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Abstract
We investigated the cytoprotective mechanisms of flunarizine
in cisplatin-induced death of auditory cells. Concomitant with
an increase in viability, treatment with flunarizine resulted
in a marked dissociation of Nrf2/Keap1 and subsequent
intranuclear translocation of Nrf2, which was mediated by
PI3K-Akt signaling. Overexpression of Nrf2 protected cells
from cisplatin along with transcriptional activation of ARE
to generate heme oxygenase-1 (HO-1). Pretreatment with
flunarizine predominantly increased the transcriptional acti-
vity of HO-1 among Nrf2-driven transcripts, including HO-1,
NQO1, GCLC, GCLM, GSTl-1, and GSTA4. Furthermore, both
pharmacological inhibition and siRNA transfection of HO-1
completely abolished the flunarizine-mediated protection
of HEI-OC1 cells and the primary rat (P2) organ of Corti
explants from cisplatin. These results suggest that Nrf2-driven
transcriptional activation of ARE through PI3K-Akt signaling
augments the generation of HO-1, which may be a critically
important determinant in cellular response toward cisplatin
and the cytoprotective effect of flunarizine against cisplatin.
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Introduction

Antioxidant response element (ARE) is a cis-acting regu-
latory element in promoter regions of several genes encoding
phase II detoxification enzymes and antioxidant proteins,
such as NAD(P)H:quinine oxidoreductase-1 (NQO1), gluta-
thione S-transferase (GST), g-glutamylcysteine synthetase
(g-GCS), heme oxygenase 1 (HO-1), thioredoxin reductase-1,
and thioredoxin.1 Transcriptional activation through ARE is
mainly regulated by NF-E2-related factor 2 (Nrf2), a member
of Cap’n’Collar (CNC) family of transcription factors that
share a highly conserved basic region-leucine zipper
(bZIP) structure.2 Nrf2 is abundantly expressed in liver,
intestine, lung and kidney, where detoxification reactions
occur routinely. Recently, Nrf2 and its downstream proteins
have been shown to be critically important regulators in
protection of cells from oxidative stress- and chemical-
induced damages of liver and lung tissues. Chan et al.3

reported that Nrf2 protects liver from acetaminophen-induced
injury and lung tissues from butylated hydroxyltolulene-
induced toxicity.4 Cho et al.5 demonstrated that Nrf2 knockout
mice are more sensitive to hyperoxic injury of lung. The
primary astrocyte of Nrf2�/� mice is also more susceptible to
oxidative stress and inflammation than that of Nrf2þ /þ mice.6

Leung et al.7 showed that deficiency of Nrf2 results in
early embryonic lethality with severe oxidative stress. These
observations, collectively, imply that Nrf2 is a master regu-
lator of ARE-driven transcriptional activation for antioxidant
genes in maintaining the homeostasis of Redox status within
cells.
Heme oxygenase (HO) is a rate-limiting enzyme in heme

catabolism, which finally leads to the generation of bilirubin,
free iron, and carbon monoxide (CO). Three mammalian HO
isoforms have been identified, one of which, HO-1, a stress-
responsive protein, could be induced by various oxidative
agents through Nrf2-mediated transcriptional activation of
ARE. In recent years, several groups have investigated the
functions of HO-1, usually by observing the ability of cells to
resist from various stress insults when HO-1 is under- or over-
expressed. These studies have supported the designation
as an important cellular defense role for HO-1 against oxidant
injury.8

Cisplatin (cis-diaminedichloroplatinum II; CDDP) is one
of extensively used chemotherapeutic agents in treatment
of various solid tumors.9 However, serious side effects of
cisplatin, including progressive, irreversible sensorineural
hearing loss and tinnitus, greatly impair the quality of life.
Ototoxicity due to cisplatin occurs primarily in cochlea,
especially in the outer hair cells (OHCs) of organ of Corti.10

However, the exact mechanisms of cisplatin ototoxicity still
remain to be elusive. Recently, many evidences have been
accumulated to demonstrate that ototoxicity of cisplatin is
closely related to the increased production of reactive oxygen
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species (ROS) and aberrant adduction of its metabolite into
the nucleus.11

Flunarizine is an antagonist of T-type specific calcium
channels, CACNa1G and CACNa1I, which permit calcium
entry into cells. Clinically, flunarizine is known as Sibeliumt

and has been widely used to treat the clinical disorders,
including vertigo, migraine, epilepsy, and tinnitus.12 Recently,
it is known to protect the perfused rat liver cells from ischemia
with reperfusion and neurons from serum deprivation, nerve
growth factor deprivation, oxidative stress, and axotomy,
respectively.13 Previously, we reported that flunarizine atte-
nuated the cisplatin-induced apoptosis of auditory cells
through inhibition of lipid peroxidation and mitochondrial
permeability transition. Herein, we further demonstrate that
flunarizine stimulates Nrf2-driven transcriptional activation of
ARE through PI3K-Akt signaling and thereby increase the
generation of HO-1, which plays a crucial role in protection of
auditory cells from cisplatin.

Results

Flunarizine protected HEI-OC1auditory cells from
cisplatin

In previous study, we already demonstrated that cisplatin
induced the apoptotic death of HEI-OC1 auditory cells,
evidenced by nuclear condensation, DNA laddering and
caspase-3 activation.14 However, pretreatment with fluna-
rizine completely abolished the characteristic apoptotic
features caused by cisplatin. In this experiment, wemeasured
the viability of HEI-OC1 cells by MTT assay after treatment
with 20mM cisplatin for 48 h in the presence or absence
of 10 mM flunarizine. As shown in Figure 1, treatment with
cisplatin decreased the viability up to 44% at 20 mM cisplatin.
However, pretreatment with flunarizine significantly protected
cells from cisplatin as represented an increase in viability up to
82 from 44% in cells treated with cisplatin-alone (n¼ 3,
Po0.05 by One-Way ANOVA).

Flunarizine dramatically increased the nuclear
translocation of Nrf2 via PI3K-Akt signal pathway

In previous study, we showed that cisplatin increased the
generation of ROS in HEI-OC1 cells.14 Many studies have
also shown that Nrf2 plays as a pivotal defense element
against oxidative stresses within cells.7 Therefore, we
questioned whether flunarizine affects the expression and
localization of Nrf2 in cisplatin-treated cells. To address this
question, we first examined the subcellular localization of Nrf2
in HEI-OC1 cells. Immunostaining analyses demonstrated
that Nrf2 predominantly presented in the cytoplasm of control
cells (Figure 2b). A small proportion of Nrf2 protein moved
into the nucleus after treatment of cisplatin alone, even
though a majority of the protein still remained in the cyto-
plasm (Figure 2e). However, the majority proportion of Nrf2
translocated into the nucleus following a single treatment with
flunarizine (Figure 2h and i). Furthermore, pretreatment with
flunarizine alone predominantly confined Nrf2 protein into
the nucleus in cisplatin-treated cells (Figure 2k and l).
To further validate this phenomenon, cells were treated

with 20 mM cisplatin in the presence or absence of 10 mM
flunarizine and cell lysate was fractionated into cytoplasmic
and nuclear parts to carry out the Western blot for Nrf2. As
shown in Figure 3a, Nrf2 was predominantly located in the
cytoplasm of the control cells whereas it was not detectable
in the nuclear fraction. Single treatment with cisplatin alone
further increased the nuclear translocation of Nrf2 into the
nucleus along with decrease in the intensity of Keap 1 band
in cytosolic fraction. However, pretreatment with flunarizine
alone induced the pronounced nuclear translocation of
Nrf2 concomitant with marked decrease in the expression
level of Keap 1 in cytosolic fraction. Consistently, Nrf2 in the
cytoplasmic fraction was significantly decreased shown as a
faint band in cells treated with flunarizine and cisplatin. Also,
the cytosolic expression of Keap1 wasmarkedly decreased to
an almost undetectable level after treatment with flunarizine
and cisplatin (Figure 3a). Wemeasured the VDAC expression
to verify the right procedure for nuclear extract preparation
and equal amount loading in Western blotting analysis.
Recently, several signaling pathways, including MAPKs and
PI3K,15 have been implicated in the nuclear translocation and
activation of Nrf2. Therefore, to further elucidate the mecha-
nisms by which flunarizine induces the nuclear translocation
of Nrf2, we examined the effect of flunarizine on MAPKs,
including JNK,16 ERK and p38,17 and PI3K-Akt kinase. The
phosphorylation of JNK, ERK and p38 proteins was not
apparent in cells treated with flunarizine alone. On the
contrary, cisplatin time-dependently induced the activation
of three MAPKs, which was markedly antagonized by
pretreatment with flunarizine (data not shown, manuscript in
preparation). However, flunarizine apparently increased the
phosphorylation of Akt in a time-dependent fashion. Maximal
intensity of the immunoreactive band of phosphorylated
Akt was observed 1 h after treatment with flunarizine alone
(Figure 3b). Furthermore, pharmacological inhibition of PI3K
using specific inhibitors, including LY294002 and wortmannin,
markedly abrogated the protective effect of flunarizine against
cisplatin in MTT assay (Figure 3c). We further confirmed that
the flunarizine-induced nuclear translocation of Nrf2 was

Figure 1 Pretreatment with flunarizine resulted in an increase of viability in
cisplatin-treated HEI-OC1 cells. Cells were pretreated with 10 mM flunarizine for
30 min and followed by the addition of 20 mM cisplatin for 36 h. Cell viability was
measured by MTT assay. The data represent the mean7S.D. of three
independent experiments. **Po0.01 by one-way ANOVA, compared with only
cisplatin-treated group
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markedly suppressed by treatment with PI3K specific
inhibitors, including LY294002 and wortmannin (Figure 3d).
These results suggest that flunarizine induces the nuclear
translocation of Nrf2 via the PI3K-Akt signaling, but not by
MAPKs pathway in HEI-OC1 cells.

Ectopic expression of WT-Nrf2 rendered HEI-OC1
cells to be more resistant against cisplatin

To further elucidate the functional role, the expression vectors
of Nrf2, including wild-type Nrf2 (WT-Nrf2) and dominant
negative Nrf2 (DN-Nrf2), were transiently introduced into HEI-
OC1 cells. The competence of ectopic expression of two Nrf2

DNA constructs showed that transfection with two Nrf2
constructs, including WT-Nrf2 and DN-Nrf2, increased the
translational levels of the protein according to the amounts
of each plasmid DNAs used, respectively. Next, to determine
whether ectopic expression of Nrf2 modulates the transcrip-
tional activity of ARE-driven luciferase reporter gene, cells
were co-transfected Nrf2 plasmids with ARE-luciferase
reporter construct (ARE-Luc), containing the enhancer 2
and minimal promoter region of mouse HO-1. ARE-Luc
assays in transfectants demonstrated that overexpression of
WT-Nrf2 significantly increased ARE-driven luciferase activity
in a dose-dependent manner, whereas the ectopic expression
of DN-Nrf2 suppressed the transcriptional activity of ARE-Luc
(Figure 4b). After successful establishment of ARE-Luc

Figure 2 Pretreatment with flunarizine induced the nuclear translocation of Nrf2. Cells were treated with 20 mM cisplatin for 6 h in the presence or absence of 10 mM
flunarizine. After reaction with DAPI and anti-Nrf2 antibody, cells were visualized under fluorescent microscope
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reporter gene assay, we tested whether the ectopic expres-
sion of WT-Nrf2 modulates the susceptibility of HEI-OC1
cells toward cisplatin. Overexpression of WT-Nrf2 alone
dose-dependently rendered cells to be more resistant against
cisplatin (Figure 4c). However, ectopic expression of DN-Nrf2
did not affect the survival of HEI-OC1 cells in the presence
of cisplatin. We further confirmed that ARE-Luc activity
was significantly increased by overexpression of WT-Nrf2
whereas that was decreased by transfection of DN-Nrf2 in
the presence of cisplatin (Figure 4d). These data indicate that
Nrf2-driven transcriptional activation of ARE may provide one
aspect of critical defense functions of HEI-OC1 cells from
cisplatin.

Flunarizine required the Nrf2-driven
transcriptional activation of ARE in protection
of cells from cisplatin

Next, we investigated whether Nrf2-driven transcriptional
activation of ARE was directly involved in eliciting the
protective effect of flunarizine against cisplatin. Cells were
transfected with DN-Nrf2 plasmid and followed by the addition
of 20 mM cisplatin in the presence of 10 mM flunarizine for 36 h.
As shown in Figure 5a, the cytoprotective effect of flunarizine
was dose-dependently suppressed according to increasing
amounts of DN-Nrf2 plasmid transfected in cisplatin-treated
cells. In parallel with this observation, pretreatment with

flunarizine significantly increased the ARE-driven luciferase
activity, which was markedly suppressed by ectopic expres-
sion of DN-Nrf2 plasmid in a dose-dependent fashion
(Figure 5b). We also confirmed that transfection of DN-Nrf2
plasmid dose-dependently inhibited the enzymatic activation
of HO-1 by flunarizine in cisplatin-treated cells (data not
shown). These results suggest that Nrf2-driven transcriptional
activation of ARE is critically needed in the protective effect of
flunarizine against cisplatin.

Nrf2-mediated HO-1 activation was required in
protective effect of flunarizine against cisplatin

Both ectopic expression of WT-Nrf2 plasmid and treatment
with flunarizine could increase the transcriptional activity
of ARE-driven luciferase, which containing the minimal
promoter region of mouse HO-1 gene. These results imply
the possibility that one of the products of the transcrip-
tional activation of ARE, including HO-1, may function as
a protective regulator against cisplatin in HEI-OC1 cells. To
address this question, we measured the expression level of
HO-1 protein in stable transfectants of WT-Nrf2 and DN-Nrf2
plasmids. As shown in Figure 6a, overexpression of WT-Nrf2
derived a marked increase in expression level of HO-1 protein
compared to the parental cells as well as transfectants
of pcDNA3 and DN-Nrf2 plasmids. Consistent with the
expression level of HO-1 protein, the enzymatic activity

Figure 3 The nuclear translocation of Nrf2 was mediated by PI3K-Akt signal in flunarizine-treated cells. (a) Cells were treated with 20 mM cisplatin for 12 h in the
presence or absence of 20 mM flunarizine. Cytosolic (CE) and nuclear (NE) extracts from cells were separated on 12% SDS-PAGE to probe Nrf2, Keap-1, VDAC, and b-
actin by Western blot. The equal amount of protein loaded was confirmed by the expression levels of VDAC and b-actin. (b) Cells were incubated with 20 mM flunarizine
for indicated time periods. Western blot was performed using specific antibodies for phospho-Akt and Akt. (c) Cells were pretreated with 10 mM LY294002 or 1mM
wortmannin for 30 min and followed by the addition of 20 mM cisplatin in the presence of 10 mM flunarizine for 36 h. Cell viability was measured by MTT assay. #Po0.01,
**Po0.01 by one-way ANOVA, compared with only cisplatin-treated group (#), or cisplatin/flunarizine-treated group (**) (d) Cells were treated with 20 mM cisplatin,
10 mM flunarizine or cisplatin/flunarizine for 12 h in the presence of 10 mM LY204002 or 1mM wortmannin. Cytosolic (CE) and nuclear (NE) extracts from cells were
immunoblotted for Nrf2, VDAC, and b-actin
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of HO-1 was significantly increased in WT-Nrf2 transfectant
(22597135 pmol bilirubin/mgprotein/h) compared to pcDNA3
transfectant (22375 pmol/bilirubin/mgprotein/h, Po0.001)
(Figure 6b).
We next tested whether HO-1 affects the viability of Nrf2

transfectants in the presence of cisplatin. Overexpression of
WT-Nrf2 plasmid alone was sufficiently enough to render cells

to be resistant against cisplatin (Figure 6c) (Po0.01
compared to pcDNA3 transfectant, one-way ANOVA). How-
ever, DN-Nrf2 plasmid could not induce resistance against
cisplatin. Furthermore, we examined the effect of cobalt-
protoporphyrin IX (CoPPIX), a HO-1 inducer,18 on the viability
of transfectants in the presence of cisplatin. Treatment
with CoPPIX significantly increased the viability of cells

Figure 5 Pretreatment with flunarizine required the transcriptional activity of Nrf2 to elicit the protective effect against cisplatin. (a) Cells were transfected with various
doses of DN-Nrf2 expression vector and were followed by the addition of cisplatin in the presence of flunarizine for 36 h to measure the cell viability by MTT assay. (b)
Cells, co-transfected with ARE-Luc reporter gene and DN-Nrf2 expression vector, were treated with 20 mM cisplatin in the presence of 10 mM flunarizine for 18 h, and
then luciferase activity was measured. #Po0.01, *Po0.05, **Po0.01 by one-way ANOVA, compared with only cisplatin treated group (#) or flunarizine/cisplatin-
cotreated group (*, **)

Figure 4 Ectopic expression of WT-Nrf2 rendered HEI-OC1 cells more resistant against cisplatin. (a) After 48 h later, expression levels of WT-Nrf2 or DN-Nrf2 protein
were measured by Western blotting using anti-Nrf2 antibody. (b) Cells were co-transfected with Nrf2 expression vectors and ARE-luciferase reporter gene for 24 h, and
then luciferase activity was measured at 18 h later. *Po0.05, **Po0.01 by one-way ANOVA, compared with control group. (c) Cells were treated with 20 mM cisplatin
for 36 h and the viability was measured by MTT assay. (d) Cells were cotransfected with Nrf2 expression vectors and ARE-luciferase reporter gene for 24 h, and then
further treated with 20 mM cisplatin for 18 h, and then luciferase activity was measured. *Po0.05, **Po0.01 by one-way ANOVA, compared with only cisplatin-treated
group (c, d)
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transfected with pcDNA3, WT-Nrf2 and DN-Nrf2 plasmids
(Po0.05 or 0.01, compared to pcDNA3 transfectant treated
with cisplatin only, one-way ANOVA). However, suppression
of HO-1 activity by cotreatment with SnPPIX, an inhibitor of
HO-1 enzymatic activity, markedly abolished the protective
effect of CoPPIX in parent cells as well as in two transfectants
of Nrf2, including WT-Nrf2 and DN-Nrf2 (Figure 6c). Interest-
ingly, Wt-Nrf2 transfectant was still significantly resistant to
cisplatin (Po0.01, compared to pcDNA3 transfectant) in the
presence of SnPPIX. We further confirmed that pretreatment
with CoPPIX increased the expression of HO-1 protein
(Figure 6d).
To further rule out the roles of other Nrf2-driven transcrip-

tional activation, the mRNA expression profiles of a plethora
of genes regulated by Nrf2 were examined by RT-PCR
amplification from cells treated with cisplatin alone, flunarizine
alone, or combination of cisplatin and flunarizine for 24 h
(Figure 7a). Treatment with cisplatin alone could induce an
early transcriptional activation of various Nrf2-driven mRNAs,
including HO-1, NQO1, GCLC, GCLM, GSTm-1, and GSTA4,
at 1 or 3 h after treatment. Interestingly, pretreatment with
flunarizine predominantly induced much earlier and augmen-
ted expression of HO-1 mRNA only among other Nrf2-driven
transcripts. Flunarizine-mediated augmentation of the tran-
scriptional activation of HO-1 remained up to 24 h in the
presence of cisplatin. However, transcriptional activation of
other Nrf2-driven transcripts, including as NQO1, GCLC,
GCLM,GSTm-1, and GSTA4, in cisplatin-treated cells was not
changed regardless in the presence of flunarizine.

To define the role of HO-1 in the protective effect
of flunarizine from cisplatin cytotoxicity, cells were also
pretreated with SnPPIX to suppress HO-1 activity in the
presence of cisplatin and flunarizine (Figure 7b). The data
demonstrated that treatment with flunarizine significantly
increased the viability of cisplatin-treated cells, which was
dose-dependently alleviated by pretreatment with SnPPIX.
We also verified that pretreatment with flunarizine resulted in a
marked increase of enzymatic activity of HO-1 activity, which
was also markedly suppressed by the addition of SnPPIX,
respectively (Figure 7c). In addition, induction of HO-1 protein
by pretreatment with flunarizine was also slightly reduced by
the addition of SnPPIX (Figure 7d). In our previous study, we
demonstrated that another T-type calcium channel blocker,
pimozide, also showed the cytoprotetive effect against
cisplatin-mediated HEI-OC1 auditory cell deaths.14 We,
therefore, verified the effects of other calcium channel
brokers, including nicardipine, nifedipine, diltiazem, flunari-
zine and pimozide, on HO-1 induction by Western blot. As
shown in Figure 7e, both pimozide and flunarizine could
markedly induce HO-1 proteins in HEI-OC1 cells.
Next, to further make sure that the protective effect of

flunarizine is indeed mediated through Nrf2/HO-1 activation,
the siRNA constructs of Nrf2 and HO-1 were transfected in
HEI-OC1 cells. Knockdown the transcriptional expressions of
Nrf2 and HO-1 by using siRNAs revealed that activation of
both Nrf2 and HO-1 signaling was obligatory required in the
protective effect of flunarizine against cisplatin. Transfection
of either Nrf2 or HO-1 siRNAs, but not unrelated control

Figure 6 Ectopic expression of Nrf2 increased the survival of cells via induction of HO-1. (a) Transfectants of WT-Nrf2 or DN-Nrf2 were used to measure the
expression levels of Nrf2 and HO-1 protein by Western blotting. (b) The enzymatic activity of HO-1 from transfectants was determined by measuring bilirubin formation
(c) Transfectants of Nrf2 constructs were treated with cisplatin for 36 h in the presence or absence of 20 mM CoPPIX, and then cell viability was measured by MTT assay.
*Po0.05, **Po0.01 by one-way ANOVA. (d) After treatment with 20 mM CoPPIX in the presence cisplatin for 24 h, HO-1 expression of parental HEI-OC1 cells was
measured by Western blotting
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siRNAs, resulted in a substantial suppression of cell viability
in cells treated with flunarizine and cisplatin (Figure 8a). We
confirmed that transfection of Nrf2 or HO-1 siRNAs curtailed
the expression of their respective mRNAs (Figure 8b). More-
over, consistent with previous results, expression of HO-1
mRNA completely disappeared following transfection of Nrf2
siRNA.
Next, to further examine the mechanism by which end

metabolites of heme catabolism by HO-1, including bilirubin,
iron, and carbon monoxide (CO), contribute to the cellular
resistance against cisplatin in HEI-OC1 cells, cells were
incubated with CO-releasing agent CO-RM2, bilirubin, and
ferric citrate before the addition of cisplatin (Figure 8c). The
data showed that pretreatment with CO-RM2 and bilirubin

resulted in a significant increase in viability of cisplatin-treated
cells. However, treatment with ferric citrate, as an iron donor,
failed to protect cells from cisplatin (Figure 8c).
As the inhibition of PI3K using specific inhibitors, includ-

ing LY294002 and wortmannin, markedly abrogated the
nuclear translocation of Nrf2 as well as the protective effect
of flunarizine against cisplatin (Figure 3c and d), we further
examined the effect of PI3K inhibition on HO-1 induction by
flunarizine. In parallel with the inhibition of nuclear transloca-
tion of Nrf2 by PI3K inhibitors, HO-1 induction by flunarizine
was apparently inhibited by pretreatment with PI3K inhibitors,
including LY294002 and wortmannin (Figure 9). These results
suggest that flunarizine indeed regulates HO-1 expression
through PI3K/Nrf2 signaling.

Figure 7 Pretreatment with flunarizine predominantly induced the transcriptional expression of HO-1 among other Nrf2-regulated genes in cisplatin-treated cells. (a)
Cells were treated with 20 mM cisplatin for the indicated periods in the presence or absence of 10 mM flunarizine. Then, total RNA was isolated by RNAzol and cDNA was
synthesized by reverse transcriptase. The Nrf2-related genes, including HO-1, NQO1, GCLC, GCLM, GSTm-1, and GSTA4, were amplified with specific primer sets,
respectively. Also, cells were treated with 20 mM cisplatin, 10 mM flunaizine and various doses of SnPPIX for 36 h and used to measure the cell viability (b), to determine
the enzymatic activity of HO-1 at 20 h (c), or to test the expression level of HO-1 protein by Western blotting (d). #Po0.01, **Po0.01 by one-way ANOVA, compared
with only cisplatin treated group (#) or flunarizine/cisplatin-cotreated group (*, **). (e) To examine the effect of calcium channel blockers on the HO-1 induction, cells were
treated with various calcium channel blockers for 24 h. Cell lysates were separated on 12% SDS-PAGE to probe for HO-1 and b-actin by Western blot. Nicardipine,
10 mM; nifedipine, 12.5 mM; ditiazem, 10 mM; pimozide, 2.5 mM
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Protective effect of flunarizine on the primary
organ of Corti explants

Finally, to examine whether flunarizine protects the primary
organ of Corti explants from cisplatin, the half middle turn of
organ of Corti from neonatal (P2) Sprague–Dawley rats was
isolated and treated with 10mM flunarizine and 20 mM cisplatin
for 25 h in the presence or absence of 10 mM SnPPIX. Media
control alone did not induce apparent damage on stereocilia
bundles, of which F-actin was intensely labeled with TRITC-
conjugated phalloidin (Figure 10a). Three rows of OHCs and a
single row of IHCs were clearly observed in phalloidin staining

of media control group. Treatment with cisplatin resulted in
destruction of stereocilia bundles, and caused the disarray of
three rows of OHCs and a single row of IHCs (Figure 10b).
However, pretreatment with flunarizine apparently provided a
complete protection against cisplatin-induced stereocilia loss
in the primary organ of Corti explants (Figure 10c). However,
the pharmacological inhibition of HO-1 activity by SnPPIX
markedly abolished the protective effect of flunarizine on the
primary rat organ of Corti explants from cisplatin (Figure 10d).

Discussion

Cisplatin is one of the most widely used chemotherapeutic
agents in treatment of human tumors, but the risk of ototoxicity
and nephrotoxicity commonly hampers the use of higher
doses to maximize its antineoplastic effects.19 Ototoxicity
following cisplatin therapy is common, and is a result of
damage to OHCs of the organ of Corti.20,21 In fact, cisplatin

Figure 8 Knock down of both Nrf2 and HO-1 by siRNA transfection abolished
the protective effect of flunarizine against cisplatin in HEI-OC1 cells. Cells were
transfected with 0.5 mg siRNAs constructs of Nrf2, HO-1, and control plasmid and
further treated with 20 mM cisplatin and 10 mM flunarizine. (a) Cell viability was
measured by MTT assay at 36 h after treatment. #Po0.01, **Po0.01 by one-
way ANOVA, compared with only cisplatin-treated group (#), or cisplatin/
flunarizine-treated group (**). (b) After 24 h, RT-PCR was performed to amplify
Nrf2 and HO-1 genes. (c) Cells were treated with 20 mM cisplatin for 36 h in the
presence of CO-RM2 (50 mM), bilirubin (10 mM), and ferric citrate (FC) (200 mM).
Cell viability was measured by MTT assay. **Po0.01 by one-way ANOVA,
compared with only cisplatin-treated group

Figure 9 Pharmacologic inhibition of PI3K decreased the flunarizine-mediated
induction of HO-1 in HEI-OC1 cells. Cells were treated with 20 mM cisplatin,
10 mM flunarizine or cisplatin/flunarizine for 12 h in the presence of PI3K
inhibitors, including 10 mM LY204002 and 1 mM wortmannin. Cell lysates were
separated on 12% SDS-PAGE and immunoblotted for HO-1 and b-actin

Figure 10 Pharmacologic inhibition of HO-1 activity suppressed the protective
effect of flunarizine against cisplatin in the rat primary organ of Corti explants. The
organ of Corti explants were treated with media (a), 20 mM cisplatin (b), 10 mM
flunarizine plus cisplatin (c), or triple combination with cisplatin, flunarizine, and
10 mM SnPPIX for 28 h. The organ of Corti explants were stained with TRITC-
conjugated phalloidin, and then observed under fluorescent microscope

Effect of Nrf2/HO-1 on cisplatin-cytotoxicity
H-S So et al

1770

Cell Death and Differentiation



induces apoptosis of OHCs in the organ of Corti explants and
in vivo. It is also well known that cytotoxicity of cisplatin occurs
via at least two major mechanisms, including formation of
DNA adducts22–24 and damage due to ROS generation.20,25

Ultimately, these processes lead auditory organs to lose
functional components by apoptosis or necrosis.26,27

Recently, we reported that flunarizine, an antagonist of
T-type specific calcium channels CACNa1G and CACNa1I,
protects auditory cells from cisplatin through inhibition of lipid
peroxidation and mitochondrial dysfunction.14 In the present
study, we have further elucidated that Nrf2/HO-1 signaling is
directly involved in the protective effect of flunarizine against
cisplatin in both HEI-OC auditory cells and in the primary rat
P(2) organ of Corti explants.
Nrf2 is a basic leucine zipper transcription factor, which

transcriptionally regulates many genes including HO-1,28

NAD(P)H:quinine oxidoreductase-1 (NQO-1),29 g-glutamyl-
cysteine synthase,30 and glutathione S-transferase. Inactive
Nrf 2 is localized in the cytoplasm, in part or totally, as a
consequence of binding to cytoskeleton-associated protein,
Keap1.31 Recently, it has also been reported that MAP
kinases, including ERKs, JNKs, and p38, are implicated in
phosphorylation and stabilization of Nrf2 to facilitate its
nuclear translocation32 and binding to distinct but very similar
DNA elements, individually or alternatively referred to as
Maf recognition element (MARE),33 stress-response element
(StRE),29 or antioxidant-response element (ARE).34 In addi-
tion, PI3K/Akt signaling pathway also regulates AREs activa-
tion via the nuclear translocation of Nrf2.15

We demonstrated here that Nrf2 is predominantly localized
in the cytoplasm of resting cells. However, it apparently
translocated into the nucleus following the addition of
flunarizine. Treatment with flunarizine resulted in a pro-
nounced increase in nuclear Nrf2 along with a concomitant
decrease in cytosolic Nrf2 protein levels. However, flunarizine
did not affect the total expression amount of Nrf2 protein within
cells. We also detected a concomitant decrease in the total
amount of Keap-1 protein, which bound to Nrf2, in the cytosol
by the addition of flunarizine. To further provide the exact
mechanism how flunarizine induced the nuclear translocation
of Nrf2, we examined several signaling pathways, including
MAPKs and PI3K. The data demonstrated that PI3K pathway
was directly involved in the protective effect of flunarizine
against cisplatin as well as the nuclear translocation of Nrf2 by
flunarizine. However, considering that PI3K inhibitors partially
inhibits nuclear Nrf2 translocation whereas they completely
reverse the cytoprotection afforded by flunarizine, there
may be other roles of PI3K in an Nrf2-independent manner.
Akt serves for cell survival through phosphorylation-mediated
protein modification, including inactivation of tumor suppres-
sors and activation of trophic signal cascades.35 PI3K/Akt
signaling also upregulates transport and metabolism of
glucose and amino acids. It also stimulates the activity of
translation initiation factors and ribosome biosynthesis.36

Recently, Abdul-Ghani et al.37 reported that inhibition of
PI3K results in an increase of intracellular doxorubicin
concentration in a competitive manner. Furthermore, fluna-
rizine might induce a loss of PTEN function, which used to
trigger the activation of the PI3K/Akt pathway.38 In addition,
cisplatin induced the activation of MAPKs, which was

antagonized by flunarizine (data not shown, manuscript in
preparation). This result indicated that the activation of MAP
kinases is not directly involved in the nuclear translocation
of Nrf2 by flunarizine in HEI-OC1 cells. Of note, we observed
that cisplatin also induces translocation of Nrf2 into the
nucleus. Based on previous reports, showing that cisplatin
generates ROS, which further contributes the Nrf2-driven
transcriptional activation of ARE, we could assume that ROS
generated by cisplatin induces the nuclear translocation of
Nrf2. However, we are confident that the functional role of
nuclear translocation of Nrf2 by either ROS or unidentified
factors was not sufficient for survival of cells from cisplatin
cytotoxicity.
In addition, the intracellular calcium ([Ca2þ ]i) levels increased

by flunarizine also did not affect the translocation of Nrf2
(data not shown). Our previous data demonstrated that both
flunarizine and cisplatin increase [Ca2þ ]i in auditory cells,14

Furthermore, an intracellular Ca2þ chelator, BAPTA-AM, and
a calcium ionophore, A23187, did not affect the cytotoxicity
of cisplatin as well as the protective effect of flunarizine.
HO-1 functions as an important protective regulator against

various oxidative injuries39 and is also induced by a variety of
cellular stress including heme,40 hyperoxia,41 hypoxia,42 and
eletrophiles43 through transcriptional activation of AP-1, STAT
and Nrf2. Many studies have reported that HO-1 expression is
mainly regulated by Nrf2-dependent ARE activation in several
cell types.44–46 Studies of the ectopic expression of Nrf2 and
siRNA constructs of Nrf2 and HO-1 further confirmed that the
protective effect of flunarizine is indeed through Nrf2/HO-1 in
cisplatin-treated cells. Our results also suggest that the ARE-
driven upregulation of HO-1 gene expression after treatment
with flunarizine was mediated by nuclear translocation of
Nrf2, not by de novo synthesis of Nrf2 in HEI-OC1. We further
understand that there may be other means of transcriptional
activation, including AP-1 and STAT, to accelerate HO-1
generation in cisplatin-treated HEI-OC1 cells. Our data
demonstrated that CoPPIX, an inducer of HO-1, significantly
protected cells against cisplatin in DN-Nrf2 cells even
though overexpression of DN-Nrf2 could completely suppress
the Nrf2-driven transcriptional activation of ARE-luciferase.
However, even though CoPPIX increased the viability of
cells treated with cisplatin alone in DN-Nrf2 cells, the protec-
tive effect of CoPPIX was not prominent compared to parent
cells transfected with pcDNA3 vector only. Furthermore, we
observed that CoPPIX triggered the nuclear localization of
Nrf2 along with transcriptional activation of ARE-luciferase
(data not shown). Similarly, Gong et al.47 also reported that
cobalt induces HO-1 expression through transcriptional
activation of Nrf2. Based on these results, we suggest that
the protective effect of CoPPIX against cisplatin is contributed
by several factors, including transcriptional activation of
Nrf2. Interestingly, transfectant of WT-Nrf2 was still signifi-
cantly resistant to cisplatin even though the expression and
enzymatic activity of HO-1 were markedly suppressed by the
addition of SnPPIX. These data suggest that the protective
effect of CoPPIX against cisplatin is, in part, mediated by an
Nrf2-independent mechanism, which also leads to elicit HO-1
induction.
Besides HO-1 expression, we also considered the possi-

bility that other end products of the transcriptional activation of
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Nrf2 may contribute the cytoprotective effects of flunarizine in
cisplatin-treated cells. To address this question, we examined
the mRNA expression profiles of a plethora of Nrf2-regulated
genes, including HO-1, NQO1, GCLC, GCLM, GSTm-1, and
GSTA4, in HEI-OC1 cells. The expression level of HO-1 only
was augmented by pretreatment with flunarizine whereas
time-dependent mRNA expression profiles of other Nrf2-
regulated genes, such as NQO1, GCLC, GCLM, GSTm-1, and
GSTA4, were not affected by flunarizine in the presence of
cisplatin. Therefore, it has still to be elucidated what gene(s)
cooperating with HO-1 could confer the significant protective
effects of flunarizine against cisplatin in auditory cells. In
addition, it is very important to elucidate which metabolic
product(s) of HO-1 is responsible for the protective effect of
flunarizine in cisplatin-treated cells. In our experiment,
exogenous treatment with both bilirubin and carbonmonoxide
(CO) dose-dependently protected HEI-OC1 cells from cispla-
tin. However, treatment with ferric citrate, as a ferric iron
source, failed to protect cells from cisplatin.
In conclusion, we have demonstrated that flunarizine

induced the nuclear translocation of Nrf2 and thereby
increased mRNA expression of ARE-driven gene, HO-1,
through PI3K/Akt activation. Overexpression studies of Nrf2
revealed that Nrf2-driven transcriptional activation of ARE
may be a critically important regulator of cellular susceptibility
to cisplatin. Also, an increase in enzymatic activity of HO-1
and overexpression of WT-Nrf2 rendered cells to be more
resistant against cisplatin in both HEI-OC1 and the primary rat
P(2) organ of Corti explants. Taken together, these results
suggest that the T-type calcium channel blocker, flunarizine,
antagonized the cytotoxicity of cisplatin in auditory cells via
activation of PI3K-mediated Nrf2/HO-1 signaling. This Nrf2/
HO-1 signaling may be a potential therapeutic target to
prevent ototoxic damage as well as to modulate cellular
susceptibility toward cisplatin.

Materials and Methods

Reagents

Cisplatin, flunarizine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT), cobalt Protoporphyrin IX (CoPPIX), and tin protoporphyrin
IX (SnPPIX), were purchased from Sigma Chemical Co (St Louis, MO).
LY294002 and wortmannin were purchased from Calbiochem (La Jolla,
CA). For CO supply into cultures, we used DMSO-solubilized CO-RM2
([Ru(CO)3Cl2]2, Frontier Scientific Inc., Logan, UT), which was able to
release CO spontaneously into culture medium. Fugene 6 transfection
reagent kit was purchased from Roche (Roche diagnostics, Indianapolis,
IN). Goat or rabbit anti-Nrf2, anti-HO-1, anti-Keap1, and anti-b-actin
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). The plastic culture wares were bought from Becton Dickinson
Labware (Franklin Lakes, NJ). Dulbecco’s modified essential medium
(DMEM), fetal bovine serum (FBS), and other tissue culture reagents were
obtained from Life Technologies Inc. (Gaithersburg, MD).

Cell culture and viability

The establishment and characterization of the conditionally immortalized
HEI-OC1 cell line was described by Kalinec et al.48 Expression of outer
hair cell specific markers, including Math1 and Myosin 7a, suggests that

HEI-OC1 cells may represent OHC precursors.49 Cells were maintained in
high glucose DMEM containing 10% FBS and 50 U/ml g-interferon
(Genzyme, Cambridge, MA). Cells were cultured under permissive
conditions: 331C, 7% CO2 in DMEM supplemented with 10% FBS. Cells
(3� 104 cells/each well of 24-well plate) were incubated with varying
concentrations of cisplatin (Sigma) 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 (OD) of each culture well was measured using a Microplate reader
(Titertek Multiskan, Flow Laboratories) at 590 nm. The OD in control cells
was taken as 100% of viability.

Nrf2 plasmid constructs

WT-Nrf2 and dominant–negative mutant of Nrf2 (DN-Nrf2) were generated
by PCR amplification of mouse cDNA with oligonucleotide pairs KpnINrf2:
50-CGG GGT ACC ATG GAT TTG ATT GAC ATC C-30 and XbaINrf2: 50-
TGC TCT AGA CTA GTT TTT CTT TGT ATC TGG-30 and NotIDN-Nrf2:
50-GCA CGC GGC CGC CAT GGG TGA ATC CCA ATG TGA A-30 and
XbaINrf2: 50-TGC TCT AGA CTA GTT TTT CTT TGT ATC TG-30,
respectively. The amplification product was digested by restriction
enzymes and cloned into the pcDNA3.1(þ ) vector. DN-Nrf2, lacking
the transcriptional activation domain, was generated by deleting amino
acid residues 1–392 as described previously.28

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

To generate stable transfectants, cells were transfected with either parental
vector, pCDNA3.1, or pcDNA3.1 containing WT-Nrf2 or DN-Nrf2. Stable
transfectants were selected after culturing cells in medium containing 400mg/
ml of G418 (Invitrogen Corp., Groningen, The Netherlands). Several
independent colonies from each transfectant were selected and Nrf2
expression was confirmed by Western blot analysis. Inhibition of Nrf2 and HO-
1 expression was also assessed by Western blotting analysis after transfection
of HEI-OC1 cells with Nrf2 and HO-1 siRNA, respectively. The Nrf2 siRNAs
construct is a pool of 3 sequences of siRNA as follows: 1170 forward 50-CUC
UGA CUC UGG CAU UUC Att-30; 1170 reverse 50-UGA AAU GCC AGA
GUC AGA Gtt-30; 1402 forward 50-CGU GAA UCC CAA UGU GAA Att-30;
1402 reverse 50-UUU CAC AUU GGG AUU CAC GTT-30; 1826 forward
50-CCU UGU AUC UUG AAG UCU Utt-30; 1826 reverse 50-AAG ACU UCA
AGA UAC AAG Gtt-30. The HO-1 siRNAs is also a pool of three sequences of
siRNA as follows: 282 forward 50-GCU UCC UUG UAC CAU AUC Utt-30; 282
reverse 50-AGA UAU GGU ACA AGG AAG Ctt-30; 745 forward 50-CCU UCC
UGC UCA ACA UUG Att, 745 reverse 50-UCA AUG UUG AGC AGG AAG
Gtt-30; 1525 forward 50-CUC UAA CUU CUG UGU GAA Att-30; 1525 reverse
50-UUU CAC ACA GAA GUU AGA Gtt-30. All siRNAs constructs were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Briefly, cells were grown in 24-well plates and transiently transfected with
0.5mg of Nrf2, HO-1, or control siRNA constructs mixed with X-tremeGENE
siRNA transfection reagent (Roche Applied Science, Penzberg, Germany)
according to the manufacturer’s protocol. After incubation at 331C and 5%
CO2 for 36 h, cells were further treated with cisplatin and flunarizine.
Samples were then prepared and analyzed for viability or RT-PCR.

ARE-luciferase activity assay

Cells were transfected with ARE-luciferase (ARE-Luc) reporter plasmid.
ARE-Luc was generated by transferring the enhancer 2 (E2) and minimal
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promoter (MP) sequence44 into luciferase reporter plasmid pGL3-Basic.
E2 and MP were generated by PCR of mouse cDNA with oligonucleotide
pairs E2 SacI: 50-AGC TGA GCT CCT TAA GCA ATC CAT TAG GAA TCC
G-30 and E2 ApaI: 50-AGC TGG GCC CCC GCT CTC TTG CCA GAC TC-
30 and MP Apa1: 50-TTA CAG GCA GGG CCC GCC T-30 and MP Xho1:
50-TAT GCT CGA GAC GGC TCT GC-30, respectively. For transfection of
reporter plasmid, cells were seeded on 24-well plates at a density of
3� 104 cells/well on the day before transfection. A total of 750 ng of
plasmid DNA including 200 ng of luciferase reporter, various doses of WT-
Nrf2 or DN-Nrf2 expression as noted, and 50 ng of pcDNA3-b-gal was
transfected into cells by Tfxt-50 reagent (Promega, Madison, WI). The
amount of transfected DNA was held constant to 750 ng by the addition of
empty vector DNA where necessary. After 48 h of transfection, cells were
washed twice with PBS buffer and then lysed in reporter lysis buffer.
Luciferase activity was measured with a luciferase assay system
(Promega) according to the manufacturer’s instructions. Luciferase
activity was measured in triplicate, averaged, and then normalized with
b-galactosidase activity using the galactosidase assay system (Galacto-
Light, Tropix Inc., MA) according to the manufacturer’s instructions.

Assay for HO-1 activity

The enzymatic activity of HO-1 was measured by a previously described
method.50 Briefly, microsomes from harvested cells were added to a
reaction mixture containing NADPH, rat liver cytosol as a source of
biliverdin reductase and a substrate, hemin. The reaction as conducted at
371C in the dark for 1 h, terminated by the addition of 1 ml of chloroform
and extracted bilirubin was calculated by the difference in absorbance
between 464 and 530 nm. The protein content was determined by the
Lowry method.

Preparation of cytosolic and nuclear extracts

Cells were washed with ice-cold PBS, scraped, and centrifuged at
1000� g for 5 min at 41C. The cell pellet was resuspended in 200 ml of
lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 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 ml of 10% NP-40 was added
and the tube was vortexed for 10 s. After centrifugation at 13 000� g for
1 min at 41C, supernatants (cytosolic extracts) were collected and stored
at �801C, whereas the pellets were further processed to obtain nuclear
extracts. The pellet was resuspended in extraction buffer (5 mM HEPES,
pH 7.9, 1.5 mM MgCl2, 0.5 mM phenylmethylsulfonyl fluoride, 0.2 mM
EDTA, 0.5 mM dithiothreitol, and glycerol 25% vol/vol) and incubated
for 30 min at 41C. Nuclear extracts were isolated by centrifugation at
13 000� g for 30 min at 41C. The supernatant was aliquoted and stored at
�801C until used for Western blot analysis. Protein concentration was
determined by the Lowry method.

Western blot for HO-1and Nrf2

Western blot was performed as follows. An equal volume of 2� SDS
sample buffer was added and the samples were then boiled for
5 min. Sample (40 mg) was subjected to electrophoresis on 12% SDS-
polyacrylamide gels for 2 h at 20 mA and then transferred onto
nitrocellulose. The membrane was incubated for 1 h in 5% (wt/vol) dried
milk protein in PBS containing 0.05% (vol/vol) Tween-20 (PBS-T), washed
in PBS-T and then incubated for 1 h in the presence of primary antibody
(1 : 1000). The membrane was washed extensively with PBS-T and then
incubated with anti-mouse IgG antibody conjugated to HRP (1 : 3000) for

1 h. After extensive washes, immunoreactive bands on the membrane
were visualized using chemiluminescent reagents according to the
manufacturer’s protocol (Supersignal Substrate; Pierce, Rockford, IL).

Immunocytochemistry

Cells were pretreated with 10 mM flunarizine and 20mM CoPPIX in the
presence or absence of 20mM cisplatin. After removal of the culture
medium, cells were washed three times with PBS, and fixed with 4%
paraformaldehyde in PBS for 1 h at room temperature (RT). Cells were
then rinsed twice with PBS, preincubated in the same buffer containing
0.1% Triton X-100, and followed by three washes. Cells were blocked with
0.1% BSA in PBS for 1 h and then incubated with primary anti-Nrf2
antibody (SC-13032, Santa Cruz Biotech Inc, Santa Cruz, CA) in PBS
containing 3% BSA for 18–20 h at 41C. After three washes with PBS, cells
were incubated with goat anti-rabbit Texas Red-tagged secondary
antibody at a dilution of 1 : 500 in PBS for 1 h at RT. Cells were then
washed in PBS and further incubated with 0.5mg/ml DAPI at RT for
30 min. Subcellular localization of Nrf2 was observed under fluorescent
microscope equipped with digital camera (IX71, Olympus, Japan). The
fluorescent images were captured using appropriate filters.

RT-PCR

After the extraction of total RNA from the experimental group’s cochlea
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, Kyoto, Japan) was
performed for 27 cycles using the following protocol: 951C for 40 s, 581C
for 40 s, and 721C for 50 s. The sequences of primers used for PCR
amplification are as follows: GAPDH (forward, 50-AAC GGG AAG CCC
ATC ACC-30, and reverse, 50-CAG CCT TGG CAG CAC CAG-30); NQO-1
(forward, 50-CAT TCT GAA AGG CTG GTT TGA-30, and reverse, 50-CTA
GCT TTG ATC TGG TTG TCA G-30); GCLC (forward, 50-ACA AGC ACC
CCC GCT TCG GT-30, and reverse, 50-CTC CAG GCC TCT CTC CTC
CC-30); GCLM (forward, 50-ACC TGG CCT CCT GCT GTG TG-30, and
reverse, 50-GGT CGG TGA GCT GTG GGT GT-30), GSTm-1 (forward,
50-CTC CCG ACT TTG ACA GAA GC-30, and reverse, 50-CAG GAA GTC
CCT CAA GTT TG-30); and GSTA4 (forward, 50-GCC AAG TAC CCT TGG
TTG AA-30, and reverse, 50-CAA TCC TGA CCA CCT CAA CA-30).

Culture of the organ of Corti explants

The organ culture procedure was similar to that described previously.51

Spague Dawley rat was sacrificed 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 further analysis. Cochlea explants were treated with high
glucose (4.5 g/l) DMEM containing 10% FBS, 20 mM cisplatin, 10mM
flunarizine, 20 mM CoPPIX, and 10mM SnPPIX and further incubated at
371C 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. Specimen
was fixed for 15 min in 2% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) at RT. Specimen was rinsed in 0.1 M PBS, then incubated in
0.25% Triton X-100 for 2 min and immersed in TRITC-labeled phalloidin
(Sigma P1951, 1 : 100) in PBS for 20 min. After three washes with PBS,
specimen was examined under fluorescence microscope with appropriate
filters for TRITC (excitation: 510–550 nm, emission: 590 nm).
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Statistical analysis

Each experiment was performed at least three times, and all values are
represented as means7S.D. of triplicates. One-way ANOVA was used to
analyze a statistical significance of the results. Values of Po0.05 were
considered as statistically significant.
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