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Association between histone deacetylases and the loss of cochlear
hair cells: Role of the former in noise-induced hearing loss
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Abstract. Noise-induced hearing loss (NIHL) is one of the
most frequent disabilities in industrialized countries. It has been
demonstrated that hair cell loss in the auditory end organ may
account for the majority of ear pathological conditions. Previous
studies have indicated that histone deacetylases (HDACsS) play
an important role in neurodegenerative diseases, including
hearing impairment, in older persons. Thus, we hypothesized
that the inhibition of HDACs would prevent hair cell loss and,
consequently, NIHL. In the present study, a CBA/J mouse
model of NIHL was established. Following an injection with
the HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA),
the expression levels of HDAC1, HDAC4 and acetyl-histone H3
(Lys9) (H3-AcK9) were measured. The number of hair cells
was quantified and their morphology was observed. The results
revealed that 1 h following exposure to 110 dB SPL broad-
band noise, there was a significant increase in HDAC1 and
HDAC4 expression, and a marked decrease in the H3-AcK9
protein levels, as shown by western blot analysis. Pre-treatment
with SAHA significantly inhibited these effects. Two weeks
following exposure to noise, the mice exhibited significant
hearing impairment and an obvious loss in the number of outer
hair cells. An abnormal cell morphology with cilia damage was
also observed. Pre-treatment with SAHA markedly attenuated
these noise-induced effects. Taken together, the findings of our
study suggest that HDAC expression is associated with outer
hair cell function and plays a significant role in NIHL. Our data
indicate that SAHA may be a potential therapeutic agent for the
prevention of NIHL.
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Introduction

Noise-induced hearing loss (NIHL) is a major health issue in
a number of industrialized countries, despite reduced occupa-
tional noise exposure, strict standards for hearing protection
and extensive public health awareness campaigns (1). It has
been demonstrated that the loss of hair cells in the auditory
end organ accounts for the majority of ear pathological condi-
tions (2). Cochlear hair cells include the inner hair cells and
three rows of outer hair cells. Inner hair cells are the primary
sensory cells that convert the mechanical acoustic input into
receptor potential and the release of neurotransmitters, trig-
gering action potentials in the auditory centers of the brain. The
major function of outer hair cells is to enhance the performance
of the cochlea, particularly at low sound-intensity levels (3).
Histone deacetylases (HDACS) are a class of enzymes
that remove acetyl groups from the lysine residues of target
proteins, promoting chromatin condensation and reduced
transcription (4). Four classes of mammalian HDACs have
been identified and classified based on sequence homology
to the original yeast enzymes and domain organization (5,6).
HDACI is a member of class I HDACs, which are expressed
in the majority of tissues and cell types and function as
nuclear proteins and transcriptional repressors. HDAC4
belongs to class II HDACs, which are expressed in the heart,
skeletal muscle and brain and function as a shuttle between
the cytoplasm and the nucleus (7). The N-terminal tails of the
core H3 histones contain specific amino acid sequences for
acetylation, methylation, phosphorylation, ubiquitination and
sumoylation (8), and H3K9 is a common modification site of
acetylation (9). Previous studies have demonstrated that the
treatment of mice with kanamycin decreases the acetylation of
histone H3 in the nuclei of outer hair cells (3,10).
Suberoylanilide hydroxamic acid (SAHA) is a commonly
used HDAC inhibitor that effectively blocks all class I and class 1T
HDAGC:. Studies have indicated that SAHA inhibits the growth of
ovarian cancer cells, while inducing the expression of imprinted
tumor suppressor genes (11-13). A previous study by our research
group also demonstrated that the kanamycin-induced hypoacety-
lation of histones is associated with aminoglycoside-induced
hair cell loss, and that the restoration of histone acetylation
with HDAC inhibitors prevents damage to inner ear hair cells
in vitro (3). However, whether there is an association between
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HDACs and NIHL, and the role of the HDAC inhibitor, SAHA,
in preventing NIHL remains to be elucidated.

In the present study, hair cell death was assessed following
the exposure of adult CBA/J mice to broadband noise (BBN)
to induce hearing loss. Following an injection of SAHA, the
protein levels of HDAC1 and HDAC4 in the cochlear tissue and
the levels of acetyl-histone H3 (Lys9) (H3-AcK9) in the outer
hair cells were measured, the number of hair cells was quanti-
fied and their morphology was assessed, and comparisons were
made between the mice injected with SAHA and the untreated
mice in the control group.

Materials and methods

Antibodies and reagents. Unless otherwise stated, all mate-
rials were purchased from Gibco (Grand Island, NY, USA).
Polyclonal rabbit antibodies against HDAC1 (Cat. no. 7872),
HDAC4 (Cat. no. 11418) and H3-AcK9 (Cat. no. 33361),
as well as the corresponding secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). GAPDH antibodies (Cat. no. 367714) were obtained
from Upstate Biotechnology, Inc. (Lake Placid, NY, USA).
Alexa Fluor 594 secondary antibody (Cat. no. A24923), FITC-
phalloidin (Cat. no. F432) and Hoechst 33342 (Cat. no. H3570)
were purchased from Molecular Probes (Eugene, OR, USA).
SAHA was purchased from Cayman Chemical Co. (Ann Arbor,
MI, USA). ECL Plus Western Blotting Detection reagents were
purchased from GE Healthcare UK Ltd. (Little Chalfont,
Buckinghamshire, UK).

Animals. Sexually mature (12 weeks old) male CBA/J mice
were purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China). The animals were main-
tained on a 12-h light/12-h dark schedule and had free access to
water and a standard mouse diet (Purina 5025) for 1 week before
the commencement of the experiments. The animals were then
randomly assigned to 3 experimental groups following weight
stratification: i) the control group (G1), animals were placed in
the noise exposure monitoring device, but were not exposed
to noise; ii) the DMSO group (G2), animals were exposed to
noise and received an intraperitoneal injection of DMSO (10%)
3 days before they were exposed to noise; and iii) the SAHA
group (G3), animals were exposed to noise and received an
intraperitoneal injection of SAHA (25 mg/kg) 3 days before
they were exposed to noise. Each group comprised 20 mice. All
procedures were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals and were approved
by the Medical Research and Ethics Committee (the Fourth
Military Medical University).

Exposure to noise and auditory brainstem response (ABR). The
mice were kept in separate stainless-steel wire cages (9x9x9 cm)
and the animals in the G2 and G3 groups were exposed to BBN
with a frequency spectrum from 2 to 20 kHz at a sound pressure
level (SPL) of 110 dB for 2 h to induce a permanent threshold
shift (PTS), while the mice in the G1 group were not exposed
to noise in the same chamber. The experimental period lasted
for 2 weeks.

Noise was created using a sound exposure chamber. Audio
CD sound files were created and equalized with audio editing
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software (Adobe Systems Audition 3; Adobe Systems, Inc.,
San Jose, CA, USA). In order to ensure uniformity throughout
the sound field, a sound level meter (model 1200; Quest
Technologies Software, Aliso Viejo, CA, USA) was used to
calibrate the sound levels at multiple locations within the sound
chamber prior to and following the exposure of the mice to
noise.

At the end of the experimental period, the mice were anes-
thetized with an intraperitoneal injection of xylazine (20 mg/kg)
and ketamine (100 mg/kg), and were then placed in a sound
isolation and electrically shielded booth (Acoustic Systems,
Indianapolis, IN, USA). ABRs were measured at 4, 8, 12,24, 32
and 48 kHz using TDT system 3 hardware and SigGen/BioSig
software (both from Tucker-Davis Technologies, Alachua, FL,
USA). Thresholds were estimated between the lowest stimulus
level at which a response was observed and the level without a
response. All ABR measurements were conducted by the same
experimenter blinded to the treatment conditions.

Western blot analysis. Cochlear tissue was homogenized
and lysed with RIPA lysis buffer (100 mM NaCl, 50 mM
Tris-HCI pH 7.5, 1% Triton X-100, 1 mM EDTA, 10 mM
[B-glycerophosphate and 2 mM sodium vanadate and protease
inhibitor). Protein concentrations were determined using the
Micro BCA protein assay (Pierce, Rockford, IL, USA). A 40-mg
sample of protein in each lane was separated by 10% SDS-PAGE
and electroblotted onto polyvinylidenedifluoride (PVDF)
membranes in a semi-dry trans-blot apparatus. Subsequently,
the PVDF membranes were blocked by incubating them in
5% non-fat milk in TBST buffer at room temperature for 1 h.
The PVDF membranes were then incubated with anti-HDACI,
anti-HDAC4, anti-H3-AcK9, or anti-GAPDH antibodies for
1 h at room temperature. Following 3 washes in TBST buffer,
HRP-conjugated secondary antibodies were introduced and
ECL was used for detection.

Immunofluorescence staining and quantification of cell
number. The mice were perfused through the heart with PBS
and 4% paraformaldehyde (PFA) for 30 min under physiolog-
ical pressure. The cochlear tissue was isolated and fixed with
4% paraformaldehyde for 12 h at 4°C and was then rinsed in
PBS and decalcification buffer in a 4% solution of sodium
EDTA (pH 7.4). The EDTA solution was changed daily for
3 days at 4°C. Following decalcification, the cochleae were
embedded in OCT-freezing medium and cut into 10-xm-thick
serial sections. The corresponding sections were placed
into 3% hydrogen peroxide for 2.5 h to quench endogenous
peroxidase and were then incubated in a solution for blocking
non-specific antibody binding overnight at 4°C. Subsequently,
the sections were processed with a primary antibody (1:100)
for 4 days at 4°C, washed in PBS and then incubated overnight
at 4°C with Alexa Fluor 594-conjugated secondary antibodies.
Nuclear material was detected by incubating the sections with
Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 30 min
at room temperature. A sample size of 5 mice was used in
each experimental group. Images were captured using a
fluorescence microscope (BX50; Olympus, Essex, UK) using
a DP Controller and DP Manager (Olympus, Essex, UK) soft-
ware and a confocal microscope (FV-500; Olympus, Essex,
UK). The number of cells expressing one or both markers of
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interest in each field was counted manually by 2 independent
blinded observers using Adobe Photoshop. The percentage of
hair cells was calculated as the average of 6 high-power fields
of view normalized to the total number of cells per view.

Morphometric analysis. Hair cell morphometric changes were
observed by phalloidin staining and scanning electron micros-
copy (SEM). The phalloidin-stained stereociliary bundles and
circumferential F-actin rings on the cuticular plate of outer and
inner hair cells allowed the determination of cells that were
present or missing. The cochleae from the noise-exposed and
unexposed groups were fixed and stained simultaneously with
identical solutions and processed in parallel. FITC-conjugated
phalloidin was used for labeling the hair cell structure to
identify the comparable parts of hair cells for the capture of
confocal images. Each condition was replicated in 4 different
animals. SEM was performed after the cells were fixed in
ice-cold 2.5% glutaraldehyde and 1% osmium tetroxide 2 h
at 4°C. Subsequently, the cells were dehydrated in an acetone
gradient, then soaked and embedded in epoxy resin 618. Semi-
thin sections (1.0-um-thick) were prepared after trimming
and were located by light microscopy after staining. Ultrathin
sections (70-nm-thick) were prepared and photographed using
a scanning electron microscope (Olympus, Tokyo, Japan)
following staining with uranyl acetate and uranium-lead acid.

Data analysis. Each experiment was repeated at least 3 times.
Theresults are presented as the means + standard (SD). Statistical
analyses were performed using a paired or unpaired Student's
t-test for direct 2-group comparisons and the Tukey-Kramer
post-hoc test after a one-way analysis of variance (ANOVA)
F-test for multiple-group comparisons. A P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Permanent NIHL in adult CBA/J mice. The exposure of
12-week-old male CBA/J mice to BBN at 110 dB SPL for 2 h
resulted in PTS at4,8,12,24,32 and 48 kHz, 2 weeks following
exposure to noise (Fig. 1). Compared with the DMSO-injected
group (G2), pre-treatment with the HDAC inhibitor, SAHA,
significantly reduced PTS (P<0.05 and P<0.01; Fig. 1).

Traumatic noise exposure increases the espression of HDACI
and HDAC4, but decreases H3-AcK9 levels. Western blot
analysis revealed that the expression of HDAC1 and HDAC4
increased 1 h following exposure to noise and subsequently
reached a plateau above the control levels (Fig. 2A). The quan-
tification of the ratio of the protein band densities of HDAC1
revealed an approximately 2-fold increase in protein expression
compared with the control group, and an approximately 3-fold
increase was observed in the HDAC4 protein level (Fig. 2A).
In contrast to the increase in HDAC1 and HDAC4 expression,
the H3-AcKO levels decreased 1 h following exposure to noise
and showed lower band densities (Fig. 2B). The quantification
of the band densities of H3-AcK?9 to total H3 confirmed the
significance of this decrease (Fig. 2B).

To address the issue of whether the expression of HDACI,
HDAC4 and H3-AcKD9 is altered in the entire cochlea, an
immunofluoresence assay was carried out. No apoptotic cells
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Figure 1. ABR threshold shifts. The bar graph represents permanent NIHL in
12-week-old male CBA/J mice 2 weeks following exposure to BBN at 110 dB
SPL for 2 h each day. Permanent threshold shifts were greatest at high fre-
quencies and decreased toward lower frequencies. Data are presented as the
means + SD; n=5 for each condition. “P<0.05 and ““P<0.01, compared with the
DMSO-injected group. SAHA, suberoylanilide hydroxamic acid; ABR, audi-
tory brainstem response; NIHL, noise-induced hearing loss; BBN, broadband
noise; SPL, sound pressure level.

were observed in the normal controls. However, 1 h following
exposure to noise, the outer hair cells in the basal segment
showed typical cell death characteristics with the majority of
cells exhibiting signs of apoptosis characterized by chromatin
condensation (white arrows in Fig. 2C and D). This corre-
sponded with an increase in HDAC4 levels and a decrease in
H3-AcKO levels.

Accoustic trauma increases hair cell loss, which is blocked
following treatment with the HDAC inhibitor, SAHA. Seven
days following the exposure of the mice to noise, the ratio of
cochlear hair cell loss was calculated. Corresponding with the
ABR functional measurements, large numbers of hair cells
were lost in the basal and the middle regions of the epithelium.
Outer hair cell loss began at a 5% distance from the apex and
increased to 60% cell loss the end of the epithelium. Inner hair
cell loss also began at a 5% distance from the apex and reached
an average of 30% loss of hair cells at the end of the basal
region (Fig. 3A).

Further analysis of hair cell loss following pre-treatment
with the HDAC inhibitor, SAHA, revealed an interesting
pattern. Compared with G2 (group injected with DMSO), the
number of hair cells lost in the G3 (group injected with SAHA)
was significantly decreased, particularly in the basal regions
of the epithelium. Outer hair cell loss began at a 35% distance
from the apex and increased to 40% cell loss the end of the
epithelium, while inner hair cell loss began at an 80% distance
from the apex and reached an average of 30% loss of hair cells
at the end of the basal region (Fig. 3B), suggesting that SAHA
partially inhibited the loss of hair cells induced by noise expo-
sure, particularly outer hair cell loss.

The HDAC inhibitor, SAHA, protects outer hair cells against
morphological changes induced by noise exposure. In order
to investigate the morphological changes occurring in the
ourter hair cells induced by noise exposure, and whether
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Figure 2. HDAC:s are transiently upregulated by traumatic noise. Western blot analysis detected HDAC-1 and HDAC-4 protein expression in the cochlear tissue.
(A) One hour following the exposure of the mice to noise, there was an approximately 2-fold increase in the protein expression of HDACI and an approximately
3-fold increase in the HDAC4 protein levels compared with the control group. (B) Western blot analysis detected the H3-AcK9 protein levels in the cochlear
tissue 1 h following exposure to noise and showed a significant decrease compared to pre-exposure. Con, control group; I, 0 h after exposure to noise; 1 h, 1 h after
exposure to noise; "P<0.05 and “P<0.01. (C) Immunofluorescence staining of the entire cochlea for HDAC4 (red) indicated a transient increase (white arrows) in
the number of outer hair cells expressing HDAC4 1 h after exposure to noise. (D) Immunofluorescence staining of the entire cochlea for H3-AcK9 (red) indicated
a transient decrease (white arrows) in the number of outer hair cells expressing H3-AcK9 1 h after exposure to noise. Nuclei are stained blue with Hoechst 33342
and Hensen's cells are identified by their position on the surface preparation and in comparison with remaining hair cells. Blue color represents Hoechst 33342
staining of the nuclei. The figure shows representative images from the basal segment (n=3 at each time point). Scale bar, 20 gm. HDAC, histone deacetylase;
H3-AcKD9, acetyl-histone H3 (Lys9); OHC1, OHC2, OHCS3, outer hair cells of the first, second and third row, respectively; IHC, inner hair cells.

the HDAC inhibitor, SAHA, protects the cells against The results revealed that SAHA protected the outer hair
noise-induced damage, phalloidin staining (Fig. 4A) and SEM  cells against noise-induced damage. As shown in Fig. 4, the
analysis (Fig. 4B) were carried out. normal outer hair cells in the control group exhibited a normal
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Figure 3. Quantification of hair cell loss. Both outer and inner hair cells were counted from the apex to the base along the entire length of the cochlear epithelium
of the mice. (A) Both outer and inner hair cell loss increased along an apex-to-base gradient. (B) Following pre-treatment with the HDAC inhibitor, SAHA,
both outer and inner hair cell loss decreased. OHC, outer hair cells; IHC, inner hair cells; HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid.
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Figure 4. Noise-induced morphological changes in outer hair cells. Representative images of staining for F-actin with (A) phalloidin and (B) SEM images
revealed obvious morphological changes with outer hair cell loss and cilia damage 2 weeks following exposure to noise, while pre-treatment with the HDAC
inhibitor, SAHA, essentially doubled the number of surviving outer hair cells and attenuated cilia damage. Scales bar, 20 gm. HDAC, histone deacetylase;

SAHA, suberoylanilide hydroxamic acid.

appearance. In G2 (DMSO treatment), 2 weeks following
exposure to noise, cell morphology was significantly altered
with outer hair cell loss and cilia damage. In G3 (SAHA
treatment), in comparison to incubation with DMSO alone,
essentially doubled the number of surviving outer hair cells
and attenuated cilia damage. Thus, these results indicate that
the HDAC inhibitor, SAHA protects outer hair cells against
noise-induced morphological changes and prevents hair cell
loss.

Discussion

NIHL is a type of permanent hearing impairment that results
from prolonged exposure to high levels of noise (14). Hearing
loss caused by recreational and occupational noise exposure is
the second most common cause of sensorineural hearing loss
following presbycusis (15). Histone acetylation and deacety-
lation, as important epigenetic modifications, are responsible
for maintaining chromatin stability (16). An imbalance in
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histone acetylation has been implicated in a wide range of tran-
scriptional dysfunctions, gene silencing and the development
of neurodegenerative disorders (17-19). In the present study, we
hypothesized that histone acetylation is involved in the death
of inner ear sensory cells due to NIHL, and that the HDAC
inhibitor, SAHA, may be used as a potential therapeutic agent
to prevent hearing loss.

HDAC: are a class of enzymes that remove acetyl groups
from the lysine residues of target proteins, thus promoting
chromatin condensation and reduced transcription (4). The
overexpression or sustained HDAC activity has been reported in
leukemia, lymphomas and other types of cancers, as well as in
neurodegenerative disorders (20-22). Acetylated histones, such
H3 and H4, serve as in vitro and in vivo markers for successful
HDAC inhibition (23).

In this study, in order to determine the histone acetylation
levels following exposure to BBN, an animal model of NIHL
was established, and the protein levels of HDAC1, HDAC4 and
H3-AcK9 were measured by western blot analysis. The results
revealed that, 2 weeks following the exposure of CBA/J mice
to BBN, PTS at 4, 8, 12, 24, 32 and 48 kHz was evident in
the ABR test, and a large number of hair cells was lost in the
basal and middle regions of the epithelium, which presented
as permanent NIHL in the adult CBA/J mice. The HDAC1
and HDAC4 levels began to increase 1 h following exposure
to noise and subsequently reached a plateau above the control
levels, while the H3-AcK9 levels decreased at the same time
point in the entire cochlea. This timing and location suggest
that a change in histone acetylation may be one of the triggers
to cell loss in the early stages of noise exposure.

HDAC inhibitors are a class of compounds that interfere
with the function of histone deacetylase (24). Previous studies
have investigated HDAC inhibitors as possible treatment strate-
gies for cancer, neurodegenerative disorders and inflammatory
diseases (25-28). It has been shown that the inhibition of
HDACI1 and HDACS3 relieves Huntington's disease (HD)-like
phenotypes in model systems and may be a target for human
HD (29). In addition, as previously demonstrated, a novel class
of pimelic o-aminobenzamide HDAC inhibitors may be used
as therapeutic agents in neurodegenerative diseases, such as
Friedreich's ataxia (30). Small-molecule inhibitors of class I,
IT and IV HDACs have been shown to exhibit anticancer
activity with good safety profiles, particularly in patients with
hematologic malignancies (31). Although the mechanisms of
action of HDAC inhibitors remain unclear, they are emerging
therapeutic agents that have been clinically validated in cancer
patients with hematologic malignancies, including cutaneous
T-cell lymphoma (32).

In the present study, pre-treatment with the HDAC inhib-
itor, SAHA, significantly reduced the threshold shifts 2 weeks
following exposure to BBN, which suggests that SAHA may
exert a protective effect against NIHL. To clarify the site and
mechanism of action of SAHA, we investigated hair cell loss
following pre-treatment with SAHA. The results revealed that
following pre-treatment with SAHA, outer hair cell loss began
at a 35% distance from the apex and increased to 40% cell loss
at the end of the epithelium, while inner hair cell loss began
at an 80% distance from the apex and reached an average of
30% loss of hair cells at the end of the basal region, which
was significantly decreased compared with the control group.
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These data suggest that SAHA partically inhibits noise-
induced hair cell loss, particularly outer hair cell loss. Further
analysis of the morphological changes in noise-damaged outer
hair cells by phalloidin staining and SEM revealed that SAHA
protected the outer hair cells against noise-induced loss and
morphological changes. This study lends strong support to
the hypothesis that traumatic noise leads to the dysfunction
of HDAC, causing cell loss and morphological changes in
cochlear hair cells, particularly outer hair cells. Morevoer, the
HDAC inhibitor, SAHA, significantly decreases NIHL, and
may thus be a potential therapeutic strategy for the preven-
tion of hearing loss. Several HDAC inhibitors have already
been approved for clinical use (33,34). Such inhibitors may
benefit the large population of patients exposed to noise for
long periods of time and are at risk of developing irreversible
hearing and balance deficits.
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