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Abstract Cisplatin is a widely used chemotherapeutic
drug for the treatment of various cancers. However, the
ototoxicity severely limited its maximum dose. The present
study was designed to evaluate the effect of Ginkgolide B
(GB), a major component of Ginkgo biloba extracts, on
cisplatin-induced ototoxicity and to elucidate the molecu-
lar mechanism in vitro and in vivo. In HEI-OC1 auditory
cells, GB concentration-dependently inhibited the reduc-
tion of cell viability and increase in apoptosis exerted by
cisplatin.  Cisplatin-activated mitochondrial apoptotic
molecular events were significantly inhibited by GB. In
addition, GB notably suppressed the increase in NOX2
and p47Ph°% expression and the decrease in nuclear factor
erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1
(HO-1) expression in cisplatin-exposed cells. Inhibition
of Nrf2 using SiRNA and blockage of HO-1 by zinc pro-
toporphyrin IX (ZnPP) suppressed the protective effects
of GB. Moreover, GB prevented cisplatin-induced reduc-
tion of Akt phosphorylation and LY294002, an inhibitor
of PI3 K/Akt signaling, blocked the anti-apoptotic effect
of GB in cisplatin-treated cells. Furthermore, the protec-
tive effect of GB was tested in cisplatin-exposed rats. GB
treatment markedly protected animals against cisplatin-
induced hearing loss and vestibular dysfunction. Inhibition
of Akt and HO-1 significantly suppressed the improvement
in hearing loss and vestibular dysfunction in GB-treated
rats. We demonstrate that GB decreases ROS generation
through reducing NOX2 expression and enhancing activity
through Akt-Nrf2-HO-1 pathway, resulting in inhibition
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of mitochondrial apoptosis and final reduction of cisplatin-
induced ototoxicity in vitro and in vivo. Our findings have
gained an insight into the mechanism of GB-exerted pro-
tective effect against cisplatin-induced ototoxicity.
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Abbreviation

CHIP Chromatin immunoprecipitations
Cyto C Cytochrome ¢

GB Ginkgolide B

HEI-OC1 House Ear Institute-Organ of Corti 1

HO-1 Heme oxygenase-1

NOX Nicotinamide adenine dinucleotide phosphate
oxidase

MMP Mitochondrial membrane potential

Nrf2 Nuclear factor erythroid 2-related factor 2

PARP Poly (ADP-ribose) polymerase

PBS Phosphate-buffered saline

gRT-PCR  Real-time polymerase chain reaction

Rho123 Rhodamine 123

TUNEL  Terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling

ZnPP Zinc protoporphyrin IX

Introduction

Cisplatin (cis-diammine-dichloroplatinum (II), CDDP) is
a widely used chemotherapeutic agent for the treatment
of several neoplastic diseases, such as head and neck can-
cers [31]. However, the clinical use of cisplatin is limited
by several severe side effects, including neurotoxicity,
nephrotoxicity, myelotoxicity, gastrointestinal toxicity, and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-015-2716-9&domain=pdf

950

Cancer Chemother Pharmacol (2015) 75:949-959

ototoxicity [13, 17, 40, 42]. It is noted that hearing loss is
a major dose-limiting side effect of cisplatin, resulting in
bilateral, irreversible, and progressive sensorineural hear-
ing loss and a severe decrease in quality of life of cancer
patients [32]. It is estimated that up to 93 % patients who
receive cisplatin chemotherapy may experience ear-related
symptoms, with no effective treatment available for cispl-
atin-induced ototoxicity [36]. Thereof, ototoxicity repre-
sents a major limitation to effective CDDP chemotherapy
[28]. Cisplatin mainly damages the outer and inner hair
cells, targeting Corti, and induces degeneration of spiral
ganglion neurons, leading to irreversible hearing loss. In
addition to that, the ears play a pivotal role in the regulation
of balance. Thus, cisplatin can also induce vestibulotoxicity
[2]. The occurrence of oxidative stress and apoptosis has
been reported to be involved in cisplatin-induced ototoxic-
ity [9, 38].

Extracts of Ginkgo biloba leaves are widely used herbal
products and/or dietary supplements in patients with neu-
rodegenerative, vascular, and audiovestibular disorders [3,
34, 41]. It has been shown that G. biloba extracts exhibit
potent antioxidant and anti-apoptotic activity, which is
involved in the pharmacological activities [15, 43]. Moreo-
ver, G. biloba extracts were shown to be able to protect
against cisplatin-induced ototoxicity [7, 14, 34]. Gink-
golide B (GB) is one of the major components of G. biloba
extracts [19] that possesses many pharmacological proper-
ties, including anti-inflammatory effect, anti-tumor effect,
anti-apoptotic effect, and antioxidant activity [4, 18, 44,
45]. However, the effect of GB on cisplatin-induced oto-
toxicity is unclear.

The present study was designed to examine the poten-
tial protective effect of GB on cisplatin-induced ototoxicity
and to elucidate the possible molecular mechanisms. The
results showed that GB decreased ROS generation through
reducing NOX2 expression and enhancing Nrf2—HO-1 anti-
oxidant pathway via activation of Akt signaling, resulting
in inhibition of mitochondrial apoptosis and final reduction
of cisplatin-induced ototoxicity in vitro and in vivo.

Materials and methods
Chemicals and materials

B-actin, tubulin-a, cytochrome c, caspsae 3, caspsae 9,
PARP, Nrf2, HO-1, NOX2, and P47°"* antibodies were
purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). GB was obtained from the Research Center
of Traditional Chinese Medicine (Wuhan, China) and dis-
solved in DMSO. DHE, MitoSOX, and Rhodamine 123
were purchased from Invitrogen. Cisplatin, zinc protopor-
phyrin IX, and LY294002 were procured from Sigma. All
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of the other chemicals used were of the highest grade avail-
able commercially.

Cell culture and treatment

House Ear Institute-Organ of Corti 1 (HEI-OC1) cells are
conditionally immortalized mice cochlear cells that have
been previously characterized [9]. HEI-OC1 cells were cul-
tured in high-glucose Dulbecco’s modified Eagle medium
(DMEM; GIBCO/BRL) containing 10 % fetal bovine
serum (FBS; GIBCO/BRL) and 50 U/mL interferon-y
(Genzyme, Cambridge, MA, USA) without antibiotics. To
evaluate the effect of GB on cisplatin-induced cytotoxicity,
HEI-OCI1 cells were incubated with cisplatin in the pres-
ence or absence of indicated concentrations of GB with or
without specific inhibitors for 24 h.

Cell viability

HEI-OCI cells were seeded in 96-well plates, with 1 x 10*
cells in each well. After incubation for 24 h, cells were
incubated with 1-100 wM cisplatin, or 1-200 uM GB, or
100 uM cisplatin with or without 1-50 wuM GB in the pres-
ence or absence of indicated inhibitors for another 24 h.
Cell viability was determined by the 3-(4,5-dimethylthi-
azoyl-2-yl) 2,5-diphenyltetrazolium bromide (MTT) assay.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay

Cells were seeded in special dishes for confocal observa-
tion. After 60-70 % confluence, the cells were incubated
with 1-100 M cisplatin in the presence or absence of indi-
cated concentrations of GB with without specific inhibitors.
After the treatment, the cells were washed with phosphate-
buffered saline (PBS), fixed in 4 % paraformaldehyde,
and incubated with 3 % H,0, in methanol for 10 min at
room temperature to block endogenous peroxidase activ-
ity. After PBS washing, dishes were incubated with the
TUNEL reaction mixture for 1 h at 37 °C and then stained
with DAPI for 15 min at room temperature. Finally, cells
were observed under a confocal microscope and TUNEL-
positive cells were counted under a 200x magnification
field. Results were shown as folds of TUNEL-positive cells
as control. In situ TUNEL assay was conducted according
to the manufacturer’s instructions (Roche).

Real-time polymerase chain reaction (QRT-PCR)

After the treatment, total RNA was isolated from HEI-OC1
cells according to the manufacturer’s instructions (TTIAN-
GEN, China). The concentration of total RNA was determined
by spectrophotometry. Then, RNA was reverse-transcribed
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to cDNA using a cDNA synthesis kit (Takara). The samples
were analyzed by RT-PCR using the BIORAD RT-PCR Sys-
tem for quantitative evaluation. One microliter of cDNA was
amplified with SYBR Premix Ex Taq (TaKaRa). PCR was
performed with the following mouse primers: Bax: forward: 5/
CCC ACC AGC TCT GAA CAG 3'; backward: 5' TCA GCT
TCT TGG TGG ACG 3'. Bcl-2: forward: 5 ACG GTG GTG
GAG GAA CTC 3’; backward: 5’ ACC CAG CCT CCG TTA
TCC 3'. Nrf2: forward: 5 CCA CAT TCC CAA ACA AGA
3/; backward: 5’ GGG CAG TGA AGA CTG AAC 3. HO-I:
forward: 5 TCA GAA GGG TCA GGT GTC 3'; backward:
5" CTC AGG GAA GTA GAGTGG 3'.

Mitochondrial membrane potential (MMP)

Cells were seeded in special dishes for confocal observa-
tion. After the treatment, the cells were washed with PBS
and incubated with Rhodamine 123 (Rho123) at 37 °C for
30 min. After that, fluorescence was observed under a con-
focal microscope.

Oxygen consumption rate

After the treatment, oxygen consumption rate was analyzed
to evaluate mitochondrial function. Briefly, cultured cells
were trypsinized, washed in PBS, and then resuspended in
Dulbecco’s phosphate-buffered saline (dPBS). Then, oxy-
gen consumption rate was measured with a Clark oxygen
electrode and expressed as percentage of baseline.

Western blot

After the treatment, the cells were collected and lysed with
cell lysis buffer (50 mM Tris—HCI, pH 8.0, 150 mM NaCl,
1 % Triton X-100, 1 mM EDTA, 10 mM NaF, 1 mM Na,VO,,
and protease inhibitor cocktail) on ice for 30 min. After cen-
trifugation at 20,000x g for 20 min at 4 °C, the protein con-
tents were determined by BCA assay kit (Pierce, USA). After
boiling for 5 min in a 2 x SDS loading buffer, 20 g of total
protein was subjected to SDS-PAGE and transferred onto a
PVDF membrane. Then, the membrane was blocked and
probed with indicated primary antibodies overnight at 4 °C.
After washing for four times, the membrane was incubated in
the appropriate horseradish peroxidase-conjugated secondary
antibody at 37 °C for 30 min. The protein bands were visual-
ized using chemiluminescent reagents according to the manu-
facturer’s instructions and quantified using an image analyzer
Quantity One System (Bio-Rad, Richmond, CA).

Caspase 3 and caspase 9 activities

After the experiment, the activities of caspase 9 and caspase
3 were assessed using commercial assay kits (Beyotime

Institute of Biotechnology, China) according to the manu-
facturer’s instructions.

ROS determination

Cells were seeded in special dishes for confocal observa-
tion. After the experiment, cells were washed with PBS,
stained with DHE (10 wM), a superoxide probe, or Mito-
SOX (500 nM), a mitochondrial superoxide-specific probe,
for 30 min at 37 °C, and then observed under a confocal
microscope.

Transfection and reporter gene assay

pGL6-ARE-luciferase (Beyotime Institute of Biotech-
nology, China) and Renilla TK (Promega) plasmids were
transfected into cells using a TurboFect transfection reagent
(Thermo Scientific). After the experiments, cells were har-
vested in passive lysis buffer (Promega) and reporter assay
was performed using the dual-luciferase reporter assay sys-
tem (Promega). Firefly luciferase activity was normalized
to Renilla luciferase and shown as a ratio of relative light
units.

Chromatin immunoprecipitations (CHIP)

After the experiment, CHIP was conducted using a Thermo
Scientific Pierce Agarose ChIP Kit according to the manu-
facture’s instruction. Cells were cross-linked using formal-
dehyde (1 %) and then were harvested and sheared by soni-
cation. The cell lysate was immunoprecipitated with Nrf2
antibodies. DNA was isolated from the immunoprecipitated
chromatin, and PCR was performed to examine the pres-
ence of HO-1 gene promoter.

Animal treatment

The Animal Care and Use Committee of The Second
Affiliated Hospital of Xi’an Jiaotong University approved
the surgical procedures in accordance with the guidelines
regarding the care and use of animals for experimen-
tal procedures. Sprague-Dawley rats (male, age 7 weeks,
200-250 g) were purchased from Animal Centre of Xi’an
Jiaotong University. The rats were maintained in a temper-
ature-controlled environment with a 12-h light/dark cycle
and had free access to water and food.

The rats were randomly divided into five groups (eight
per group): control, cisplatin, cisplatin + GB, cisplatin +
GB + ZnPP, cisplatin + GB + LY294002. Rats in cis-
platin group were given an intraperitoneal injection of
cisplatin (16 mg/kg). The last three groups were intra-
peritoneally injected with GB (10 mg/kg), and zinc proto-
porphyrin IX (ZnPP, 10 mg/kg) or LY294002 (10 mg/kg)
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immediately after being given cisplatin. Rats in control
group were given 2 % DMSO instead. Cisplatin was dis-
solved in saline at a concentration of 0.15 mg/mL and
was administered intraperitoneally at a dose of 16 mg/kg.
Auditory and vestibular functions of rats were evaluated
72 h after the administration of the cisplatin. The auditory
brain stem response (ABR) test was conducted with the
Biosig 32 system as previously described [8]. Each rat’s
hearing status was assessed with an ABR test both before
and 72 h after the administration of the cisplatin. Vestibu-
lar function was evaluated by tail-hanging test and swim-
ming test [34]. In brief, the rats were lifted by the tail and
kept hanging at a height of 30 cm for a 15 s interval and
the number of head rotations was counted. For the swim-
ming test, a stainless steel pool (length, 28 cm; width,
45 cm; and depth, 25 cm) was filled with body-tempera-
ture water at a depth of 19 cm. Rats were lifted by their
tail and dropped into the center of the pool from a height
of 20 cm. The time in seconds between contact with the
water and separation from the water to the platform was
counted.

Statistical analysis

All statistical analysis was performed by GraphPad Prism
software. Results were expressed as the mean &+ SD. Statis-
tical analysis was performed by one-way analysis of vari-
ance (ANOVA) followed by the Newmane Keuls multiple-
comparison post hoc test. p value <0.05 was considered
statistically significant.

Results

Protective effects of GB against cisplatin-induced
cytotoxicity in HEI-OC1 cells

In the current study, HEI-OC1 cells were used to evalu-
ate the protective effect of GB on cisplatin-induced cyto-
toxicity. HEI-OC1 cells were incubated with 1-100 uM
cisplatin for 24 h, and cell viability was determined by
MTT. The results showed that cisplatin exhibited concen-
tration-dependent toxicity on cells and 100 uM cisplatin
decreased cell viability to less than 50 % of that of con-
trol (Fig. 1a). The potential toxicity of GB on HEI-OCl1
cells were assessed after 24 h exposure, and we showed
that >100 puM GB significantly reduced HEI-OCI1 cell
viability (Fig. 1b). Thus, 100 wM cisplatin and less than
100 M GB were used throughout the experiment [18].
In Fig. lc, we figured out that 1-50 pM GB could nota-
bly inhibit cisplatin-induced decrease in cell viability. The
results demonstrated that GB protected against cisplatin-
induced cytotoxicity.

Protective effects of GB against cisplatin-induced
mitochondrial apoptosis in HEI-OC1 cells

To evaluate whether anti-apoptotic effect of GB was
involved in the protective effects against cisplatin-induced
cytotoxicity, TUNEL assay was conducted to examine the
apoptotic cells after the treatment of cisplatin in the pres-
ence or absence of GB. As shown in Fig. 2a, >10 uM
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Fig. 2 Effect of GB on cisplatin-induced mitochondrial apoptosis in
HEI-OCI1 cells. Cells were incubated with 1-100 wM cisplatin (a),
or 100 wM cisplatin with or without 1-50 uM GB (b) for 24 h, and
then cell apoptosis was detected by TUNEL assay. Cells were incu-
bated with 100 wM cisplatin with or without 1-50 uM GB for 24 h,
and then mRNA expression of Bax (c¢) and Bcl-2 (d) was measured
by qRT-PCR. mRNA level was shown as folds of control. e Cells
were incubated with 100 wM cisplatin with or without 1-50 pM GB
for 24 h, and then MMP was detected by Rhodamine 123 stain-

cisplatin increased the percentage of TUNEL-positive cells
in a concentration-dependent manner, which was consistent
with the results of cell viability. As expected, 1-50 uM GB
remarkably blocked 100 pM cisplatin-induced apopto-
sis, as evidenced by reduction of TUNEL-positive cells
(Fig. 2b).

To further explore the mechanism of GB-exhibited
inhibition of apoptosis, mitochondrial apoptotic pathway
was determined. mRNA expression of Bax and Bcl-2 was
detected by qRT-PCR, and the results showed that cisplatin
decreased Bax expression and increased Bcl-2 expression,
which was significantly inhibited by GB in a concentra-
tion-dependent manner (Fig. 2c¢, d). Then, mitochondrial
membrane potential (MMP) was evaluated by Rhodamine
(Rho123) staining. We found that Rhol23 fluorescence
was reduced by cisplatin and 50 WM GB evidently inhib-
ited the decrease in Rho123 fluorescence in the presence of
cisplatin, indicating that GB could protect against cisplatin-
damaged MMP (Fig. 2e). Moreover, mitochondrial function
was assessed by the determination of oxygen consumption

ing. f Cells were incubated with 100 uM cisplatin with or without
1-50 uM GB for 24 h, and oxygen consumption rate was determined
by a Clark oxygen electrode. Cells were incubated with 100 pM
cisplatin with or without 1-50 M GB for 24 h, and cytochrome ¢
release in cytoplasm and cleavage of caspase 3, caspase 9, and PARP
was determined by Western blot (f, h). Caspase 3 and caspase 9 activ-
ities were determined by commercial kits (i, j). *p < 0.05, compared
with control; *p < 0.05, compared with cisplatin group

rate using a Clark electrode. The results showed that expo-
sure to cisplatin notably decreased oxygen-consuming
activity, which could be inhibited when GB was in the cul-
ture, implicating that GB could protect against cisplatin-
induced mitochondrial dysfunction (Fig. 2f). In the next
step, we determined the cytoplasmic release of cytochrome
¢ (Cyto C) through the detection of Cyto C protein expres-
sion in cytoplasm extraction. As shown in Fig. 2g, Cyto
C expression in cytoplasm was dramatically increased by
cisplatin. The administration of GB significantly inhibited
the increase in cytoplasmic Cyto C induced by cisplatin
(Fig. 2g). Next, Cyto C-exerted apoptotic cascades were
examined. We found that cisplatin could promote the cleav-
age of caspase 3, caspase 9, and poly (ADP-ribose) poly-
merase (PARP), which event was blocked by the treatment
of GB (Fig. 2h). Furthermore, cisplatin-enhanced caspase
3 and caspase 9 activities were inhibited by GB treatment
(Fig. 2i, j). These results suggested that anti-apoptotic
effect of GB, at least partly, contributed to the protective
effect against cisplatin-induced cytotoxicity.
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Fig. 3 Effect of GB on cisplatin-induced redox imbalance in HEI-
OCI1 cells. Cells were incubated with 100 WM cisplatin with or with-
out 1-50 uM GB for 24 h. Cells were incubated with DHE (10 uM)
(a) or MitoSOX (500 nM) (b) at 37 °C for 30 min, and fluorescence
was observed under confocal microscope. mRNA expression of Nrf2,
HO-1, NOX2, and p47Ph** was determined by qRT-PCR (c), and
results were shown as folds of control. Protein expression of Nrf2,

Protective effects of GB against cisplatin-induced oxidative
stress in HEI-OCI1 cells

In the next step, we examined the effect of cisplatin on
ROS generation and antioxidant defenses in the presence or
absence of GB in HEI-OCI1 cells. DHE was used to detect
superoxide level in a whole cell. We found that cisplatin
could significantly increase cellular ROS generation, as
reflected by enhancement of DHE fluorescence (Fig. 3a).
Treatment of GB notably inhibited the fluorescence of
DHE, implicating a regulatory role of GB in cisplatin-
induced ROS generation (Fig. 3a). Moreover, MitoSOX, a
mitochondrial superoxide-specific probe, was used to detect
mitochondrial ROS generation. As reflected in Fig. 3b, in
cisplatin-treated cells, MitoSOX fluorescence was increased
markedly, indicating that cisplatin promoted ROS produc-
tion in mitochondria. Next, antioxidant defense and ROS-
generating enzymes were examined. Expression of nuclear
factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-1
(HO-1), nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) 2 and p47P"* was determined
by qRT-PCR and Western blot. As shown in Fig. 3c, d, in
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HO-1, NOX2, and p47°"°* was determined by Western blot. Repre-
sentative blot was shown. ARE-luciferase activity was determined
with STOP&GLO (Promega, Madison, WI), and firefly luciferase
activity was normalized to Renilla luciferase (e). Binding of Nrf2 to
the HO-1 promoter was assessed by CHIP assay. *p < 0.05, compared
with control; #p < 0.05, compared with cisplatin group

cells treated by cisplatin, mRNA and protein expressions
of Nrf2 and HO-1 were decreased, which event was inhib-
ited by GB treatment in a concentration-dependent manner.
Cisplatin increased NOX2 and p47Ph°* expression, which
may be involved in the generation of ROS induced by cis-
platin. In the presence of GB, cisplatin-induced NOX2 and
p47Pho% expression was significantly inhibited, which was
concentration-dependent (Fig. 3c, d). Furthermore, Nrf2
activity was examined by the transfection of ARE-luciferase
plasmid. ARE-luciferase activity in cisplatin-exposed cells
was decreased notably (Fig. 3e). GB treatment significantly
inhibited cisplatin-induced reduction of ARE-luciferase
activity (Fig. 3e), further implicating the regulatory role
of GB on Nrf2 transcription activity. We also searched for
direct evidence of Nrf2-exerted regulation of HO-1 using
CHIP assay. As shown in Fig. 3f, cisplatin resulted in a sig-
nificant reduction of Nrf2-binding of HO-1 promoter. As
expected, GB notably inhibited cisplatin-induced decrease
in HO-1 promoter-binding by Nrf2 (Fig. 3f). These results
indicated that promotion of Nrf2-HO-1-regulated anti-
oxidant defense and decrease in NOX were involved in the
inhibition of ROS generation induced by cisplatin.
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cisplatin-induced cytotoxicity in HEI-OCI cells. Cells were trans-
fected with Nrf2 SiRNA and then exposed to 100 M cisplatin with
or without 50 wM GB for 24 h. Interference of Nrf2 and HO-1 was
examined by Western blot (a). Apoptosis was examined by TUNEL

Nrf2-HO-1-regulated antioxidant defense is involved
in the protective effects of GB against cisplatin-induced
cytotoxicity in HEI-OC1 cells

To test whether Nrf2-regulated HO-1 antioxidant defense
was involved in the protective effects of GB against cis-
platin-induced cytotoxicity, cells were transfected with
SiRNA of Nrf2. As reflected in Fig. 4a, SiNrf2 could effec-
tively inhibit Nrf2 expression in HEI-OC1 cells. Then, cells
transfected with SiNrf2 were exposed to cisplatin in the
presence of GB. In Fig. 4b, we showed that the inhibition
of apoptosis by GB in cisplatin-treated cells was signifi-
cantly blocked by SiNrf2, implicating the role of Nrf2 in
GB-exerted protective effect. Moreover, zinc protoporphy-
rin IX (ZnPP), an inhibitor of HO-1, was used to examine
the role of HO-1 in the protective effect of GB. In Fig. 4c,
the results showed that in the presence of ZnPP, GB-
induced inhibition of apoptosis in cisplatin-treated cells
was significantly blocked. These results demonstrated that
Nrf2-HO-1-regulated antioxidant defense is involved in the
protective effects of GB against cisplatin-induced cytotox-
icity in HEI-OC1 cells.

Nrf2-HO-1-regulated antioxidant defense is involved
in the protective effects of GB against cisplatin-induced
cytotoxicity in HEI-OCI cells

In the next step, we detected the possible mediators of GB-
exerted regulation of Nrf2/HO-1. Akt phosphorylation was
devaluated by Western blot. As shown in Fig. 5a, incuba-
tion of cells with cisplatin resulted in notable reduction of
Akt phosphorylation. GB could concentration-dependently
inhibit cisplatin-inhibited phosphorylation of Akt (Fig. 5a).
To test whether Akt activation was involved in GB-exerted
regulation of Nrf2 and HO-1, we examined the effect of
LY294002, an inhibitor of PI3 K/Akt signaling, on Nrf2

assay (b). Cells were exposed to 100 uM cisplatin with or without
50 uM GB in the presence or absence of ZnPP, an HO-1 specific
inhibitor, for 24 h. Apoptosis was examined by TUNEL assay (c).
*p <0.05
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Fig. 5 Role of Akt signal in the protective effect of GB against cis-
platin-induced cytotoxicity in HEI-OC1 cells. Cells were exposed
to 100 uM cisplatin with or without 50 .M GB in the presence or
absence of LY294002, a PI3 K/Akt inhibitor, for 24 h. Phosphoryla-
tion of Akt (a) and expression of Nrf2 and HO-1 (b) were determined
by Western blot. Representative blot was shown. Apoptosis was
examined by TUNEL assay (c). *p < 0.05

and HO-1 expression. In Fig. 5b, we found that in the
presence of LY294002, the inhibition of cisplatin-induced
reduction of Nrf2 and HO-1 was significantly blocked.
Moreover, we also evaluated the effect of LY294002 on
the protective effect of GB against apoptosis. As shown
in Fig. Sc, inhibition of Akt by LY294002 significantly
weakened the protective effect of GB against apoptosis, as
reflected by increased percentage of cell apoptosis, com-
pared with that of cisplatin 4+ GB-treating cells. These
results demonstrated that Akt signaling was involved in
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Fig. 6 Protective effect of GB against cisplatin-induced ototoxicity
in rats. Rats were intraperitoneally injected with cisplatin (16 mg/kg),
with or without intraperitoneal injection of GB (10 mg/kg), and zinc
protoporphyrin IX (ZnPP, 10 mg/kg) or LY294002 (10 mg/kg) imme-
diately after being given cisplatin. a, b Hearing threshold (dB) at 16

GB-exhibited regulation of Nrf2/HO-1 and the protective
effect of GB against cisplatin-induced cytotoxicity.

Protective effects of GB against cisplatin-induced
ototoxicity in vivo

After the in vitro evaluation of GB, we further explored the
protective effects of GB against cisplatin-induced ototoxic-
ity in vivo. Rats were given an intraperitoneal injection of
cisplatin (16 mg/kg), or injected with GB (10 mg/kg) with
or without the injection of ZnPP or LY294002 immediately
after being given cisplatin. Auditory and vestibular func-
tions of rats were evaluated by auditory brain stem response
(ABR) test. Vestibular function was evaluated by tail-hang-
ing test and swimming test. We found that cisplatin resulted
in a notable increase in hearing threshold at 16 and 32 kHz,
which was inhibited by the treatment of GB (Fig. 6a, b).
Both ZnPP and L'Y294002 could block GB-induced inhibi-
tion of hearing threshold increase in cisplatin-treated rats.
Moreover, the administration of GB significantly inhib-
ited cisplatin-induced vestibular dysfunction, as evidenced
by decreased head rotations in the tail-hanging test and
time intervals in the swimming test, compared with that
of cisplatin-treated rats (Fig. 6¢). As expected, ZnPP and
LY294002 inhibited GB-exerted protective effects on ves-
tibular function, as reflected by increase in head rotations
in the tail-hanging test and time intervals in the swimming
test, compared with that of cisplatin 4+ GB-treated rats
(Fig. 6d). These results demonstrated that GB could protect
against cisplatin-induced ototoxicity in vivo. Based on the
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and 32 kHz before (pre) and after (72 h) the administration (eight
rats). ¢, d Number of head rotations in the tail-hanging test and aver-
age swimming time in the swimming test before (pre) and after (72 h)
the administration (eight rats). *p < 0.05

above results, it was noted that Akt-activated HO-1 defense
was involved in the protective effect of GB against in vivo
ototoxicity induced by cisplatin.

Discussion

Ototoxicity severely limited the use of chemotherapeutic
agent cisplatin. In the present study, we examined the effect
of GB, a major component of G. biloba extracts, on cispl-
atin-induced ototoxicity. The results showed that GB could
protect against ototoxicity induced by cisplatin in vitro and
in vivo.

Apoptosis is a form of programmed cell death that is
related to various physiological and pathophysiological
conditions. Mitochondria play an important role in the reg-
ulation of apoptosis induced by intracellular stimuli [16].
Mitochondrial integrity, in a degree, determines whether
apoptosis would occur. The integrity of mitochondria is
tightly controlled by the pro- and anti-apoptotic Bcl-2 fam-
ily of proteins [11, 21, 46]. Anti-apoptotic proteins, such
as Bcl-2, maintain mitochondrial integrity, while the pro-
apoptotic members of the family destroy the integrity of
mitochondria, resulting in the release of apoptogenic pro-
teins from mitochondria. Thus, the ratio of pro- and anti-
apoptotic members of the Bcl-2 family determines the
response of mitochondria to apoptotic stimulation. When
the balance of pro- and anti-apoptotic members of the
Bcl-2 family is damaged, mitochondrial integrity could be
disrupted, leading to the release of pro-apoptotic factors
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like Cyto C [33]. Then, pro-apoptotic factors would acti-
vate caspases, a group of intracellular cysteine proteases
that execute apoptosis by cleaving their substrates [12].
The previous literature has shown that apoptosis plays an
important role in cisplatin-induced ototoxicity [1, 6, 10,
27]. In the present study, we evaluated the effect of GB
on cisplatin-induced apoptosis in inner ear hair cells. We
found that GB could concentration-dependently inhibit
apoptosis and associated mitochondrial molecular events
induced by cisplatin, indicating that the inhibition of mito-
chondrial apoptosis may be involved in the protective effect
of GB against cisplatin-induced ototoxicity.

In a body, redox balance is controlled by ROS genera-
tion and antioxidant defense systems. Once excessive ROS
is generated or antioxidant defense is destroyed, oxidative
stress would occur, resulting in DNA, lipid, and protein
damage. It is usually believed that oxidative stress is closely
associated with apoptosis through mitochondrial pathway
[5, 20]. Mitochondria and NADPH oxidases are major
sources of ROS generation in a cell [23, 24]. Nrf2 is a well-
known transcription factor, which controls redox balance
through regulating a variety of antioxidant enzymes [22,
35], including HO-1. HO-1 is reported to possess antioxi-
dant, anti-apoptotic, and anti-inflammatory properties via
its products bilirubin/biliverdin and carbon monoxide [26].
In the context of cisplatin-induced ototoxicity, oxidative
stress is a primary determinant of cell survival or death [29,
30, 37]. In the current study, we examined the effect of GB
on redox balance in cisplatin-treated cells. We found that
GB inhibited cellular and mitochondrial ROS generation
and enhanced Nrf2-regulated HO-1 antioxidant defense
in cells exposed to cisplatin. GB exerted inhibitory effects
on NOX2 expression induced by cisplatin, indicating that
inhibition of NOX-derived ROS may be involved in the
antioxidant effect of GB. Moreover, interference of Nrf2
and inhibition of HO-1 significantly blocked the cytotoxic
effect of GB, implicating that enhancement of Nrf2-HO-1
pathway was responsible for GB-induced protective effect
against cisplatin-induced ototoxicity.

Under several conditions, Akt signaling is usually
involved in Nrf2 activation exerted by intracellular stimuli
and natural products [25, 39]. In this study, we also tested
the possibility of the involvement of Akt in GB-exhib-
ited regulation of antioxidant and anti-apoptotic effect.
The results showed that GB inhibited cisplatin-induced
decrease in Akt phosphorylation and that inhibition of Akt
significantly blocked GB-enhanced Nrf2/HO-1 expression
and GB-inhibited apoptosis in cisplatin-exposed cells. The
results indicated that Akt signaling mediated GB-exerted
regulation of Nrf2-HO-1 pathway and anti-apoptotic
activity.

Finally, we tested the hypothesis in rats exposed to cis-
platin injection. It was noted that GB could protect animals

Cisplatin .

N

Cochlear cell

Mitochondrial apoptosis

Ototoxicity

Fig. 7 Schematic summary of the obtained results and hypoth-
eses. Cisplatin induced ototoxicity through generation of ROS by
NOX2 and mitochondria and subsequent mitochondrial apoptosis.
GB decreases ROS generation through reducing NOX2 expression
and enhancing Nrf2-HO-1 antioxidant pathway via activation of Akt
signaling, resulting in inhibition of mitochondrial apoptosis and final
reduction of cisplatin-induced ototoxicity

against cisplatin-induced hearing loss and vestibular dys-
function. Inhibition of Akt and HO-1 significantly sup-
pressed the protective effect of GB on hearing loss and
vestibular dysfunction exerted by cisplatin, indicating that
Akt-mediated regulation of Nrf2-HO-1 pathway also plays
arole in the otoprotective effect of GB in vivo.

In conclusion, the main and novel finding of this study is
that GB decreases ROS generation through reducing NOX2
expression and enhancing Nrf2-HO-1 antioxidant pathway
via activation of Akt signaling, resulting in inhibition of
mitochondrial apoptosis and final reduction of cisplatin-
induced ototoxicity in vitro and in vivo (Fig. 7). Our find-
ings have appointed a new path toward the understanding
of pharmacological activities of GB and gained an insight
into the molecular mechanism underlying the protective
effect of GB against cisplatin-induced ototoxicity.
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