Depeaﬁment of Physiology, School of Oriental Medicine, Wonkwang University, Iksan, Jeonbuk 570-749, South Korea
*Division of Biological Sciences, Chonbuk National University, Jeonbuk, 561-756, South Korea

®Gonda Department of Cell and Molecular Biology, House Ear Institute, Los Angeles, CA 90057, USA

Received: 27 September 2007; Accepted: 29 April 2008; Online publication: 27 June 2008

ABSTRACT

Recently, we demonstrated that pro-inflammatory cyto-
kines such as TNF-o, IL-1R, and IL-6 played a critical
role in cisplatin-induced cochlear injury and that
flunarizine, known as a T-type Ca®" channel antagonist,
induced a cytoprotective effect against cisplatin cyto-
toxicity in HEI-OCI cells by the activation of NF-E2-
related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)
cascade through PI3K-Akt signaling but calcium-
independent pathway. We report here that flunarizine
markedly attenuates cisplatin-induced pro-inflamma-
tory cytokine secretion and their messenger RNA
transcription as well as cisplatin cytotoxicity through
the activation of Nrf2/HO-1 and downregulation of
NF-«B. In HEI-OCI1 cells, overexpression of Nrf2/HO-
1 by gene transfer or pharmacological approaches
attenuated cisplatin-induced cytotoxicity and pro-
inflammatory cytokine production. On the contrary,
inhibition of Nrf2/HO-1 signaling by pharmacological
inhibitors or specific small interfering RNAs signifi-
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cantly abolished the beneficial effects of flunarizine.
Flunarizine also attenuated cisplatin-mediated MAPK
activation and pharmacological inhibition of MAPKs,
especially MEK1 /ERK, blocked cisplatin-induced NF-
kB activation in HEI-OC]1 cells. Furthermore, WI-Nrf2
overexpression effectively blocked MAPK activation
after cisplatin exposure. Finally, orally administrated
Sibelium™, the trade name of flunarizine, suppressed
the increase of pro-inflammatory cytokines by cisplat-
in in both serum and cochleas of mice, whereas it
increased HO-1 expression in cochleas. These results
indicate that flunarizine induces a protective effect
against cisplatin ototoxicity through the downregula-
tion of NF-kB by Nrf2/HO-1 activation and the
resulting inhibition of pro-inflammatory cytokine
production in vitro and in vivo.

Keywords: cisplatin, flunarizine, inflammation,
Nrf2, MAPKSs, auditory cells

INTRODUCTION

Cisplatin (cisdiaminedichloroplatinum II) is an exten-
sively used chemotherapeutic agent in the treatment of
various solid tumors (Fram 1992). However, serious side
effects of cisplatin, including progressive irreversible
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nephrotoxicity and ototoxicity, greatly impair the
patient’s quality of life and frequently results in a
reduction in application dose or discontinuation of
treatment. A number of studies have demonstrated the
direct cytotoxic mechanisms of cisplatin including DNA
damage, mitochondrial dysfunction, and the formation
of reactive oxygen species (ROS; Rybak and Somani
1999). Cisplatin ototoxicity occurs primarily in the
cochleae, especially in the outer hair cells (OHCs) of
the organ of Corti (McAlpine and Johnstone 1990).
Recently, it was reported that the inner ear has the
capacity to generate an active immune response (Satoh
et al. 2003), resulting in hearing loss in some individuals
caused by aggravated immune responses in the inner
ear (McCabe 2004). Treatment with immunosuppres-
sive drugs, including steroids, has been shown to restore
cochlear function in some patients (Kanzaki and Ouchi
1981). Yoshida et al. (1999) reported that inflammatory
response mediators, including IL-6, TNF-ot, MCP-1, KC,
MIP-2, sSICAM-1, and VEGF, were produced from spiral
ligament fibrocytes stimulated with pro-inflammatory
cytokines such as IL-1p and TNF-a. Consequently,
inflammatory response mediators induce the infiltration
of inflammatory cells, which may prolong the inflam-
matory response leading to fibrocyte damage and
cochlear malfunction. In a previous study, we also
demonstrated that pro-inflammatory cytokines play a
critical role in cisplatin-induced cochlear injury (So et al.
2007). TNF-a plays an especially important role in this
process, as the inhibition of TNF-a action significantly
attenuated the expression of other pro-inflammatory
cytokines after cisplatin injection.

We also reported that flunarizine, an antagonist of
the T-type specific calcium channels, protected HEI-
OC1 cells from cisplatin cytotoxicity by calcium-
independent mechanisms. Interestingly, flunarizine
itself increased the intracellular levels in HEI-OC1
cells (So et al. 2005). Furthermore, the intracellular
Ca* chelator BAPTA-AM and the calcium ionophore
A23187 had no effect on cisplatin cytotoxicity or on
the protective effect of flunarizine. These data suggest
that in HEI-OCI1 cells, the protective effect of
flunarizine against cisplatin is mediated by calcium-
independent mechanisms in HEI-OC1 cells (So et al.
2005). Furthermore, we reported that flunarizine
stimulates the Nrf2-driven transcriptional activation
via the antioxidant response element (ARE) through
PI3K-Akt signaling and thereby increases the genera-
tion of HO-1, which plays a crucial role in protecting
auditory cells from cisplatin cytotoxicity (So et al.
2006). In addition, among the catabolic metabolites of
HO-1, both carbon monoxide (CO) and bilirubin are
directly involved in the protective role of HO-1 against
cisplatin through the inhibition of ROS generation
(Kim et al. 2006). However, it has not been deter-
mined whether flunarizine protects auditory cells
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from cisplatin cytotoxicity through the modulation
of Nrf2/HO-1 and NF-xB signaling in the generation
of pro-inflammatory cytokines.

In the present study, we examined the effect of
flunarizine and Nrf2/HO-1 on the pro-inflammatory
cytokine secretion due to cisplatin in vitro using HEI-
OCI1 cells and in vivo. Herein, we demonstrate that
flunarizine induces a protective effect against cisplatin
cytotoxicity through the downregulation of NF-kB by
Nrf2/HO-1 activation and the resulting inhibition of
pro-inflammatory cytokine production.

METHODS
Reagents

Cisplatin, flunarizine, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT), hemoglobin
(Hb) were purchased from Sigma Chemical Co.
(Sigma, St. Louis, MO, USA). Bilirubin, hemin, cobalt
protoporphyrin IX (CoPPIX), tin protoporphyrin IX
(SnPPIX), and zinc protoporphyrin IX (ZnPPIX)
were obtained from Porphyrin Products (Logan, UT,
USA). For CO supply into cultures, we used dimethyl
sulfoxide (DMSO)-solubilized CO-RM2 ([Ru
(CO)3Clg]o, Frontier Scientific Inc., Logan, UT, USA),
which was able to release CO spontaneously into
culture medium. The plastic culture wares were bought
from Becton Dickinson and Company (Franklin Lakes,
NJ, USA). Dulbecco’s modified essential medium
(DMEM), fetal bovine serum (FBS, Gibco BRL,
Gaithersburg, MD, USA), and other tissue culture
reagents were obtained from Life Technologies Inc
(Gaithersburg, MD, USA). Anti-TNF-o, anti-IL-1p, anti-
IL-6, and enzyme-linked immunosorbent assay
(ELISA) kits (QuantikineR) for cytokines were pur-
chased from R&D Systems Inc. (Minneapolis, MN,
USA). For Western blotting, anti-Lamin B, anti-NF-«xB
(p65), and anti-IkB antibodies were obtained from
Santa Cruz Biotech Inc. (Santa Cruz, CA, USA).
Antibodies against MAPKs were bought from Cell
Signaling Inc. (Beverly, MA, USA). Pharmacological
inhibitors of MAPK, including PD98059, SP600125,
SB203580 and U0126, and anti-HO-1 antibody were
purchased from Calbiochem (San Diego, CA, USA).

Cell culture and viability

The establishment and characterization of the condi-
tionally immortalized HEI-OCI cells was described in
Kalinec et al. (2003). Expressions of hair-cell-specific
markers, such as Prestin and Mathl, were detected in
HEI-OC1 cells (data not shown). HEI-OC1 cells were
maintained in high glucose Dulbecco’s modified Eagle
medium (DMEM, Gibco BRL) containing 10% FBS.
For the experiments described below, HEI-OCI cells
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were cultured under permissive conditions: 33°C, 7%
COy in DMEM supplemented with 10% FBS. Cells (3x
10* cells/each well of 24-well plate) were plated for
16 h and further incubated with 20 uM cisplatin for
36 h. To determine the cell viability, MTT (0.25 mg)
was added to 1 ml of cell suspension for 4 h. After three
washes of cells with phosphate-buffered saline (PBS,
pH 7.4), the insoluble formazan product was dissolved
in DMSO. Then, the optical density (O.D.) of each
culture well was measured using Microplate reader
(Titertek Multiskan, Flow Laboratories) at 590 nm. The
O.D. in control cells was taken as 100% of viability.

Measurement of pro-inflammatory cytokines
by ELISA

To measure the secretion of pro-inflammatory cyto-
kines from cisplatin-treated HEI-OCI1 cells, cells (3%
10* cells/each well of 24-well plate) were plated for
16 h and further incubated with 20 uM cisplatin for
24 h in the presence of various doses of flunarizine.
Then, culture supernatants were harvested at each
time point, and the levels of secreted pro-inflamma-
tory cytokines were determined by ELISA (Quantikine
Cytokine Kits; R&D Systems Inc.) according to the
manufacturer’s instructions. Briefly, 50 pl of standard
cytokine (serially diluted from 1,500 pg/ml to
234 pg/ml) or culture supernatant was added to
each well and incubated for 2 h at room temperature.
Each well was washed two times with wash buffer and
then further incubated for 30 min with 100 ul of
substrate solution. The optical density of each well was
determined using a microplate reader at 450 nm. A
standard curve for each cytokine was generated. On
the basis of this standard curve, linear regression
analysis was performed using Microcal Origin 6.0
software (Northampton, MA, USA). The equation
from the line of best fit for the standards was used
to determine supernatant cytokine concentration.
This standard curve was reset at every experiment.

Transfection of Nrf2, HO-1, and siRNAs
constructs into HEI-OC1 cells

Wild-type Nrf2 (WI-Nrf2) and dominantnegative mu-
tant of Nrf2 (DN-Nrf2) were generated by polymerase
chain reaction (PCR) amplification of mouse comple-
mentary DNA (cDNA) with oligonucleotide pairs
KpnINrf2: 5-CGG GGT ACC ATG GAT TTG ATT
GAC ATC G-3" and XbalNrf2: 5-TGC TCT AGA CTA
GTT TTT CTT TGT ATC TGG-3" and NotIDN-Nrf2: 5
GCA CGC GGC CGC CAT GGG TGA ATC CCA ATG
TGA A-3" and XbalNrf2: 5-TGC TCT AGA CTA GTT
TTT CTT TGT ATC TG-3/, respectively, as described
previously (So et al. 2006). For transient transfections,
cells were plated on 60-mm dishes (510 cells/60-mm

So ET AL.: Attenuation of Cisplatin Damage by Nrf2/HO-1 Cascade

dish) 1 day before transfection. A DNA solution
containing 1 pg of the each plasmid (pCDNA3.1,
pcDNA3.1 containing WI-Nrf2 or DN-Nrf2), 5 pl of
the FuGENEG6 transfection reagent (Roche, Boeh-
ringer Mannheim, Germany), and 95 pl of a serum-
free medium was added to the cultured cells. After
48 h incubation, each transfectant were confirmed by
Western blot analysis. Inhibition of Nrf2 and HO-1
expression was also assessed by Western blotting
analysis after transfection of HEI-OCI1 cells with Nrf2
and HO-1 small interfering RNA (siRNA), respectively.
The Nrf2 siRNAs construct is a pool of three sequences
of siRNA as follows; 1170 forward: 5-CUC UGA CUC
UGG CAU UUC Att-3’, 1170 reverse: 5-UGA AAU
GCC AGA GUC AGA Gtt-3/, 1402 forward: 5-CGU
GAA UCC CAA UGU GAA At-3’, 1402 reverse: 5'-
UUU CAC AUU GGG AUU CAC GTT-3', 1826
forward: 5-CCU UGU AUC UUG AAG UCU Utt-3/,
1826 reverse: 5'-AAG ACU UCA AGA UAC AAG Gtt3'.
The HO-1 siRNAs are also a pool of three sequences of
siRNA as follows; 282 forward: 5’-GCU UCC UUG UAC
CAU AUC Utt-3/, 282 reverse: 5-AGA UAU GGU ACA
AGG AAG Ctt-3', 745 forward: 5-CCU UCC UGC UCA
ACA UUG Att, 745 reverse: 5-UCA AUG UUG AGC
AGG AAG Gtt-3/, 1,525 forward: 5-CUC UAA CUU
CUG UGU GAA Att-3/, 1,525 reverse: 5’-UUU CAC
ACA GAA GUU AGA Gtt-3'. All siRNA constructs were
purchased from Santa Cruz Biotechnology. Briefly,
cells were grown in 24-well plates and transiently
transfected with 0.5 pg of Nrf2, HO-1, or control
siRNA constructs mixed with X-tremeGENE siRNA
transfection reagent (Roche Applied Science, Penz-
berg, Germany) according to the manufacturer’s
protocol. After incubation at 33°C and 5% COs for
36 h, cells were further treated with cisplatin and
flunarizine. Samples were then prepared and analyzed
for viability or reverse transcriptase (RT)-PCR.

Preparation of cytosolic and nuclear extracts

Cells were washed with ice-cold PBS, scraped, and
centrifuged at 1,000xg for 5 min at 4°C. The cell
pellet was resuspended in 200 pl of lysis buffer
(10 mM HEPES, pH 7.9, 1.5 mM MgCly, 10 mM KCl,
0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM
dithiothreitol) and incubated on ice for 15 min. At
the end of this incubation, 10 pl of 10% NP-40 was
added, and the tube was vortexed for 10 s. After
centrifugation at 13,000xg for 1 min at 4°C, superna-
tant (cytosolic extract) was collected and stored at
—80°C, whereas the pellet was further processed to
obtain nuclear extracts. The pellet was resuspended in
extraction buffer (5 mM HEPES, pH 7.9, 1.5 mM
MgCls, 0.5 mM phenylmethylsulfonyl fluoride,
0.2 mM ethylenediaminetetraacetic acid (EDTA),
0.5 mM dithiothreitol, and glycerol 25% vol/vol)
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and incubated for 30 min at 4°C. Nuclear extract was
isolated by centrifugation at 13,000xg for 30 min at 4°C.
The supernatant was aliquoted and stored at —80°C
until used for Western blot analysis. Protein concen-
tration was determined by the Lowry method.

Western blot analysis

Western blot analysis was performed as follows. Briefly,
cells were harvested and washed twice with ice-cold
PBS. Whole and nuclear/cytosolic fractionated lysates
were subjected to electrophoresis on 12% sodium
dodecyl sulfate (SDS)—polyacrylamide gels for 3 h at
20 mA and then transferred onto nitrocellulose. The
membrane was incubated in 5% (wt/vol) dried milk
protein in PBS containing 0.05% (vol/vol) Tween-20
(PBS-T) for 1 h, washed in PBS-T, and then further
reacted with primary antibody (1:1,000) for 1 h. The
membrane was extensively washed with PBS-T and
then incubated with anti-rabbit IgG antibody conju-
gated to HRP (1:3,000) for 1 h. After extensive
washes, protein bands on the membrane were visual-
ized using chemiluminescent reagents according to
the manufacturer’s instructions (Supersignal Sub-
strate; Pierce, Rockford, IL, USA).

In vivo experiment of cisplatin ototoxicity

Twenty-seven 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, housed in a room
at 20—22°C ambient temperature with a relative humid-
ity of 50+5% and 12:12 h of light and dark cycle. The
animals were randomly divided into three groups
(group 1, control, n=8; group 2, cisplatin, n=13; group
3, cisplatin plus Sibelium, 7=6). Group 1 animals
received intraperitoneal injection of PBS. Group 2
animals were intraperitoneally administered with cis-
platin only (4 mg/kg, body weight) for 4 days. Group 3
animals were orally received Sibelium (143 ug/kg,
body weight) at 12 h before and at the same time as
cisplatin injection for four consecutive days. The
animals in all groups were killed under anesthesia on
the next day after final cisplatin injection, and the
whole temporal bone was removed. Before Kkilling,
blood was collected into commercial tubes containing
EDTA. The serum was stored at —30°C until analysis for
cytokine measurements. The experimental protocol
was approved by the Animal Care and Use Committee
at the Wonkwang University School of Medicine.

Immunohistochemical studies and TUNEL assay

The removed temporal bone was fixed in 4% parafor-
maldehyde for 16 h, decalcified with 10% EDTA in PBS
for 2 weeks, dehydrated, and embedded in paraffin

293

wax. Sections of 5 um were deparaffinized in xylene
and rehydrated through graded concentrations of
ethanol. For immunohistochemical study, the Kkit
(DAKO LSAB Universal K680, Carpinteria, CA, USA)
was used and all the procedures were carried out
according to the manufacturer’s instruction. The
endogenous 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 incubation proceeded for 1 h. After
repeated washes with PBS, the section was incubated
with biotinylated secondary antibody for 1 h and then
covered for 15 min with streptavidin peroxidase.
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 pl of dimethylformamide,
0.03% hydrogen peroxide) for 10 min. The nuclei of
immunostained cells were counterstained with Mayer’s
hematoxylin (Sigma-Aldrich Co.). The following pri-
mary antibodies were employed: anti-TNF-a (goat
polyclonal anti-mouse TNF-o, R&D Systems); anti-IL-
13 (goat polyclonal anti-mouse IL-1p, R&D Systems
#AF-401-NA); anti-IL-6 (goat polyclonal anti-mouse IL-
6, R&D Systems); and anti-NF-xB p65 (rabbit polyclon-
al IgG, Santa Cruz). The active and cleaved form of
IL-1p could not be detected in cytoplasm because of its
fast secretion. Therefore, to detect IL-1p3, we used anti-
IL-1p recognizing inactive form of IL-1p.

Apoptotic cells were detected in situ utilizing the
terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end-labeling (TUNEL) assay (TUNEL POD
kit, Roche Molec Biochemic, Mannheim, Germany).
Briefly, a section was deparaffinized and rehydrated. After
incubation with 20 pg/ml proteinase K (Boehringer
Mannheim), the blocking of endogenous peroxidase
was carried out using 2% HyOy in methanol for 30 min
at room temperature. Then tissue section was washed in
PBS and incubated with labeling solution for 1 h at
37°C. After washing, the section was incubated with
converter-POD for 30 min. DAB was used as a substrate.
The nuclei of immunostained cells were counterstained
with Mayer’s hematoxylin (Sigma-Aldrich Co.).

Reverse transcriptase PCR and quantitative
real-time PCR amplification

Total RNA was extracted from whole cochlea of left ear
of rat with the use of TRIzol (Invitrogen) according to
the manufacturer’s protocol. Single-stranded cDNA was
synthesized from total RNA. Then, PCR with Taq DNA
polymerase (Takara, Takara Shuzo, Japan) was per-
formed for 30 cycles using the following protocol: 95°C
for 40 s, 58°C for 40 s, and 72°C for 50 s. Then, 10 pl of
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the PCR products was separated on 1.2% agarose gel
and visualized under UV. The sequences of primers
used for PCR amplification are as follows: [-actin
(forward, 5-GAA GAG CTA TGA GCT GCC TGA-3'
and reverse, b’-TGATCC ACATCT GCT GGA AGG-3);
TNF-a (forward, 5'-CAG GGG CCA CCA CGC TCT TC-
3" and reverse, 5'-CTT GGG GCA GGG GCT CTT GAC-
3"); IL-1p (forward, 5-AAG GAG ACC AAG CAA CGA
C-3’, and reverse, 5-GAG ATT GAG CTG TCT GCT CA-
3"); IL-6 (forward, 5-TTG CCT TCT TGG GAC TGA
TGC-3' and reverse, 5'-TTG GAA ATT GGG GTA GGA
AGG A-3'); and HO-1 (forward, 5-CTC ACA GAT GGC
GTC ACT TCG TCA-3’ and reverse, 5-GGATTT GGG
GCT GCT GGT TTC A-3"). Real-time PCR analysis using
TagMan fluorescence methods was performed for
quantitative analysis of messenger RNAs (mRNAs).
The products were amplified using LightCycler II PCR
machine (Roche Diagnostics, Basel, Switzerland) in the
reaction mixture (20 pl) containing 2 ul of LightCycler-
FastStart DNA Master Tagman (Roche), 0.5 umol/l each
primer, and 3 mmol/l1 MgCl,. The forward, reverse,
and probe oligonucleotide primers for multiplex real-
time TagMan PCR are as follows: for mouse TNF-a
(forward, 5"-TCT CTT CAA GGG ACA AGG CTG-3';
reverse, b’-ATA GCA AAT CGG CTG ACG GT-3;
probe, 5’-CCC GAC TAC GTG CTC CTC ACC CA-
3"), for mouse IL-1p (forward, 5'-TTG ACG GAC CCC
AAA AGA T-3'; reverse, 5'-GAA GCT GGA TGC TCT
CAT CTG-3'; universal probe, M15131.1-Roche Ap-
plied Science), for mouse 1L-6 (forward, 5-TTC ATT
CTC TTT GCT CTT GAA TTA GA-3'; reverse, 5-GTC
TGA CCT TTA GCT TCA AAT CCT-3’; universal
probe, M20572.1-Roche Applied Science). By using
LightCycler Relative Quantification Software (Version
4.0, Roche), the amount of target gene expressions
were calculated as a ratio of a target transcript relatively
to p-actin (a housekeeping gene) in the same sample.
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FIG. 1. Effect of flunarizine on the cisplatin-induced secretion of
pro-inflammatory cytokines in HEI-OC1 cells. Cells were treated
with 20 uM cisplatin in the absence or presence of flunarizine for
36 h (A; to measure cell viability) or 24 h (B-D; to measure cytokine
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Statistical analysis

Each experiment was performed at least three times,
and all values are represented as means+S.D of three
or indicated observations in figure legends. One-way
analysis of variance (ANOVA) or post hoc test for
different interaction within one test was used to
analyze a statistical significance of the results. Values
of p<0.05 were considered as statistically significant.

RESULTS

Effect of flunarizine on pro-inflammatory cytokine
secretion and mRNA expression in vitro
in cisplatin-treated HEI-OCT1 cells

In a previous study, we demonstrated that cisplatin
induces the apoptotic death of HEI-OC1 cells as
shown by nuclear condensation, DNA laddering, and
caspase-3 activation (So et al. 2005). However, pre-
treatment with flunarizine completely abolished the
characteristic apoptotic features caused by cisplatin.
In the present study, we measured the viability of HEI-
OCI cells by MTT assay after treatment with 20 uM
cisplatin for 36 h in the presence of various doses of
flunarizine. As shown in Figure 1A, flunarizine
significantly inhibited cisplatin cytotoxicity in a dose-
dependent manner. We next investigated the effect of
flunarizine on the production of pro-inflammatory
cytokines in HEI-OCI cells due to cisplatin. Culture
supernatants of HEI-OCI cells were harvested at 24 h
after exposure to 20 uM cisplatin in the presence of
various doses of flunarizine. The secretion of TNF-«,
IL-1p, and IL-6 was determined by ELISA. As shown in
Figure 1B-D, cisplatin treatment resulted in a marked
increase of pro-inflammatory cytokine secretion, spe-
cifically TNF-o, IL-1p, and IL-6. However, the in-
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secretion). Pro-inflammatory cytokines from culture supernatants
were measured by ELISA. The data represent the mean+SD of three
samples. *p<0.05, **p<0.01 by one-way ANOVA. B Release of TNF-
o; C Release of IL-1B; D Release of IL-6.
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FIG. 2. Effect of flunarizine on the mRNA levels of cisplatin-
induced pro-inflammatory cytokines in HEI-OCT cells. Cells were
treated with 20 uM cisplatin in the absence or presence of flunarizine
for 24 h. Total RNA was then isolated by TRIzol and cDNA was
synthesized by reverse transcription. TNF-a, IL-18, IL-6, and B-actin
cDNAs were amplified by RT-PCR (A) or quantitative real-time PCR
(B) using specific primer sets, respectively.

creased secretion of these pro-inflammatory cyto-
kines was significantly attenuated by flunarizine in a
dose-dependent manner. Next, we examined the
effect of flunarizine on the levels of transcription of
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FIG. 3. Effect of Nrf2 overexpression on the cisplatin-induced
secretion of pro-inflammatory cytokines in HEI-OC1 cells. Cells were
transfected with Nrf2 expression vectors as described in the
“Methods”. After 48 h, cells were further incubated with 20 uM
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pro-inflammatory cytokines in cisplatin-treated HEI-
OCI1 cells. Cisplatin clearly increased the transcrip-
tional levels of these pro-inflammatory cytokines.
However, consistent with the inhibitory effect of
flunarizine on cisplatin-induced pro-inflammatory
cytokine secretion, flunarizine also significantly at-
tenuated the transcriptional levels of these pro-
inflammatory cytokines in a dose-dependent manner
(Fig. 2A and B).

Ectopic expression of WT-Nrf2 attenuates
cisplatin-mediated pro-inflammatory cytokine
secretion in vitro

In a previous study, we also showed that the cytopro-
tective mechanism of flunarizine in cisplatin cytotox-
icity was mediated by the activation of Nrf2/HO-1
through PI3K-Akt signaling (So et al. 2006). There-
fore, to elucidate the functional role of Nrf2 on
pro-inflammmatory cytokine secretion, the Nrf2
expression vectors WI-Nrf2 and DN-Nrf2 were tran-
siently introduced into HEI-OC1 cells. Transfection of
WTI-Nrf2 alone attenuated the cisplatin-induced secre-
tion of TNF-a, IL-1p, and IL-6 (Fig. 3A—C). However,
ectopic expression of DN-Nrf2 caused slight increases
of cisplatin-induced TNF-a (not significant) and IL-1p
(p<0.05). These data indicate that Nrf2 may provide
one aspect of protection in HEI-OCI cells from
cisplatin cytotoxicity by modulating pro-inflammatory
cytokine secretion.

To further assess the potential role of HO-1 in
cisplatin-induced pro-inflammatory cytokine secre-
tion, HEI-OC1 cells were pretreated with the HO-1
inducers (Akamatsu et al. 2004), CoPPIX and hemin,
for 12 h and further maintained in the presence of
20 uM cisplatin for 24 h. As shown in Figure 4A-C,
pretreatment with hemin and CoPPIX significantly

C)

IL-6 (pg/ml)

0 20 0 20 0 20

cisplatin for 24 h. Pro-inflammatory cytokines from culture super-
natants were measured by ELISA. The data represent the mean+SD
of three samples. A Release of TNF-0; B Release of IL-1B; C Release
of IL-6.
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FIG. 4. Effect of pharmacological HO-1 induction on the cisplatin-

induced secretion of pro-inflammatory cytokines in HEI-OC1 cells.
Cells were pretreated with 10 uM of HO-1 inducers (CoPPIX and
hemin) in the presence or absence of 20 uM of ZnPPIX for 6 h and
further incubated with 20 uM cisplatin for 24 h. Pro-inflammatory
cytokines from culture supernatants were measured by ELISA. The

decreased the secretion of TNF-a, IL-1p, and IL-6
after treatment with cisplatin. However, the pharma-
cologic suppression of HO-1 activity by pretreatment
with ZnPPIX (Akamatsu et al. 2004), an inhibitor of
HO catalytic activity, abolished the attenuating effect
of HO-1 inducers on cisplatin-induced pro-inflamma-
tory cytokine secretion. In parallel with the inhibitory
effect of CoPPIX and hemin on cisplatin-induced pro-
inflammatory cytokine secretion, CoPPIX and hemin
also clearly decreased the transcriptional levels of pro-
inflammatory cytokines, whereas ZnPPIX reversed the
inhibitory effect of CoPPIX and hemin on the
transcriptional levels of pro-inflammatory cytokines
in cisplatin-treated HEI-OCI cells (Fig. 4D).

data represent the mean+SD of three samples. A Release of TNF-a; B
Release of IL-1B; C Release of IL-6. Total RNA was isolated by TRIzol
and cDNA was synthesized by reverse transcription. TNF-o, 1L-17,
IL-6, and p-actin cDNAs were amplified by quantitative real-time
PCR using specific primer sets (D).

The enzymatic activation of HO-1 is required
for the attenuation of pro-inflammatory cytokine
secretion by flunarizine in cisplatin-treated
HEI-OC1 cells

To define the role of HO-1 for the attenuation of pro-
inflammatory cytokine secretions by flunarizine in
cisplatin-treated HEI-OCI cells, cells were also pre-
treated with SnPPIX to suppress HO-1 activity in the
presence of cisplatin and flunarizine (Fig. 5). As
shown in Figure 5A-C, pretreatment with SnPPIX
significantly alleviated the attenuation effect of flunar-
izine on pro-inflammatory cytokine production in-
duced by cisplatin. SnPPIX also abolished the
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FIG. 5.

Effect of pharmacological HO-1 inhibition on the attenuat-

ing effect of flunarizine against the cisplatin-induced secretion of
pro-inflammatory cytokines in HEI-OC1 cells. Cells were treated
with media, 20 uM cisplatin, 20 uM flunarizine plus cisplatin, or a
combination of cisplatin, flunarizine, and 20 uM SnPPIX for 6 h. Pro-
inflammatory cytokines from culture supernatants were measured by

ELISA. The data represent the mean+SD of three samples. A Release
of TNF-a; B Release of IL-1B; C Release of IL-6. Total RNA was
isolated by TRIzol and cDNA was synthesized by reverse transcrip-
tion. TNF-o, IL-13, IL-6, and P-actin ¢cDNAs were amplified by
quantitative real-time PCR using specific primer sets (D).
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FIG. 6. Effect of Nrf2 or HO-1 knock down via siRNA transfection
on the cisplatin-induced secretion of pro-inflammatory cytokines in
HEI-OCT1 cells. Cells were transfected with 0.5 pg siRNA constructs
of Nrf2, HO-1 and control plasmid and further treated with 20 uM

decrease in transcriptional levels of pro-inflammatory
cytokines by flunarizine in cisplatin-treated HEI-OC1
cells (Fig. 5D). To confirm that the attenuation of pro-
inflammatory cytokine secretion by flunarizine in
cisplatin-treated HEI-OC1 cells is indeed mediated
through Nrf2/HO-1 activation, siRNA constructs tar-
geting Nrf2 and HO-1 were transfected in HEI-OC1
cells. Knock down of the transcriptional expression of
Nrf2 and HO-1 using these specific siRNAs was
confirmed by RT-PCR as previously described (So et
al. 2006). Transfection of either Nrf2 or HO-1
siRNAs, but not unrelated control siRNAs, resulted
in the attenuation of flunarizine’s inhibitory effect
on pro-inflammatory cytokine secretion due to
cisplatin (Fig. 6A—C) as well as the protective effect
against cisplatin cytotoxicity (data not shown). These
data indicate that the activation of both Nrf2 and
HO-1 signaling is required for the attenuation of
cisplatin-induced pro-inflammatory cytokine secretion
by flunarizine.

To further examine the mechanism by which end
metabolites of heme catabolism by HO-1, including
bilirubin, iron, and carbon monoxide (CO), contrib-
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cisplatin and 20 uM flunarizine for 24 h. Pro-inflammatory cytokines
from culture supernatants were measured by ELISA. The data
represent the mean+SD of three samples. A Release of TNF-o; B
Release of IL-1B; C Release of IL-6.

ute to the attenuation of cisplatin-mediated pro-
inflammatory cytokine secretion in HEI-OCI cells,
cells were incubated with the CO-releasing agent CO-
RM2, bilirubin, and ferric citrate before the addition
of cisplatin (Table 1). The results show that pretreat-
ment with CO-RM2 and bilirubin causes a significant
decrease in cisplatin-induced pro-inflammatory cyto-
kine secretion. In contrast, treatment with ferric
citrate, an iron donor, could not significantly attenu-
ate cisplatin-induced TNF-a secretion, whereas it
induced a slight but significant attenuation of IL-1p
and IL-6 secretion. We further examined the possibil-
ity that endogenous CO production by flunarizine-
mediated Nrf2/HO-1 activation may also account for
the attenuation of cisplatin-induced pro-inflammatory
cytokine secretion by flunarizine. As shown in Figure
7A and B, the addition of CO scavenger, hemoglobin,
slightly but significantly inhibited the attenuating
effect of flunarizine on TNF-a and IL-1p secretion
(p<0.01 and p<0.01, respectively), indicating that
flunarizine contributes to protection of cells from
cisplatin through, in part, a CO-dependent attenua-
tion of the secretion of pro-inflammatory cytokines.

TABLE 1

Cytokine secretion profiles in cisplatin-treated HEI-OC1 cells in the presence of various HO-1 enzymatic products (pg/ml)

Cytokines
Exp. Group TNF-« IL-18 IL-6
Control 88.0+10.0 100.7£11.7 92.1+3.0
Cisplatin 913.3+95.9 528.2+113.5 734.7+68.9

351.9+£91.0**
459.7 +36.7**
857.7+£106.7

CO-RM + cisplatin
Bilirubin + cisplatin
FC + cisplatin

351.6+£23.9*%*
350.0£52.1**
596.5+51.4

198.5+10.1**
194.8+12.0**
318.8+£58.1*

*p<0.01 vs. cisplatin; **p<0.001 vs. cisplatin



298

8

0
Cisplatin (uM)0 20 20 20 O
Flunarizine (uM)0 O 20 20 O
Hb(uM)0 O 0 20 20

FIG. 7. Endogenous CO production in flunarizine-treated HEI-OC1
cells and its role on the attenuation of cisplatin-mediated pro-
inflammatory cytokine secretions. To examine CO production in
flunarizine-treated HEI-OC1 cells and its role on the attenuation of
cisplatin-mediated pro-inflammatory cytokine secretions, cells were
pretreated with 20 uM flunarizine in the presence or absence of

Effect of flunarizine on the nuclear translocation
of NF-xB induced by cisplatin in HEI-OCT1 cells

The transcription factor NF-«B is involved in regulat-
ing the expression of pro-inflammatory cytokines and
other pro-inflammatory mediators that participate in
acute inflammatory responses (Abraham 2003). In a
previous study, we demonstrated that cisplatin induces
the nuclear translocation of NF-kB, and the secretion
of pro-inflammatory cytokines at early time points is
directly involved with NF-kB activation in cisplatin-
treated cells (So et al. 2007). However, it is not yet
known whether flunarizine attenuates pro-inflamma-
tory cytokine secretion through the modulation of NF-
kB signaling. Therefore, cells were treated with
cisplatin in the absence or presence of flunarizine
for 1 h and fractionated into the nuclear and cytosolic
portions for western blotting. We analyzed Lamin B
expression to verify the purity of nuclear extract and
equal amount loading in Western blotting analysis.
Consistent with our previous results, nuclear translo-
cation of NF-kB was observed after 1 h of cisplatin
treatment, whereas cytoplasmic NF-xB and IxB de-
creased after cisplatin exposure (Fig. 8A). However,
pretreatment with flunarizine clearly attenuated the
nuclear translocation of NF-kB in a dose-dependent
manner. We next investigated whether Nrf2, which is
activated by flunarizine in HEI-OCI cells, is directly
involved in the downregulation of cisplatin-induced
NF-kB activation. Transient Nrf2 overexpression were
accomplished with the pcDNA3.1 WI-Nrf2 and DN-
Nrf2 vectors, after which the cells were treated with
cisplatin for 1 h and the nuclear translocation of NF-
kB assessed. As shown in Figure 8B, WI-Nrf2 abol-
ished both cytosolic IkB-o degradation and nuclear
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0 0 0 20 20
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20 upg/ml hemoglobin (Hb), a CO scavenger, and then further
incubated for 24 h with 20 uM of cisplatin. Pro-inflammatory
cytokines from culture supernatants were measured by ELISA. The
data represent the mean+SD of three samples. A Release of TNF-o; B
Release of IL-1B; C Release of IL-6.

translocation of NF-«B after cisplatin exposure, where-
as DN-Nrf2 had no effect. These results suggest that
Nrf2 activation is directly involved in the downregula-
tion of NF-kB activation by cisplatin.

In a previous report, we demonstrated that cisplat-
in induced the activations of the MAPKs ERK, JNK,
and p38, whereas only the pharmacologic inhibition
of MEKI1/ERK activity rescued HEI-OCI cells from
cisplatin cytotoxicity (So et al. 2007). Thus, we
examined the effect of flunarizine on cisplatin-medi-
ated MAPKs activation. As shown in Figure 8C,
flunarizine also attenuated the activation of all three
types of MAPK due to cisplatin in a dose-dependent
manner. Therefore, we next examined the link
between NF-«xB activation and MAPK activation in
cisplatin-treated cells. Cells were pretreated with
pharmacological inhibitors of p38, JNK, or MEKI for
30 min and then further treated with cisplatin for
30 min. Nuclear translocation of NF-kB was examined
by Western blotting. As shown in Figure 8D, pharma-
cological inhibition of p38 and JNK with SB203580 or
SP600125, respectively, did not affect the nuclear
translocation of NF-kB in cisplatin-treated cells. How-
ever, pretreatment with the MEKI/ERK inhibitors
PD98059 and U0126 blocked cisplatin-induced NF-xB
activation through the inhibition of IkB degradation
and consequent translocation of the p65 subunit of NF-
kB to the nucleus. We also investigated whether Nrf2
activation was directly involved in the downregulation
of cisplatin-mediated MAPK activation. Cisplatin-in-
duced MAPK activation was clearly abolished by wild-
type Nrf2 overexpression, but not by DN-Nrf2
(Fig. 8E). Furthermore, DN-Nrf2 overexpression
resulted in an attenuation of flunarizine’s inhibitory
effect on MAPK activations due to cisplatin (Fig. 8E).
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Orally administrated Sibelium decreases
the secretion and expression of pro-inflammatory
cytokines in vivo

We next examined whether Sibelium (the trade name
of flunarizine) modulates the secretion and expres-
sion of cisplatin-induced pro-inflammatory cytokines
in vivo. Mice were given intraperitoneal injections of
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FIG. 8. Effect of flunarizine on the nuclear translocation of NF-«xB
in cisplatin-treated HEI-OCT1 cells. A Cells were treated with 20 uM
cisplatin in the presence of various doses of flunarizine for 1 h.
Cytosolic and nuclear fractions were prepared as described in
“Methods”. These fractions were subjected to 12% SDS-PAGE and
immunoblotted with antibodies specific for NF-xB p65, 1B, VDAC,
and B-actin. B Cells were transfected with Nrf2 expression vectors as
described in “Methods”. After 48 h, cells were further incubated with
20 puM cisplatin for 1 h. Cytosolic and nuclear fractions were
immunoblotted with antibodies specific for NF-xB p65, 1B, VDAC,
and B-actin. C Cells were treated with 20 uM cisplatin and various
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cisplatin for four consecutive days (4 mg/kg body
weight per injection) with orally administrated Sibe-
lium (0.143 pg/kg body weight per injection), and the
serum levels of three pro-inflammatory cytokines were
measured. As shown in Figure 9A-C, serum levels of
TNF-a, IL-1B, and IL-6 were significantly increased in
cisplatin-injected mice compared to PBS-control mice
(three to ninefold). Interestingly, orally administrated
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doses of flunarizine for 30 min and subjected to Western blotting
with anti-phospho-MAPK and anti-MAPK antibodies. D Cells were
pretreated with pharmacological inhibitors of MAPKs for 30 min and
then further treated with cisplatin for 30 min. Cytosolic and nuclear
fractions were immunoblotted with antibodies specific for NF-xB
p65, kB, VDAC, and B-actin. E Cells were transfected with Nrf2
expression vectors as described in “Methods”. After 48 h, cells were
further incubated with 20 uM cisplatin for 30 min and subjected to
Western blotting with anti-phospho-MAPK and anti-MAPK
antibodies.
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Sibelium significantly decreased the serum levels of
IL-1p and IL-6 as well as TNF-a. In addition, we
examined pro-inflammatory cytokine mRNA levels in
whole cochleas of each experimental group using RT-
PCR. Consistent with the levels of secreted protein,
the mRNA levels of TNF-a, IL-1B, and IL-6 were
markedly increased after cisplatin injection compared
to PBS-control mice (Fig. 9D). However, simultaneous
injection of Sibelium and cisplatin not only complete-
ly blocked the expression of TNF- mRNA but also
markedly decreased the expression of IL-1p and IL-6.
In HEI-OCI cells, flunarizine induced HO-1 expres-
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FIG. 9. Effect of Sibelium™ on cytokine secretion in cisplatin-
treated Balb/c mice. The animals were randomly divided into three
groups (group 1, control; group 2, cisplatin-treated; group 3, cisplatin
plus Sibelium-treated). Group 1 received intraperitoneal injections of
PBS for four consecutive days. Group 2 received intraperitoneal
injections of cisplatin only (4 mg/kg, body weight) for four consecutive
days. Group 3 received Sibelium (orally administrated, 150 pg/kg,
body weight) 6 h before and simultaneous with cisplatin injection
(4 mg/kg i.p.) for four consecutive days. The animals in all groups were
killed under anesthesia on the day after the final cisplatin injection.
Before killing, blood samples were collected into commercial tubes
containing EDTA. Pro-inflammatory cytokines from culture super-
natants were measured by ELISA. The data represent the mean+SD. A
Release of TNF-o; B Release of IL-1B; C Release of IL-6. D Total RNA
was then isolated from whole cochleas and cDNA was synthesized
by reverse transcriptase. TNF-o, IL-1, IL-6, HO-1, and B-actin cDNA
sequences were amplified using specific rat primer sets.
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sion through the Nrf2-driven transcriptional activa-
tion of ARE-dependent genes, which plays a critically
important role for cellular protection from cisplatin
(So et al. 2006). Therefore, we examined HO-1
mRNA expression in the cochleae of Sibelium/
cisplatin-treated mice. As shown in Figure 9D, mRNA
levels of HO-1 increased in the cochlea of Sibelium/
cisplatin-treated mice. To investigate the effect of
Sibelium on the expression profiles of pro-inflamma-
tory cytokines and HO-1 in the cochlea after cisplatin
injection, immunohistochemistry was performed on
mice injected with cisplatin only or cisplatin plus
Sibelium. Expression of TNF-a was broadly observed
throughout the stria vascularis, spiral ligament, spiral
ganglion neuron as well as hair cell layers in the organ
of Corti from cisplatin-injected mice (Fig. 10B). IL-1p
was also widely expressed in stria vascularis, spiral
ligament, spiral ganglion neuron as well as hair cell
layers in the organ of Corti from cisplatin-injected mice
(Fig. 10E). Interestingly, TNF-a and IL-1p expression
was co-localized within these regions. On the other
hand, very slight expression of IL-6 was detected only in
the spiral modular veins and lacunae (data not shown).
In both PBS-control mice and Sibelium/cisplatin-co-
injected mice, expression of all three pro-inflammatory
cytokines was barely detectable (Fig. 10C, F and I).
Activation of the transcription factor NF-«B is one
of the most important mechanisms regulating the
expression of pro-inflammatory cytokines (Barnes and
Karin 1997). In a previous study, we demonstrated
that NF-xB p65 staining was increased in the spiral
ligament, stria vascularis, spiral limbus, and the three
OHC layers of the organ of Corti in cisplatin-injected
rats (So et al. 2007). Therefore, we next examined the
expression profile of NF-sB in the three experimental
groups by immunohistochemistry. NF-kB p65 staining
was increased in the spiral ligament, stria vascularis,
spiral ganglion neurons, and the three OHC layers of
the organ of Corti in cisplatin-injected mice com-
pared with those of PBS-control or Sibelium/cisplatin-
co-injected mice (Fig. 11A-C). We also examined
whether Sibelium induced the expression of HO-1 in
vivo. HO-1 expression was barely detectable in control
mice (Fig. 11D), whereas it was slightly detectable in
the surrounding regions of inner ear except the spiral
ligament, stria vascularis, spiral limbus, and the organ
of Corti in cisplatin-injected mice (Fig. 11E). In
Sibelium-treated mice, however, HO-1 expression
was clearly observed in the spiral ligament, stria
vascularis, spiral limbus, and spiral ganglion neurons
as well as hair cell layers of the organ of Corti
(Fig. 11E). We also examined the cochlea for apopto-
tic cells as determined by TUNEL staining. In
cochleas from PBS-control or Sibelium/cisplatin-co-
injected mice, no TUNEL-positive cells were observed
(Fig. 11F and G). However, histological sections from
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FIG. 10. In vivo effect of Sibelium™ on cisplatin-induced pro-
inflammatory cytokine expression in the cochlea. Cochleas from
Balb/c mice injected with PBS, cisplatin, or cisplatin plus Sibelum™
were removed and embedded in paraffin, then 5-um sections were
prepared. For immunohistochemistry studies, an immunohistochem-
istry kit (DAKO LSAB Universal K680, Carpinteria, CA, USA) was
used, and all the procedures were carried out according to the
manufacturer’s instructions. The following primary antibodies were

the cisplatin-only-treated mice exhibited many
TUNEL-positive cells in the stria vascularis and less
so in the spiral ligament, spiral limbus, and the organ
of Corti (Fig. 11H).

DISCUSSION

Accumulating evidence indicates that cochlear and
vestibular functions, including hearing and balance,
are influenced by immune responses in the inner ear
(Rahman et al. 2001). Although immune function in
the inner ear is very important in the protection from
infectious diseases such as labyrinthitis, immune-
related inflammatory responses also cause damage to
the delicate tissues of inner ear compartments and

employed: anti-TNF-o (goat polyclonal anti-mouse TNF-a, R&D
Systems); anti-IL-1B (goat polyclonal anti-mouse IL-1B, R&D Sys-
tems); anti-1L-6 (goat polyclonal anti-mouse IL-6, R&D Systems); anti-
NF-xB p65 (rabbit polyclonal 1gG, Santa Cruz). This figure is
representative of three individual animals from each group. SL spiral
ligament, SV stria vascularis, SGN spiral ganglion neuron, OC organ
of Corti.

can often lead to cochlear degeneration and perma-
nent hearing loss (Ryan et al. 2002; Satoh et al. 2003).
Of note, cisplatin also caused ototoxicity through the
apoptotic death of OHCs and supporting cells in the
organ of Corti accompanying the secretion and
expression of the pro-inflammatory cytokines TNF-a,
IL-1B, and IL-6 (So et al. 2007).

A cisacting regulatory ARE is located in the
promoter regions of several genes encoding phase II
detoxification enzymes and antioxidant proteins such
as NAD (P)H:quinine oxidoreductase-1 (NQOI), glu-
tathione S-transferase (GST), y-glutamylcysteine syn-
thetase (y-GCS), heme oxygenase 1 (HO-1),
thioredoxin reductase-1, and thioredoxin (Jaiswal
2004). These genes are mainly upregulated by the
transcriptional activation of Nrf2 through the direct
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FIG. 11. In vivo effect of Sibelium™ on HO-1 expression and
cisplatin-induced NF-xB expression in the cochlea. Five-micrometer
cochlear sections from each experimental group were stained with
anti-NF-xB (A-C), anti-HO-1 (D-F) and TUNEL (G-l). This figure is

binding to ARE. Nrf2 is abundantly expressed in liver,
intestine, lung, and kidney where detoxification
reactions occur routinely. Recently, it has been shown
that Nrf2 and its downstream effectors act as critically
important regulators in the protection of cells from
oxidative stress and chemical-induced damage of liver
and lung tissues by the regulation of intracellular
redox status (Chan and Kan 1999; Chan et al. 2001).
It was demonstrated that Nrf2 knockout mice are
more sensitive to hyperoxic injury of lung tissue (Cho
et al. 2002) and Nrf2 deficiency results in early
embryonic lethality with severe oxidative stress
(Leung et al. 2003). In addition to its role in
regulating ROS levels, several recent studies have
showed that the Nrf2 pathway regulates immune and
inflammatory processes. Yoh et al. (2001) reported
that Nrf2-deficient female mice developed lupus-like
autoimmune nephritis. It was also demonstrated that
Nrf2-deficient mice exhibit prolonged inflammation
during cutaneous wound healing and display en-

representative of three individual animals from each group. SL spiral
ligament, SV stria vascularis, SGN spiral ganglion neuron, OC organ
of Corti.

hanced bronchial inflammation and susceptibility to
cigarette smoke-induced emphysema (lizuka et al.
2005). These data suggest that Nrf2 deficiency and
the resulting impaired antioxidant activity are impor-
tant in the determination of susceptibility to autoim-
mune and inflammatory diseases. In this study, we
showed that flunarizine significantly increases the cell
viability of cisplatin-treated HEI-OC1 cells and inhibits
pro-inflammatory cytokine secretion and mRNA tran-
scription due to cisplatin (Figs. 1 and 2). Of note, the
overexpression of wild-type Nrf2 apparently attenu-
ates cisplatin-induced pro-inflammatory cytokine se-
cretion, whereas dominant negative Nrf2 does not.
Knock down of Nrf2 expression by Nrf2-specific
siRNA resulted in the attenuation of flunarizine’s
effect on pro-inflammatory cytokine secretion (Fig. 6).
These data indicate that the activation of Nrf2
signaling is critical for the attenuating effect of
flunarizine on cisplatin-induced pro-inflammatory
cytokine secretion.
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FIG. 12. Protective mechanisms of flunarizine via Nrf2/HO-1
activation against cisplatin-induced auditory cell damages. The
scheme shows that flunarizine attenuated cisplatin-induced pro-
inflammatory cytokine production and thereby induced a cytopro-
tective effect against cisplatin cytotoxicity. Cisplatin induced MAPK
and NF-xB activations which promoted the expression of pro-
inflammatory genes including TNF-o, IL-1B, and IL-6. However,
flunarizine inhibited the cisplatin-induced MAPKs and NF-kB via the
activation of Nrf2/HO-1 signaling pathway. HC hair cells, SC
supporting cells

Heme oxygenase (HO), one of the Nrf-2 down-
stream target enzymes, degrades heme into biliverdin,
CO, and free iron (Fe*"). Biliverdin is rapidly reduced
to bilirubin by biliverdin reductase, whereas free iron
released from the heme molecule is used in intracel-
lular metabolism as well as being sequestered by the
iron chelator, ferritin. HO-1 is expressed at very low
levels in the outer hair cells of normal rat cochleas
(Fairfield et al. 2004). It has also shown the critical
importance of HO-1 expression in mediating antiox-
idant, anti-inflammatory, and anti-apoptotic effects
(Jaiswal 2004). In our study, pharmacological induc-
tion of HO-1 significantly attenuated cisplatin-induced
pro-inflammatory cytokine secretion, whereas phar-
macological suppression of HO-1 activity by the HO-1
inhibitor ZnPPIX or transfection of HO-1 siRNA
markedly abolished the attenuating effect of flunar-
izine on cisplatin-induced pro-inflammatory cytokine
secretion. Furthermore, HO-1 expression in vivo was
widely observed in the spiral ligament, stria vascularis,
spiral limbus, and spiral ganglion neurons as well as
hair cell layers of the organ of Corti in Sibelium™-
treated mice (Fig. 11E). Interestingly, in the stria
vascularis, HO-1 expression was markedly increased in
the marginal and intermediate cells, but not in the
basal cells (data not shown), which is consistent with a
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report that after hyperthermia, the level of HO-1
protein is markedly induced, with selective localiza-
tion among all three rows of outer hair cells in the
organ of Corti and in the marginal and intermediate
cells of the stria vascularis (Fairfield et al. 2004).

Although the beneficial mechanisms of HO-1
induction have not been fully elucidated, several have
been suggested. Increased HO-1 activity results in the
generation of bilirubin by enzymatic degradation of
the heme moiety, a potentially toxic pro-oxidant. This
bilirubin acts as an antioxidant capable of scavenging
peroxy radicals and inhibiting lipid peroxidation. It
has been demonstrated that exogenous treatment
with bilirubin provides in vitro protection against
oxidative stress and hypoxia in mammalian cell
culture and in vivo protection against ischemia in
the rat heart (Clark et al. 2000) and intestine (Ceran
et al. 2001). In addition, CO, another product of
heme catabolism, showed a number of cytoprotective
functions during various conditions of oxidative stress,
including hyperoxic lung injury, endotoxemia, and
graft rejection of the liver, heart, and lung (Otterbein
and Choi 2000). CO inhibits apoptosis in various cells,
including fibroblasts, endothelial cells, and vascular
smooth muscle cells (Liu et al. 2002). Liu et al. (2002)
also reported that the survival of cultured vascular cells
is mediated by the production of CO, as cytoprotection
obtained from HO-1 is reversed by a CO scavenger,
hemoglobin. Regarding how CO exerts its potent
protective effects, several mechanisms have been
suggested. CO showed functions as a potent vasodila-
tor, a putative neurotransmitter, and an anti-inflamma-
tory agent which inhibits both platelet aggregation and
activation through the activation of the soluble guany-
late cyclase (sGC)/cyclic guanosine monophosphate
(cGMP) pathway (Otterbein and Choi 2000). CO also
suppresses the expression of certain pro-inflammatory
cytokines (e.g., TNF-a, IL-1B) and chemokines
(Soares et al. 2004) and upregulates the expression
of the anti-inflammatory cytokine IL-10 (Otterbein et
al. 2000). Similar to these previous studies, we also
demonstrated that CO and bilirubin, catabolic metab-
olites of HO-1, play a critical role in the attenuation of
pro-inflammatory cytokine production due to cisplat-
in (Table 1). Furthermore, addition of the CO
scavenger, hemoglobin, slightly but significantly
inhibited the attenuating effect of flunarizine on
TNF-a and IL-1p secretion (Fig. 7), indicating that
the protective effect of flunarizine against cisplatin
cytotoxicity in HEI-OCI cells is accomplished, at least
in part, in a CO-dependent manner.

The expression of pro-inflammatory cytokines and
other pro-inflammatory mediators that participate in
acute inflammatory responses are widely regulated by
the NF-kB transcription factor (Abraham 2003). The
most abundant form of NF-kB is a heterodimer of p50
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and p65 subunits, which, in resting cells, is seques-
tered in the cytoplasm as an inactive complex bound
by its inhibitor, IkB-a. Upon cellular stimulation, IxB-
o protein is phosphorylated and targeted for ubiquiti-
nation and subsequent degradation by the 26S
proteosome (Chang and Karin 2001). NF-xB subse-
quently is released and translocated to the nucleus to
activate the expression of various target genes (Suzuki
et al. 2000; Wang et al. 2003). Pro-inflammatory
cytokines such as TNF-a and IL-1p can also activate
NF-kB through signal transduction involving the TNF
receptor associated factor (TRAF) family of adaptor
proteins (Dempsey et al. 2003). TNF-a receptors
phosphorylate IkB kinase, which in turn leads to IkB
degradation in proteosomes and the intranuclear
translocation of NF-«B subunits. NF-kB activation
regulates a plethora of genes including pro-inflamma-
tory cytokines such as TNF-o, IL-13, and IL-6
(Baldwin 1996; Barnes and Karin 1997).

Interestingly, NF-kB has a dual function as apopto-
tic or anti-apoptotic effector. It suppresses apoptosis
by inducing the expression of multiple anti-apoptotic
proteins such as inhibitor of apoptosis proteins
(IAPs), X-linked IAP, cellular Fas-associated death
domain-like IL-1R-converting enzyme (FLICE) inhib-
itory protein (cFLIP), and Bcl-XL (Kucharczak et al.
2003). However, other lines of reports also support
that NF-kB induces apoptosis. NF-kB contributes to
apoptosis by upregulating its pro-apoptotic target
genes such as Fas/CD95, FasL, death receptor 4
(DR4/TRAIL-R1), and DR5 (TRAIL-R2) while repres-
sing anti-apoptotic target genes. The essential of NF-
kB on either induction of apoptosis or inhibition of
apoptosis is mainly dependent on the variety of
stimuli, cell-types, and the subunit types involved
(Lee et al. 2007).

In this study, we have shown that flunarizine
blocks the nuclear translocation of NF-xB accompa-
nying the inhibition of cytoplasmic NF-kB decrease
and IkB-a degradation after cisplatin exposure
(Fig. 8A). Furthermore, we observed the increase of
cisplatin-mediated NF-xB p65 expression in the spiral
ligament, stria vascularis, and spiral limbus, but these
expressions were clearly blocked by flunarizine
(Fig. 11B and C).

We also demonstrated that flunarizine attenuates
cisplatin-mediated MAPK activation (Fig. 8C and D).
Therefore, it was of interest how flunarizine modu-
lates the link between NF-kB activation and MAPK
activation for pro-inflammatory cytokine production
in cisplatin-treated cells. First, we investigated the
possibility of direct cross talk between NF-xB and Nrf2
activated by flunarizine in HEI-OC1 cells. We showed
that WI-Nrf2 overexpression abolishes both cytosolic
IkB-a degradation and nuclear translocation of NF-xB
after cisplatin exposure. These results suggest the
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possibility of cross talk between Nrf2 and NF-«<B
signaling event. It has been known that MAPKs
regulate many cellular events, including differentia-
tion, proliferation, and apoptosis (Lewis et al. 1998).

Signaling cascades through ERK activation can be
anti-apoptotic or apoptotic depending on cell types
and the nature of stimuli. Anti-apoptotic effects of
ERK activation against a diverse range of apoptotic
signals, including serum-deprivation-induced apopto-
sis of PC12 cells (Yan and Greene 1998) and TNF-a-
induced apoptosis of L1929 cells (Gardner and
Johnson 1996), have been reported. Apoptosis signal-
ing through ERK activation have also been described
(Zhuang and Schnellmann 2006). In a mouse model
of cisplatin-induced nephrotoxicity, ERK activation
was observed in distal tubules and collecting ducts of
kidney after cisplatin administration. Inhibition of
ERK activation by MEK inhibitor reduced tissue
damage and improved renal function (Jo et al. 2005).

In addition, recently, a number of in vitro studies
have shown that the production of inflammatory
mediators is strongly affected by MAPKs. For example,
it has been reported that the p38 and ERK pathways
play an important role in IL-1$ and TNF-a produc-
tion, respectively (Hsu and Wen 2002; Shi et al. 2002).
Therefore, we speculated that modulation of other
signaling events involving MAPKs by flunarizine might
affect the activation of NF-xB by cisplatin and
consequently attenuate pro-inflammatory cytokine
production and apoptotic cell death after cisplatin
exposure. This speculation is supported by our results
showing that the MAPKs ERK, JNK, and p38 are
activated by cisplatin, whereas the inhibition of
MEK1/ERK markedly decreased the cytotoxicity of
cisplatin as well as the expression levels of TNF-a, IL-
1R, and IL-6 mRNAs in cisplatin-treated cells. In
addition, pharmacological inhibition of MEK1/ERK
markedly blocked cisplatin-induced NF-xB activation
through the downregulation of IkB degradation and
translocation of the p65 subunit of NF-xB to the
nucleus. Furthermore, WI-Nrf2 overexpression effec-
tively blocked MAPK activation after cisplatin exposure
(Fig. 8E). These results suggest that MAPK signaling
events mediate the link between Nrf2 and NF-xB.
Based on the results presented here, the mechanisms
by which flunarizine inhibits cisplatin-induced audito-
ry cell damage are summarized in Figure 12.

Taken together, our present results suggest that
flunarizine induces protection against cisplatin cyto-
toxicity through the downregulation of MAPKs and
NF-sB signaling by Nrf2 activation and, thereby, the
inhibition of pro-inflammatory cytokine production.
In addition, Nrf2 /HO-1 activation or anti-inflammatory
agents may provide new opportunities for pharmaco-
therapy with regard to cisplatin and immune-mediated
disorders of hearing and balance.
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