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The Journal of Immunology

Activation of Lipopolysaccharide–TLR4 Signaling

Accelerates the Ototoxic Potential of Cisplatin in Mice

Gi-Su Oh,*,1 Hyung-Jin Kim,*,1 Jae-Hyuck Choi,† AiHua Shen,* Chang-Hoi Kim,*

Se-Jin Kim,* Sae-Ron Shin,‡ Seung-Heon Hong,* Yunha Kim,x Channy Park,{

Sung-Joong Lee,‖ Shizuo Akira,# Raekil Park,*,2 and Hong-Seob So*,2

Dysfunction in immune surveillance during anticancer chemotherapy of patients often causes weakness of the host defense system

and a subsequent increase in microbial infections. However, the deterioration of organ-specific function related to microbial chal-

lenges in cisplatin-treated patients has not yet been elucidated. In this study, we investigated cisplatin-induced TLR4 expression and

its binding to LPS in mouse cochlear tissues and the effect of this interaction on hearing function. Cisplatin increased the tran-

scriptional and translational expression of TLR4 in the cochlear tissues, organ of Corti explants, and HEI-OC1 cells. Furthermore,

cisplatin increased the interaction between TLR4 and its microbial ligand LPS, thereby upregulating the production of proinflam-

matory cytokines, such as TNF-a, IL-1b, and IL-6, via NF-kB activation. In C57BL/6 mice, the combined injection of cisplatin and

LPS caused severe hearing impairment compared with that in the control, cisplatin-alone, or LPS-alone groups, whereas this

hearing dysfunction was completely suppressed in both TLR4 mutant and knockout mice. These results suggest that hearing

function can be easily damaged by increased TLR expression and microbial infections due to the weakened host defense systems of

cancer patients receiving therapy comprising three to six cycles of cisplatin alone or cisplatin combined with other chemother-

apeutic agents. Moreover, such damage can occur even though patients may not experience ototoxic levels of cumulative cisplatin

concentration. The Journal of Immunology, 2011, 186: 1140–1150.

C
is-diamminedichloroplatinum (II) (cisplatin) is one of the

most commonly used chemotherapeutic agents in the

treatment of a variety of solid tumors, such as tumors of

the bladder, head and neck, lung, ovary, and testicles (1). Although

cisplatin is effective, serious adverse reactions, such as nausea,

vomiting, nephrotoxicity, central and peripheral neuropathies, and

ototoxicity, often occur (2). These side effects limit its use in

chemotherapeutic agents and affect the dosage, duration, and fre-

quency of cisplatin therapy. Additionally, cisplatin causes myelo-

suppression, which results in leukopenia, thrombocytopenia, and

anemia and thereby directly weakens the host defense response

against bacteria, fungi, and viruses and increases the morbidity and

mortality of patients through blood-borne microbial infections.

Ototoxic targets of cisplatin are divided into three areas: the hair

cells in the organ of Corti (3), the stria vascularis and spiral lig-

ament tissues (4), and the spiral ganglion cells (5). Recent studies

have demonstrated that cisplatin ototoxicity is caused by mito-

chondrial dysfunction and generation of reactive oxygen species

(ROS) (6, 7). Furthermore, we demonstrated that proinflammatory

cytokines, such as TNF-a, IL-1b, and IL-6, play a critical role in

cisplatin-induced cochlear injury through activation of ERK and

NF-kB (8). In the course of chemotherapy, cisplatin may have an

influence on normal cells as well as cancer cells through the

modulation of genes and proteins related to cell survival and death

responses (9). Tarang et al. (10) reported that cisplatin induces the

expression of TLRs in murine peritoneal macrophages in vitro and

renders mice more susceptible to subsequent induction of proin-

flammatory cytokines by TLR ligands. TLRs are a family of

mammalian homologues of Drosophila Toll protein and play an

important role in innate host defense (11). TLRs play key roles

as pattern recognition receptors in detecting foreign pathogens

and initiating inflammatory responses. A variety of pathogen-

associated molecular patterns (PAMPs) from bacteria, fungi, and

viruses as well as some host molecules are recognized by TLRs

as ligands (12). Activation of intracellular signaling pathways

through TLRs results in the recruitment of the cytoplasmic adapter

molecule MyD88, activation of serine/threonine kinases of the IL-

1R–associated kinase (IRAK) family, and degradation of IkB and

translocation of NF-kB to the nucleus (13). Thereafter, various

target genes, including those producing inflammatory cytokines,
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are regulated. TLR4 is the most well-characterized TLR: it is

localized on the cell surface and acts as the receptor for bacterial

endotoxins, such as LPS (14, 15), a cell wall component of Gram-

negative bacteria that is known to induce immune activation. LPS

is composed of lipid A, O-Ag, and core oligosaccharide. TLR4

recognizes the lipid A component of LPS; this occurs through the

TLR4/MD2/CD14 complex. LPS forms a complex with an ac-

cessory protein, LPS-binding protein, in serum, but this interaction

is dependent on cell type (16–18). Although TLR-mediated sig-

naling pathways play a critical role in the innate immune response

(19), they are also involved in a variety of deleterious inflam-

matory diseases, such as autoimmune disease (20), rheumatoid

arthritis (21), and Alzheimer’s disease (22). It has been reported

that in a mouse model of acute kidney injury, TLR4 signaling

mediates cisplatin-induced production of proinflammatory cyto-

kines, such as TNF-a, IL-6, and IL-1b, resulting in subsequent

renal injury (23, 24). In contrast, Ramesh et al. (25, 26) demon-

strated that the combination of cisplatin and LPS, a typical PAMP

in bacteria, synergistically induces renal dysfunction through the

production of proinflammatory cytokines, including TNF-a, IL-6,

and MCP-1: moreover, this renal dysfunction is completely

dependent on TLR4 signaling. Therefore, it is reasonable to spec-

ulate that cisplatin may induce a systemic decline of immune

surveillance in cancer patients, and adverse reactions, including

hearing loss, may be aggravated by additional inflammatory re-

sponses through TLR signaling pathways elicited by PAMPs of

microbial pathogens.

In the current study, we investigated the hearing impairment due

to cisplatin alone or cisplatin combined with LPS in a rodent model

system. In addition, we estimated cisplatin-induced TLR4 ex-

pression and interaction with its specific ligand LPS in vivo and

in vitro. Our results suggest the possibility that hearing function

may be damaged by increased TLR expression and microbial

infections due to the weakened host defense system in cisplatin-

treated cancer patients even though the patients may not have an

ototoxic level of cumulative cisplatin concentration.

Materials and Methods
Reagents

Cisplatin, LPS (Escherichia coli 055:B5 clone), FITC-conjugated LPS (E.
coli 055:B5 clone), MTTandDMEMmedia with high glucose (4.5 g/l) were
obtained from Sigma Chemical Co. (St. Louis, MO). Abs to TLR4, TNF-a,
IL-1b, IL-6, and b-actin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Alexa Fluor secondary fluorescent Abs were purchased
from Molecular Probes (Eugene, OR). Mouse anti–phospho-IkBa and
rabbit anti-IkBa Abs were purchased from Cell Signaling Technology
(Beverly, MA), and ECL solution was obtained from Thermo Scientific
(Pierce Chemical, Rockland, IL). FBS was purchased from Life Technol-
ogies (Invitrogen, Grand Island, NY). The plastic culture dishes were bought
from Becton Dickinson Labware (Franklin Lakes, NJ), and other tissue
culture reagents were obtained from Life Technologies (Gaithersburg, MD).

Culture of HEI-OC1 cells and the organ of Corti explants

The establishment and characterization of the conditionally immortalized
HEI-OC1 auditory cells has been described in a our previous report (27).
Expression of outer hair cell (OHC)-specific markers, such as Math1 and
Myosin 7a, suggests that HEI-OC1 cells represent OHC precursors. HEI-
OC1 cells were maintained in high-glucose DMEM containing 10% FBS.
For the experiments described later, HEI-OC1 cells were cultured under
the following permissive conditions: 33˚C and 5% CO2 in DMEM sup-
plemented with 10% FBS. HEI-OC1 cells (5 3 104 cells/well on 24-well
plates) were incubated with 10 mM cisplatin for 18 h and then further
treated with varying concentrations of LPS for 24 h. To determine cell
viability, MTT (250 mg/ml) was added to the cells and further incubated
for 4 h. After washing the cells with PBS (pH 7.4), the insoluble formazan
was dissolved in DMSO. Then, the OD was measured using a microplate
reader (Precision Microplate Reader; Molecular Devices, Sunnyvale, CA)
at 590 nm. The OD of control cells was taken as 100% viability.

The organ culture procedure was similar to that of a previous report (28).
Sprague Dawley rats were sacrificed on postnatal day 2 (P2), and the
cochlea was carefully dissected out. The stria vascularis and spiral liga-
ment were dissected away, leaving the organ of Corti. The organ of Corti
explants were treated with cisplatin and/or LPS for the indicated times. At
the end of the experiments, the cultured organ was subjected to histological
analysis. The specimen was fixed in 10% formalin solution (Sigma-Aldrich,
St. Louis, MO), incubated in 0.2% Triton X-100/TBS, and further treated
with first and appropriate secondary fluorescent Ab or tetramethylrho-
damine isothiocyanate (TRITC)-labeled phalloidin (Sigma Chemical
Co.; 1:3000). After staining, the specimen was examined under a fluores-
cence microscope.

In vivo administration of cisplatin and LPS

Wild-type C57BL/6 and TLR4 mutant C3H/HeJ mice were purchased from
Japan SLC (Laboratory Animal Medicine, Japan). The homozygous
TLR42/2 mice on a C57BL/6 background were kindly provided by Dr. S.
Akira (Osaka University, Osaka, Japan). The C3H/HeJ and TLR42/2 mice
did not show any developmental abnormalities. Experiments were per-
formed in 8-wk-old mice weighing between 20 and 25 g, and all mice were
age matched to within 3 d. Mice were fed a standard commercial diet while
housed at an ambient temperature of 20–22˚C with a relative humidity of
50 6 5% under a 12/12 h light/dark cycle in a specific pathogen-free fa-
cility. Each experimental group was composed of five mice. The control
group received an i.p. injection of PBS. The cisplatin group was admin-
istered cisplatin (5 mg/kg body weight) by an i.p. injection. As shown in
Fig. 5A, in the groups for LPS-only or cisplatin–LPS combined, LPS doses
were divided into three different concentrations (1.25, 2.5, and 5.0 mg/kg
body weight) and administered twice at 6 and 24 h after cisplatin injection.
On day 7, this experimental regimen was repeated. For the measurement of
hearing function, the auditory brain-stem response (ABR) was measured at
day 3 and day 10 of the experimental schedule. The changes in ABR
threshold between pretreatment and posttreatment were then compared.
TDT System-3 hardware and software were used to obtain ABRs, with
1000 stimulus repetitions per record. Mice were anesthetized using
a mixture of ketamine (40 mg/kg) and xylazine (10 mg/kg) and kept warm
with a heating pad during ABR recording. A subdermal (active) needle
electrode was inserted at the vertex, and ground and reference electrodes
were inserted subdermally in the loose skin beneath the pinnae of opposite
ears. Tone bursts with a duration of 4 ms and a rise-fall time of 1 ms at
frequencies of 4, 8, 16, and 32 kHz were then presented to the right ear
through an inset speculum in the external auditory meatus. The sound
intensity was varied at 10-dB intervals near the threshold. Judgment of the
threshold was made off-line by two independent, experimentally blinded
observers based on the ABR records. The animals were sacrificed at
5 d after the second ABR measurement. The entire temporal bone of the
right ear was removed for immunohistochemical analysis, and the tem-
poral bone of the left ear was also removed to extract total RNA for RT-
PCR analysis. The experimental protocol was approved by the Animal
Care and Use Committee at the Wonkwang University School of Medicine
(Iksan, Jeonbuk, Republic of Korea).

Assay for mRNA expressions by RT-PCR

After extracting total RNA using TRIzol (Invitrogen, Carlsbad, CA) from
the experimental specimens, cDNA was synthesized using reverse tran-
scriptase from Roche (Indianapolis, IN). PCR was then performed with Taq
polymerase (SolGent Co., Daejeon, Korea) for 25 cycles using the fol-
lowing protocol: 94˚C for 30 s, 55˚C for 30 s, and 72˚C for 30 s. The
sequence of primers used for PCR amplification was as follows: TLR4
(forward, 59-AGT GGG TCA AGG AAC AGA AGC A-39; reverse, 59-
CTT TAC CAG CTC ATT TCT CAC C-39), GAPDH (forward, 59-CCT
GCA GTG TCT GAT ATT GTT G-39; reverse, 59-AAC ACA CCA TTG
CGA TGA A-39), and b-actin (forward, 59-CCT CTA TGC CAA CAC
AGT-39; reverse, 59-AGC CAC CAA TCC ACA CAG-39).

Western blot analysis

Western blot analysis was performed as follows. Cells were harvested and
washed twicewith ice-cold PBS. Cell pellets were lysed with buffer (10 mM
Tris-HCl pH 7.6, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, 1 mM EDTA, 50 mM b-glycerophosphate, 1 mMDTT, 1 mMNaF,
1 mM Na3VO4, 1 mM PMSF, and 13 protease inhibitor mixture). After
centrifugation at the maximum speed, the collected lysates were subjected
to electrophoresis on 10% SDS-PAGE and then transferred onto a nitrocel-
lulose membrane. The proteins were visualized by immunoblotting using
Abs/Ags and a chemiluminescent solution according to the manufacturer’s
instructions (Supersignal Pico Substrate; Thermo Scientific, Pierce Chem-
ical).

The Journal of Immunology 1141
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Flow cytometric analysis

To assess the presence of cell surface molecules and interactions between
receptor and ligand by cisplatin and LPS on HEI-OC1 cells, flow cytometric
analysis was performed. A total 53 105 cells/condition was analyzed using
a FACSCalibur System (BD, San Jose, CA) and evaluated with the Cell-
Quest software.

Immunohistochemical study

We performed immunohistochemical staining to examine the expression of
TLR proteins and proinflammatory cytokines on the cochlear tissue. The
previously removed temporal bone was fixed in 4% paraformaldehyde for
16 h and then decalcified with 10% EDTA in PBS for 2 wk, after which it
was dehydrated and embedded in paraffin wax. Sections 5 mm thick were
deparaffinized in xylene and rehydrated through graded concentrations of
ethanol. For immunohistochemical staining, the LSAB+System-HRP kit
(K0679; DAKO, Carpinteria, CA) was used, and all procedures were
carried out according to the manufacturer’s instructions.

Measurement of proinflammatory cytokines

To quantify the secretion of proinflammatory cytokines from cisplatin- and
LPS-treated HEI-OC1 cells, culture supernatant was collected at each
condition and stored in a 280˚C freezer until analyzed. To measure the
serum level of proinflammatory cytokines, whole blood was isolated from
mice before sacrifice, incubated at 4˚C for 16 h, and centrifuged at 4000
rpm for 20 min. Thereafter, the level of proinflammatory cytokines was
determined by ELISA (ELISA, Quantikine Kit; R&D Systems, Minne-
apolis, MN) according to the manufacturer’s instructions.

Statistical analysis

Each experiment was performed at least three times, and all values are
represented as means 6 SD of three observations. One-way ANOVA was
used to analyze the statistical significance of the results, and p values
,0.05 were considered statistically significant.

Results
Cisplatin increased the expression of TLR4 mRNA and protein

in HEI-OC1 auditory cells

Cenedeze et al. (24) demonstrated that cisplatin-induced renal

toxicity is significantly alleviated in C3H/HeJ mice producing

a mutant form of TLR4 compared with that in C3H/HePas control

mice. Furthermore, Tarang et al. (10) reported that cisplatin in-

duced the expression of TLRs in peritoneal macrophages. In ad-

dition, pretreatment of macrophages with cisplatin and subsequent

incubation with TLR ligands significantly enhanced the produc-

tion of proinflammatory cytokines including TNF-a (10). These

results suggest that treatment of macrophages with cisplatin ren-

ders them more susceptible to subsequent induction of proin-

flammatory cytokines by TLR ligands. Therefore, to examine

whether cisplatin also induces expression of TLRs in HEI-OC1

cells and mouse cochleae, HEI-OC1 cells were stimulated with 10

mM cisplatin for varying times. As shown in Fig. 1A, cisplatin

markedly increased the mRNA expression of TLR4 in a time-

dependent manner. An increase in the RT-PCR products of

TLR4 mRNA was apparent after 18 h of cisplatin treatment and

reached the maximum level at 24 or 30 h. Next, to examine

whether cisplatin increases TLR4 expression in cochleae, C57BL/

6 mice were i.p. administered 10 mg/kg body weight cisplatin and

sacrificed at the indicated time points (Fig. 1B). We examined

TLR4 mRNA levels in whole cochleae using RT-PCR on the total

RNA of whole left cochleae from the cisplatin-injected mice. As

shown in Fig. 1B, TLR4 mRNA levels were markedly increased

after cisplatin injection compared with those of PBS-control mice.

Injection of cisplatin induced the transcriptional activation of

TLR4 from 12 h to 48 h in a time-dependent manner. Next, to

confirm the expression of TLR4 in cisplatin-treated HEI-OC1

cells, immunocytochemical analysis was carried out with FITC-

labeled Ab against TLR4 protein and DAPI for nuclei. As shown

in Fig. 1C, TLR4 protein expression on the cell membrane was

markedly increased by cisplatin exposure, whereas this expression

was nearly undetectable in control HEI-OC1 auditory cells. The

increase in TLR4 protein expression due to cisplatin was further

confirmed by flow cytometric analysis. A rightward shift of the

fluorescence signals in cisplatin-treated cells corresponding with

the increase of TLR4 expression was obviously induced in a time-

(Fig. 1Da) and dose-dependent manner (Fig. 1Db).

Cisplatin increased the expression of TLR4 protein on the

primary organ of Corti explants

Next, we examined cisplatin-induced TLR4 protein expression on

the primary organ of Corti explants. The half middle turn of the

organs of Corti from neonatal (P2) Sprague Dawley rats was

isolated and treated with 5, 10, and 20 mM cisplatin for 24 h. After

stimulation with cisplatin, the organ of Corti explants were

washed and stained with DAPI, Alexa Fluor 488-labeled TLR4,

and TRITC-labeled phalloidin. As shown in Fig. 2, three rows of

OHCs and a single row of inner hair cells were clearly observed in

phalloidin staining (Fig. 2C, 2F, 2I, and 2L) and were not dam-

aged by the specified ranges of cisplatin concentration. TLR4

staining was undetectable in the hair cell layers in the organs of

Corti treated with media alone (Fig. 2B) or 5 mM cisplatin (Fig.

2E), whereas immunopositive cells for TRL4 were clearly ob-

FIGURE 1. Cisplatin increased the mRNA and protein expression of

TLR4 in HEI-OC1 auditory cells. A, HEI-OC1 cells were treated with 10

mM cisplatin for the indicated times. B, C57BL/6 mice were also i.p.

administered cisplatin (10 mg cisplatin/kg body weight/one injection).

Then, total RNAwas isolated from HEI-OC1 cells and cochleae by TRIzol,

and cDNA was synthesized by reverse transcription. TLR4, GAPDH, and

b-actin cDNAs were amplified using specific primer sets. The results

shown are representative of three independent experiments with similar

results. C, HEI-OC1 cells were incubated with media alone or 10 mM

cisplatin for 18 h. The location of the TLR4 protein was determined by

immunofluorescent staining. After stimulation, cells were fixed with 4%

paraformaldehyde, permeabilized with 0.2% Triton X-100/PBS and

stained with anti-TLR4 Ab and FITC-conjugated secondary Ab. Then cells

were observed under a fluorescence microscope (original magnification

3200). The results shown are representative of three randomly photo-

graphed fields that showed similar results. D, HEI-OC1 cells were in-

cubated with cisplatin for indicated times (a) and doses (b). The expression

of TLR4 by cisplatin stimulation was determined by flow cytometric

analysis as described in Materials and Methods.

1142 ACCELERATION OF CISPLATIN OTOTOXICITY BY TLR4/LPS
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served in hair cell layers after exposure to 10 and 20 mM cisplatin

(Fig. 2H and 2K, respectively).

In vitro interaction between cisplatin-induced TLR4 and its

ligand LPS

To date, 11 human TLRs and 13 mouse TLRs have been identified,

and each TLR has been shown to recognize distinct molecular

patterns derived from various microorganisms, including bacteria,

viruses, fungi, and protozoa. TLRs are classified into several groups

according to the types of PAMPs that they recognize. TLR4

specifically recognizes LPS from Gram-negative bacteria, which

causes septic shock (29). To examine whether cisplatin-induced

TLR4 interacts with exogenous LPS, HEI-OC1 cells were pre-

incubated with cisplatin in time- and dose-dependent manners and

then treated with 1 mg/ml FITC-conjugated LPS for 15 min. As

shown in Fig. 3A, flow cytometric analysis showed that the

rightward shift of fluorescence signals was increased by cisplatin

in a time- (Fig. 3Aa) and dose-dependent manner (Fig. 3Ab),

which suggests a direct interaction between TLR4 and LPS. We

also observed a similar phenomenon in the organ of Corti explant

cultures (Fig. 3B). Both control and cisplatin-treated groups

showed clear nuclei and hair cell layers by DAPI and phalloidin–

TRITC staining, respectively, but green fluorescence of LPS

appeared only in the cisplatin-treated group. These results suggest

that cisplatin causes a marked induction of TLR4 in the hair cells

of the organs of Corti, which further directly interacts with ex-

ogenous LPS as a ligand. Next, we examined whether the in-

teraction between cisplatin and TLR4 ligand LPS had a direct

effect on viability of HEI-OC1 cells. HEI-OC1 cells were pre-

treated with 10 mM cisplatin for 18 h and then further stimulated

with LPS at the indicated concentrations. As shown in Fig. 3C, we

could not find any significant cytotoxic effect of LPS alone even at

20 mg/ml concentration. However, cell viability was significantly

decreased by LPS in a dose-dependent manner after preexposure

to cisplatin. Especially, 10 mg/ml or much higher dose of LPS

caused a synergistic viability decrease in cisplatin-treated HEI-

OC1 cells. Therefore, we applied the 10 mg/ml LPS in our ex-

periment.

NF-kB activation was enhanced by the interaction of TLR4

with LPS

The engagement of TLRs by ligands triggers the activation of

signaling cascades, leading to the induction of a variety of genes,

FIGURE 2. Cisplatin increased the expression of TLR4 protein on the

primary organ of Corti explants. The organ of Corti explant was treated

with cisplatin in a dose-dependent manner for 24 h (D–F, 5 mM cisplatin;

G–I, 10 mM cisplatin; J–L, 20 mM cisplatin). The organ of Corti explants

were stained with TRITC-conjugated phalloidin (C, F, I, L), DAPI (A, D,

G, J), anti-TLR4 Ab and FITC-conjugated anti-goat secondary Ab (B, E,

H, K) and then observed under a fluorescence microscope (original mag-

nification 3200). IHC; inner hair cell; OHC, outer hair cell.

FIGURE 3. In vitro interaction between cisplatin-induced TLR4 and its

ligand LPS. A, HEI-OC1 cells were incubated with cisplatin for the in-

dicated times (a) and doses (b) and then treated with FITC-conjugated

LPS. The binding interaction between cisplatin-induced TLR4 and LPS

was determined by flow cytometric analysis as described in Materials and

Methods. B, The organ of Corti explants were incubated with medium

alone and 20 mM cisplatin for 18 h and then treated with FITC-conjugated

LPS for 15 min. The organ of Corti explants were stained with TRITC-

conjugated phalloidin and DAPI and then observed under a fluorescence

microscope (original magnification 3100). C, HEI-OC1 cells were pre-

treated with 10 mM cisplatin for 18 h and further incubated with LPS at the

indicated concentrations for 24 h. Cell viability was measured by MTT

assay. Values are means 6 SD from three independent experiments. *p ,

0.01; **p , 0.05 by one-way ANOVA compared with the cisplatin-only

group.
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including proinflammatory cytokines. After binding to ligand,

TLRs dimerize and undergo conformational changes required for

the recruitment of adapter molecules to the Toll/IL-1R (TIR)

domain of the TLR. Adapter molecules, such as MyD88 and TRIF,

are known to be responsible for the activation of TLR signaling

pathways, leading to the production of proinflammatory cytokines

and type I IFNs, respectively. Upon association with the adapter

molecule MyD88 on the TIR domain of TLRs, signaling cascades

involving NF-kB, JNK, and p38 are known to be activated. In this

experiment, to confirm that the engagement of TLR4 by LPS also

triggers the activation of NF-kB signaling cascades in auditory

cells, HEI-OC1 cells were pretreated with 10 mM cisplatin for 18

h and stimulated with LPS for the indicated time periods. Cell

lysates were then analyzed by Western blotting for phosphoryla-

tion of IkBa, which is critically required for NF-kB activation

(30). As shown in Fig. 4A, phosphorylation of IkBa was not

obviously distinctive in experimental groups of control and single

treatment, either cisplatin (10 mM) or LPS (10 mg/ml). However,

the combination of cisplatin and LPS markedly increased IkBa

phosphorylation, which was clearly detectable at 30 min after

exposure to LPS and sustained up to 120 min.

Next, to confirm that LPS-augmented phosphorylation of IkBa

in cisplatin-pretreated HEI-OC1 cells is mediated through TLR4,

cells were transfected with a TLR4-specific small interfering RNA

(siRNA) construct or a scrambled control siRNA. As shown in

Fig. 4B, LPS-augmented phosphorylation of IkBa in cisplatin-

pretreated cells was completely inhibited by the siRNA trans-

fection of TLR4 but not by a scrambled control siRNA. In addition,

LPS-augmented phosphorylation of IkBa in cisplatin-pretreated

cells was completely blocked in mouse embryonic fibroblasts

(MEFs) generated from TLR42/2 mice but not in wild-type MEFs

(Fig. 4C). We then examined whether the activation of NF-kB

signaling pathway exerted by the TLR4–LPS interaction induces

proinflammatory cytokine production in HEI-OC1 auditory cells.

To address this question, HEI-OC1 cells were preincubated with

10 mM cisplatin for 18 h, washed with fresh media, and then

treated with 10 mg/ml LPS for 24 h. Culture supernatant was

harvested at 24 h after exposure to LPS to measure the secretion of

TNF-a, IL-1b, and IL-6. As shown in Fig. 4D, the level of se-

creted cytokines, such as TNF-a, IL-1b, and IL-6, was signifi-

cantly elevated in the cisplatin–LPS combined groups compared

with that of cisplatin- or LPS-alone groups. In addition, to eval-

uate whether the production of proinflammatory cytokines by

cisplatin–LPS through TLR4 signaling cascade affects viability,

cisplatin-pretreated HEI-OC1 cells were further incubated with 10

mg/ml LPS for 24 h in the presence of isotype-matched control

IgG, anti–TNF-a, anti–IL-1b, and anti–IL-6 neutralizing Abs,

respectively. As shown in Fig. 4E, neutralization of TNF-a with

anti–TNF-a Ab significantly attenuated the cisplatin–LPS–medi-

ated cytotoxicity in HEI-OC1 cells. However, treatment with

control IgG, anti–IL-1b, or anti–IL-6 did not exert any notable

cytoprotective effects. We also examined whether the enhanced

TNF-a production in cisplatin–LPS treatment caused direct

damage of hair cells in cochlear tissues. The half middle turn of

the organ of Corti from neonatal (P2) mice was isolated and

treated with 10 mM cisplatin for 18 h and then further stimulated

with 10 mg/ml LPS for 24 h in the presence of normal IgG or

neutralizing anti–TNF-a Ab (20 ng/ml). As shown in Supple-

mental Fig. 1, media control, cisplatin alone, and LPS alone did

not cause any noticeable damage of stereocilia bundles, in which

F-actin was intensely labeled with TRITC-conjugated phalloidin.

However, loss of F-actin positive-staining cells and the disarray

of stereocilia bundles of hair cells were obviously observed in

cisplatin–LPS cotreatment with normal IgG Ab. However, the

destruction of hair cell arrays of the primary organ of Corti ex-

plants in cisplatin–LPS cotreatment was prevented in the presence

of anti–TNF-a neutralizing Ab.

FIGURE 4. NF-kB activation was enhanced by the interaction of

cisplatin-induced TLR4 and its ligand LPS. A, HEI-OC1 cells were

preincubated with 10 mM cisplatin for 18 h and then stimulated with 10

mg/ml LPS at the indicated time points. Phosphorylation of IkBa was

confirmed by Western blot analysis. B, HEI-OC1 cells were transfected

with control scrambled siRNA or TLR4 siRNA and incubated with 10

mM cisplatin for 18 h, followed by 10 mg/ml LPS for 30 min. Cells were

harvested, lysed, and then analyzed by Western blot analysis for iden-

tifying TLR4-mediated phosphorylation of IkBa. C, Wild-type and

TLR42/2 MEF cells were used for confirming the TLR4-mediated ac-

tivation of IkBa. MEF cells were treated with 10 mM cisplatin for 18 h

followed by 10 mg/ml LPS for 30 min. Cells were harvested, lysed, and

then analyzed by Western blot analysis as described in Materials and

Methods. Blots shown are representative of three independent experi-

ments. D, HEI-OC1 cells were preincubated with 10 mM cisplatin for 18

h and washed with fresh medium. Then, the cells were stimulated with

10 mg/ml LPS for 24 h, and culture supernatants were assessed for cy-

tokine assay as described in Materials and Methods. E, To evaluate

whether the production of proinflammatory cytokines by cisplatin–LPS

through TLR4 signaling cascade affects viability, HEI-OC1 cells were

treated with 10 mM cisplatin for 18 h and further incubated with 10 mg/

ml LPS for 24 h in the presence of isotype-matched control IgG (10 ng/

ml), anti–TNF-a (10 ng/ml), anti–IL-1b (10 ng/ml), and anti–IL-6 (10

ng/ml) neutralizing Abs, respectively. Cell viability was measured by

MTT assay. Values are means 6 SD from three independent experi-

ments. *p , 0.01; **p , 0.05 by one-way ANOVA compared with the

cisplatin-only group.
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Combination of cisplatin and LPS caused severe hearing

impairment in vivo

Cisplatin combined with other chemotherapeutic agents, admin-

istered every 21 d for four to five cycles, has frequently been used as

an effective chemotherapy for cancer (31). In vivo model systems

for cisplatin-induced hearing loss are well established by several

studies (2). In our previous study using rodents, we used four

injection schemes composed of 4 mg cisplatin/kg body weight/

d for four consecutive days (8). However, to investigate whether

cisplatin-induced hearing loss deteriorated further after additional

administration of LPS, we used a modification of methods de-

scribed by Ramesh and colleagues (25). As shown in Fig. 5A, two

cycles of relatively low-dose cisplatin (5 mg/kg body weight/d)

were administered i.p. and followed by two LPS injections at 6

and 24 h after cisplatin exposure. Then, we evaluated the hearing

function with the ABR test. ABR threshold shifts were measured

at 4, 8, 16, and 32 kHz frequencies before and after injections. As

shown in Fig. 5B, the ABR threshold shift after the first cycle of

cisplatin and/or LPS injection showed that control and LPS alone

did not affect normal hearing function, and cisplatin alone caused

a small hearing loss at frequencies of 4 and 32 kHz. However, the

combination of cisplatin and LPS caused moderate hearing loss in

parallel with the LPS dose. After a second cycle of treatment,

hearing function in the control or LPS-alone groups was almost

the same as that after the first cycle. However, the cisplatin group

showed elevated hearing loss compared with that of the first cycle.

Of note, the combination of cisplatin and LPS caused severe and

significant hearing loss according to the LPS dose (Fig. 5C).

Furthermore, we also examined whether in vivo injection of cis-

platin–LPS induced apoptotic cell death of cochlear tissues by

TUNEL staining. As shown in Supplemental Fig. 2, TUNEL-

positive cells were not observed in cochleae from PBS control,

cisplatin-alone, or LPS-alone injected mice. However, cochlear

tissues from the cisplatin–LPS–co-injected groups exhibited many

TUNEL-positive cells in the stria vascularis, spiral limbus, and

organ of Corti.

In vivo combined injection of cisplatin and LPS increased the

expression of TLR4 and proinflammatory cytokines in the

cochleae of mice

Many previous studies have demonstrated that the proinflammatory

cytokines TNF-a, IL-1b, and IL-6 are important mediators for

pathological consequences in a variety of clinical situations, such

as sepsis, ischemia, and acute renal failure (32). We also reported

that cisplatin-induced ototoxicity is closely related to the pro-

duction and release of proinflammatory cytokines (8, 27). In the

current study, we demonstrated that cisplatin induces transcrip-

tional and translational upregulation of TLR4 in HEI-OC1 cells

in vitro and in ex vivo primary organ of Corti explants. In addition,

the production of proinflammatory cytokines is significantly en-

hanced by the interaction of TLR4 and its exogenously introduced

ligand LPS. We therefore investigated by immunohistochemical

staining whether in vivo injection of cisplatin and/or LPS affects

the expression of TLR4 and proinflammatory cytokines in the

cochlear tissue after two cycles of treatment. As shown in Fig. 6,

the cisplatin- or LPS-alone groups showed very slight expression

of TLR4 protein similar to that of the PBS control. However, the

expression of TLR4 protein after cisplatin treatment was markedly

FIGURE 5. In vivo combined injection of cisplatin and LPS caused

severe hearing impairment compared with injection of cisplatin or LPS

alone. A, Experimental scheme for the in vivo ototoxic mouse model with

cisplatin and/or LPS. Mice were administered PBS, cisplatin, LPS, or

cisplatin–LPS by i.p. injection at the indicated times. ABR was measured

at three time points as indicated: before injection (pre-ABR), (B) after first

injection of cisplatin and/or LPS (1st ABR), and (C) after second injection

(2nd ABR). ABR threshold shifts are represented as mean 6 SD at each

frequency tested in C57BL/6 mice. *p , 0.05; **p , 0.01 by one-way

ANOVA compared with the cisplatin-only group at each frequency.

FIGURE 6. In vivo effect of cisplatin and/or LPS on TLR4 expression in

the cochleae. A–H, Cochleae from C57BL/6 mice injected with PBS,

cisplatin, LPS, or cisplatin plus LPS were removed, decalcified, and em-

bedded in paraffin, and 5-mm sections were prepared. In an immunohis-

tochemical study, an immunohistochemistry kit (DAKO LSAB+ System-

HRP, K0679) was used, and all procedures were carried out according to

the manufacturer’s instructions. Goat polyclonal Ab was used as the pri-

mary TLR4 Ab. This figure is representative of three individual animals

from each group. An enlarged image of the organ of Corti is presented in

the inset of each panel. The results were observed under a microscope

(original magnification 3100 and 3200 in OC part). OC, organ of Corti;

SL, spiral ligament; SLim, spiral limbus; SV, stria vascularis.
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enhanced by LPS in a dose-dependent manner in all regions of the

cochlear tissue. In addition, as shown in Fig. 7, cisplatin or LPS

alone slightly increased the expressions of proinflammatory cyto-

kines and NF-kB p65 compared with that of the control group.

However, combined treatment with cisplatin and LPS mark-

edly enhanced the expression of proinflammatory cytokines and

NF-kB p65 in the entire cochlear tissue, including the stria vascu-

laris, spiral ligament, and spiral ganglion neurons as well as in the

sensory hair cell layers in the organ of Corti. In parallel with the

enhanced expression of proinflammatory cytokines in cochlear

tissue from mice injected with cisplatin alone, LPS alone, or in

cisplatin–LPS–co-injected mice, the serum levels of TNF-a and

IL-1b were increased in the cisplatin- or LPS-injected mice com-

pared with that of PBS-control mice (Fig. 8). Notably, the in-

creased serum level of TNF-a due to cisplatin was further highly

enhanced by LPS in a dose-dependent manner in the cisplatin–

LPS–co-injected mice compared with that of mice injected with

cisplatin or LPS alone. However, the increased serum level of IL-

1b after injection with cisplatin was not further enhanced by LPS

injection.

Synergistic deterioration of hearing function by LPS after

exposure to cisplatin was suppressed in TLR4 mutant C3H/HeJ

or TLR42/2 mice

In the current study, we demonstrated that cisplatin increased TLR4

expression and that its interaction with LPS resulted in hearing

impairment through proinflammatory cytokine production and

NF-kB activation. Therefore, to confirm the involvement of TLR

signaling in the deteriorated hearing function of cisplatin-injected

mice after exogenous LPS injection, TLR4 mutant C3H/HeJ or

TLR42/2 mice were injected with cisplatin and/or LPS using the

same schedule shown in Fig. 5A. We then examined the hearing

threshold using the ABR test. As shown in Fig. 9A and 9B, al-

though cisplatin alone or high-dose LPS (5 mg/kg body weight)

induced a very slight increase in ABR threshold compared with

that of the PBS-control group, the significant changes in the ABR

threshold at 4, 8, 16, and 32 kHz were not detected in the cis-

platin- and/or LPS-injected TLR4 mutant C3H/HeJ (Fig. 9A) and

TLR42/2 mice (Fig. 9B) after either the first or second cycle of

treatment. In addition, the serum levels of proinflammatory cyto-

kines were not elevated in cisplatin- and/or LPS-injected TLR42/2

mice compared with those of the PBS-control group (Fig. 9B, in-

set). In addition, the expression of the proteins TLR4 and TNF-a

was not observed in cisplatin- and/or LPS-treated TLR42/2 mice

(Fig. 10). These results suggest that TLR4 signaling cascade is

critically required for cisplatin–LPS–mediated ototoxicity through

production of proinflammatory cytokines.

Discussion
Many drugs in clinical use are ototoxic and have the potential to

cause inner ear damage as a side effect despite their therapeutic

FIGURE 7. In vivo combined injection of cisplatin

and LPS increased the expression of proinflammatory

cytokines in the cochleae of mice. The cochleae were

embedded in paraffin and prepared in 5-mm sections

for immunohistochemical study of proinflammatory

cytokine expression. An immunohistochemistry kit

(DAKO LSAB+ System-HRP, K0679) was used, and

all procedures were carried out according to the man-

ufacturer’s instructions. The following primary Abs

were used: A–D, anti–TNF-a (rabbit polyclonal Ab);

E–H, anti–IL-1b (rabbit polyclonal Ab); I–L, anti–

IL-6 (rabbit polyclonal Ab); M–P, anti–NF-kB p65

(rabbit polyclonal Ab). The results were observed

under a microscope (original magnification 3100).

OC, organ of Corti; SL, spiral ligament; SLim, spiral

limbus; SV, stria vascularis.

FIGURE 8. In vivo combined injection of cisplatin and LPS increased

the serum level of proinflammatory cytokines. After performing the in vivo

experimental schedule, mice were sacrificed for bleeding and removal of

the cochleae. The levels of proinflammatory cytokines (TNF-a, IL-1b, and

IL-6) in sera were analyzed with an ELISA kit, and all procedures were

carried out according to the manufacturer’s instructions. pp , 0.05.
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value. These drugs can either be vestibulotoxic (i.e., they disturb

the balance organs in the vestibular system) or cochleotoxic

(i.e., they cause hearing loss by affecting the sensory cells of the

cochlea) (33). Cisplatin is a widely used chemotherapeutic agent

for the treatment of various solid tumors, but its usefulness is

limited by side effects, which include nephrotoxicity, neurotox-

icity, and ototoxicity. Many cancer patients also experience other

side effects, such as nausea and vomiting, anemia, fever, and al-

opecia during their chemotherapy. Incidence of ototoxicity in the

course of clinical chemotherapy is highly variable and depends on

dose and duration of drugs as well as on the disease state of the

patients. Wang et al. (34) reported that the incidence of hearing

loss was increased from 8.9 to 28.8% in 150 patients with naso-

pharyngeal carcinoma after chemotherapy and radiation. Boke-

meyer et al. (14) revealed that the frequency of cisplatin-induced

ototoxicity was ∼20–40% after a high cumulative dose of 400 mg/

m2 in patients with testicular cancer. De Jongh et al. (15), how-

ever, reported that the ototoxicity of weekly high-dose cisplatin

(70–85 mg/m2) in 400 patients with advanced solid tumors was

only observed in 2.5% of the patients. In addition, cancer patients

FIGURE 9. Synergistic de-

terioration of hearing function by

LPS after exposure to cisplatin was

blocked in TLR4 mutant C3H/HeJ or

TLR42/2 mice. TLR4 mutant C3H/

HeJ (A) and TLR42/2 (B) mice were

administered PBS, cisplatin, LPS, or

cisplatin–LPS by i.p. injection as

described for Fig. 5A. ABR was

measured at three time points as in-

dicated: before injection (pre-ABR),

after first injection of cisplatin and/or

LPS (1st ABR), and after second in-

jection (2nd ABR). ABR threshold

shifts were represented as mean 6

SD at each frequency tested in these

mice. In addition, the inset of Fig.

10B represents the serum levels of

proinflammatory cytokines in cis-

platin- and/or LPS-injected TLR42/2

mice.

FIGURE 10. The protein expression of TLR4 and

TNF-a was not observed in cisplatin- and/or LPS-

treated TLR42/2 mice. TLR42/2 mice were adminis-

tered PBS, cisplatin, LPS, and cisplatin–LPS by i.p.

injection as described for Fig. 5A. Cochleae were re-

moved, decalcified, and embedded in paraffin. Then,

5-mm sections were prepared. In an immunohisto-

chemical study, an immunohistochemistry kit (DAKO

LSAB+ System-HRP, K0679) was used, and all pro-

cedures were carried out according to the manu-

facturer’s instructions. The following primary Abs

were used: A–D, anti-TLR4 (goat polyclonal Ab); E–

H, anti–TNF-a (rabbit polyclonal Ab). The results

were observed under a microscope (original magnifi-

cation 3100). OC, organ of Corti; SL, spiral ligament;

SLim, spiral limbus; SV, stria vascularis.
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receiving cisplatin have been found to experience leukopenia,

anemia, and reduction of platelets as well as hearing loss. These

side effects induce severe toxicity and may result in additional

diseases. Infection has a significant influence on the care and

outcome of patients with cancer, notably in those patients who

become neutropenic during the course of disease (35). Important

factors for infection in cancer patients may be therapy-related

myelosuppression and immune defects inherent to the underlying

disease process. Although cisplatin-induced ototoxic mechanisms

have been well defined in various reports, the effects of accidental

infection on ototoxicity during the course of chemotherapeutic

cycles with cisplatin remain to be elucidated.

The cytotoxic mechanisms of cisplatin, including DNA adducts,

mitochondrial dysfunction, and generation of ROS, have been

extensively studied. In addition, we demonstrated another mech-

anism for cisplatin ototoxicity; that is, proinflammatory cytokines

play a critical role in the pathogenesis of cisplatin-induced oto-

toxicity (8). Cisplatin-induced ototoxicity occurs primarily in the

OHCs of the organ of Corti. Cisplatin induces apoptosis of OHCs

in the organ of Corti explants and in vivo, respectively (3, 36).

Inflammatory cytokines are known to be related to innate and

adaptive immunity in the host defense system. Cisplatin activates

macrophages in vitro to enhance the tumoricidal state and en-

hances their Ag-presenting ability (14). It also increases the pro-

duction of ROS and proinflammatory cytokines both in vitro and

in vivo (37–39). In addition, cisplatin increases the expression of

TLRs, including TLR4 in murine peritoneal macrophages

in vitro, and subsequent stimulation with individual TLR-related

ligands induces the production of proinflammatory cytokines,

such as TNF-a, IFN-g, IL-1b, and IL-12 (30). TLR4, as a pattern

recognition receptor, is known to recognize its specific ligand

LPS in innate immunity. By using TLR4 mutant C3H/HeJ mice,

Cenedeze et al. (24) reported that cisplatin-induced renal toxicity

is partly mediated through TLR4. Ramesh et al. (25) also dem-

onstrated that the combination of cisplatin and LPS acts syner-

gistically to produce inflammatory cytokines, such as TNF-a, IL-

6, MCP-1, KC, and GM-CSF, thereby inducing nephrotoxicity in

an acute renal failure model. Leukocytes are involved in

defending the body against both infectious disease and foreign

materials. It has been well known that cisplatin promotes the

infiltration of leukocytes to kidney through TLR4 and cytokine

production (23, 40). However, in our previous report, we dem-

onstrated that cisplatin induces secretions of proinflammatory

cytokines from various types of cells in the cochlear tissues in-

cluding hair cells and supporting cells, and these cytokines

mediate ototoxicity without leukocyte infiltration (8). Moreover,

in this study, proinflammatory cytokines were also considered as

one of the major effective molecules for cisplatin–LPS–induced

ototoxicity through TLR4 signaling. Therefore, we investigated

whether production of proinflammatory cytokines in the cis-

platin- and/or LPS-treated cochlear tissues could lead to recruit-

ment of inflammatory leukocytes into cochlear tissues, thereby

causing ototoxicity. We examined the recruitment of inflam-

matory leukocytes in the cochlear tissues using H&E staining

and immunohistochemical analysis for CD45R as a leukocyte

surface marker. As shown in Supplemental Figs. 3 and 4, the

specific infiltration of leukocytes in the cochlear tissues from

cisplatin- and/or LPS-treated mice was not detected by H&E

staining and immunohistochemical analysis for CD45R, even

though it just showed very slight nonspecific expression of

CD45R in the prominence region of the spiral ligament. Based

on these results, we conclude that the immune response by

infiltrated leukocyte is not involved in cisplatin- and/or LPS-

induced ototoxicity.

In this study, we clearly demonstrated that the transcriptional and

translational expression of TLR4 was increased in mouse cochleae

in vivo (Figs. 1B, 6), HEI-OC1 auditory cells in vitro (Fig. 1A, 1C,

1D), and organ of Corti explants ex vivo (Fig. 2) after cisplatin

exposure. We also showed that cisplatin-induced TLR4 interacts

with FITC-conjugated LPS in vitro (Fig. 3A, 3B). Furthermore, the

engagement of LPS with its receptor TLR4 elicited NF-kB acti-

vation by IkBa phosphorylation after cisplatin treatment in HEI-

OC1 cells (Fig. 4A), and this activation was completely inhibited

in TLR4 siRNA-transfected HEI-OC1 cells (Fig. 4B) or TLR4

knockout MEF cells (Fig. 4C). Of note, NF-kB activation is

a critical bridge to the expression of inflammatory cytokines and

other mediators involved in inflammatory responses (30). After

dimerizing of TLR4 through engagement with its ligand, adapter

molecules, such as TIRAP and TRAM, are recruited on the cy-

toplasmic domain of TLR4 and further interact with MyD88 and

TRIF, respectively, and then transduce a signal to the nucleus.

MyD88 is critical for signaling by all TLRs except TLR3. After

stimulation, MyD88 associates with the cytoplasmic portion of the

TLR and then recruits IRAK-4 and IRAK-1 through a homophilic

interaction of the death domains (13). Subsequently, TNFR-

associated factor 6, transforming growth factor-b–activated ki-

nase 1, and NF-kB are activated, and then NF-kB is translocated

into the nucleus regulating the genes for proinflammatory cyto-

kines as well as many other genes. In the current study, we also

observed that combined treatment with cisplatin and LPS mark-

edly enhanced the expression and secretion of proinflammatory

cytokines in the whole cochlear tissue (Fig. 7) and blood sera (Fig.

8). Notably, the increased serum level of TNF-a after treatment

with cisplatin was further highly enhanced by LPS, but IL-1b

secretion was not affected by LPS injection. In agreement with our

previous report (8), these results suggest that TNF-a plays a key

role in the cisplatin- or cisplatin–LPS–induced ototoxicity.

In our previous study, we also demonstrated that NADPH oxi-

dases (NOXs) played a critical role in cisplatin-induced cochlear

injury, and TNF-a and ERK played a key role in NOX activation

(41). These findings suggest that inflammation and ROS genera-

tion through NOXs are one of the major mechanisms in cisplatin

ototoxicity. Therefore, we further examined the expression of

other cellular mediators, such as high mobility group box 1

(HMGB1), receptor for advanced glycation end-product (RAGE),

advanced glycation end-product (AGE), inducible NO synthase

(iNOS), and NOXs, which are closely related to inflammation and

oxidative stress (42, 43). As shown in Supplemental Fig. 5 and

Supplemental Table I, combined injection of cisplatin and LPS

markedly enhanced the expression of these cellular mediators,

including HMGB1, RAGE, AGE, cyclooxygenase 2, iNOS, and

NOXs, in the entire cochlear tissue, such as the stria vascularis,

spiral ligament, and spiral ganglion neurons as well as the sensory

hair cell layers in the organ of Corti. These findings suggest that

other cellular mediators, such as HMGB1, RAGE, AGE, cyclo-

oxygenase 2, iNOS, and NOXs, may be also involved in accelera-

tion of cisplatin ototoxicity by TLR4–LPS interaction. However, the

effects of these molecules on cisplatin–LPS–mediated ototoxicity

should be further extensively studied.

The development of experimental animal models has played

a critical role in understanding the mechanisms of ototoxicity by

these drugs and in the search for oto-protective materials. Typically,

the cochlear effects of ototoxic drugs are studied in the guinea pig,

which is the most common animal model used in hearing research

(2, 44). The mouse model for studying ototoxicity is of interest

because it allows for more flexibility and offers the potential for

transgenic studies (45). In our previous studies, 8-wk-old mice

received cisplatin i.p. for four consecutive days (4 mg cisplatin/kg
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body weight per injection) (8, 41). These mice showed a signifi-

cant hearing loss by ABR measurement. However, human clinical

chemotherapy schedule depends on tumor type, condition of

patients, and type of drugs. In the clinical use of cisplatin alone or

combined with other drugs, treatment plans generally call for

treating several times with 3- or 4-wk intervals (46). Considering

the cisplatin-induced TLR4 expression in our in vivo and in vitro

systems, we speculate that cisplatin can induce a systemic decline

of immune surveillance in cancer patients. In this situation, hearing

function may be deteriorated by additional inflammatory responses

through the signaling pathways mediated by the interaction of

TLR4 and PAMPs of infected microbial organisms. Therefore, to

address this question, we used a C57BL/6 mouse model subjected

to two cycles of low-dose cisplatin injection and a double treatment

of LPS after cisplatin injection to mimic the result of infection

during the chemotherapy cycles (Fig. 5A). Cisplatin alone with

a final cumulative dose of 10 mg cisplatin kg/body weight did not

result in any deterioration of hearing function. LPS alone also could

not induce hearing impairment. However, the combined injection of

cisplatin and LPS caused severe hearing impairment in C57BL/6

mice (Fig. 5C), whereas this hearing dysfunction was completely

inhibited in both TLR4 mutant (Fig. 9A) and TLR42/2 mice (Fig.

9B). These results support our hypothesis that hearing function can

be synergistically damaged by the increased expression of TLRs

and by microbial infections in cancer patients who are in a treat-

ment regimen composed of multiple cycles of cisplatin-based che-

motherapy. Moreover, such damage can occur even though patients

do not exhibit an ototoxic level of cumulative cisplatin concentra-

tion. Taken together, the results of the current study suggest the

possibility that anticancer chemotherapy occasionally deteriorates

the host defense system against infection, and thus, an increase in

chance of infection occurrence may cause additional hearing loss

through activation of TLRs signaling pathway.
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