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The primary site of lesion induced by noise exposure is the hair cells in the organ of Corti
and the primary neural degeneration occurs in synaptic terminals of cochlear nerve fibers
and spiral ganglion cells. The cellular basis of noise-induced hearing loss is oxidative stress,
which refers to a severe disruption in the balance between the production of free radicals
and antioxidant defense system in the cochlea by excessive production of free radicals in-
duced by noise exposure. Oxidative stress has been identified by a variety of biomarkers to
label free radical activity which include four-hydroxy-2-nonenal, nitrotyrosine, and malondial-
dehyde, and inducible nitric oxide synthase, cytochrome-C, and cascade-3, 8, 9. Further-
more, oxidative stress is contributing to the necrotic and apoptotic cell deaths in the co-
chlea. To counteract the known mechanisms of pathogenesis and oxidative stress induced
by noise exposure, a variety of antioxidant drugs including oxygen-based antioxidants such
as N-acetyl-L-cystein and acetyl-L-carnitine and nitrone-based antioxidants such as phenyl-
N-tert-butylnitrone (PBN), disufenton sodium, 4-hydroxy PBN, and 2, 4-disulfonyl PBN have
been used in our laboratory. These antioxidant drugs were effective in preventing or treating
noise-induced hearing loss. In combination with other antioxidants, antioxidant drugs showed
a strong synergistic effect. Furthermore, successful use of antioxidant drugs depends on
the optimal timing of treatment and the duration of treatment, which are highly related to
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Introduction

Exposure to harmful noise at working places and military
and recreational environments induces sensorineural hearing
loss resulting from damages to cochlear and neural structures
in the inner ear, called noise-induced hearing loss. Noise-in-
duced hearing loss is classified into two types: chronic noise-
induced hearing loss and acute acoustic trauma. Chronic
noise-induced hearing loss refers to hearing impairment
caused by continuous exposure to loud noise levels of 85 dB
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the time window of free radical formation induced by noise exposure.
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sound pressure level (SPL) and above for long periods of time
while acute acoustic trauma represents hearing loss caused
by short exposure to excessively loud sounds of 100 to 150
dB SPL [1-3]. Approximately 15 percent of American adults
aging from 20 to 69 years old have noise-induced hearing
loss [4]. Because noise-induced hearing loss is not necessarily
painful or even annoying in spite of the high prevalence, it is
called a hidden disorder by the Centers for Disease Control
and Prevention [2].

Generally, hearing thresholds arrive at maximal increase
immediately after noise exposure and gradually decrease for 3
weeks after noise exposure. After 3 weeks, they may fully re-
cover (called temporary threshold shifts) or stabilize at an el-
evated value (called permanent threshold shifts) [5]. Tempo-
rary and permanent threshold shifts may occur from mechanical
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and metabolic damages induced by different noise exposure
levels [1,5-9]. Mechanical damages occur with exposure to the
noise levels of 115—125 dB SPL while metabolic damages
occur with exposure to the noise level of less than 115 dB
SPL. Recent studies of noise-induced hearing loss show that
temporary and permanent threshold shifts induced by noise ex-
posure is primarily related to neural degeneration, called
noise-induced neural degeneration. Noise-induced neural de-
generation begins immediately after noise exposure and pro-
gresses for several years after the exposure [10,11]. In addi-
tion, early exposure to noise can exacerbate age-related hearing
loss as an evidence of a misspent youth, increase noise-in-
duced hearing loss prevalence earlier in life, and accumulate
its noxious effects over the course of a lifetime [11]. Primary
noise-induced neural degeneration has been found in cochlear
nerve peripheral terminals on inner hair cells and spiral gan-
glion cells in spite of clear recovery of cochlear thresholds and
no loss of inner and outer hair cells (OHCs) [12].

Pharmacological interventions or approaches have been
developed for the prevention or treatment of noise-induced
neural degeneration using antioxidant drugs such as N-ace-
tyl-L-cysteine (NAC), acetyl-L-carnitine (ALCAR), phenyl-
N-tert-butylnitrone (PBN), disufenton sodium (NXY-059),
and 4-hydroxy PBN (4-OHPBN) [3,6,12-18]. The therapeutic
effects of antioxidant drugs on noise-induced neural degener-
ation is directly or indirectly associated with neural plasticity.
Generally, neural plasticity refers to an ability of the brain and
central nervous system to change and reorganize their struc-
ture and function in response to environmental cues, experi-
ence, learning, behavior, injury and/or diseases, and treat-
ments. Neural degeneration related to deprivation of auditory
system after noise exposure and neural plasticity associated
with the use of antioxidant drugs are of particular interest be-
cause they provide valuable information of the rationale for
one of the most promising treatment of noise-induced hear-
ing loss. Our previous studies have demonstrated that antiox-
idant drugs can significantly attenuate the structural or func-
tional consequences of noise trauma and rescue the cochlea
and the central auditory system from their damages induced
by noise trauma [3,6,12-17]. The present review explores the
main damages and changes induced by noise exposure in the
cochlea and the brain, the different role of each antioxidant
drug in the treatment of noise-induced hearing loss, and the
possible mechanisms and sites of action of each antioxidant
drug alone and in combination with other antioxidant drugs
for noise-induced hearing loss.
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Mechanisms of Noise-Induced
Neural Degeneration

Many earlier studies of noise-induced trauma had demon-
strated that there are mechanical damages of the anatomic and
physiologic structures of the organ of Corti [9,19,20]. Me-
chanical damages induced by noise exposure include the dis-
ruption of Reissner’s membrane and basilar memebrane, loss
of stereocilia bundles, disruption of subcellular organelles,
damage of the inner and OHCs, injury of stria vascularis and
spiral ganglion cells, and destruction of the lateral walls of the
OHCs [7-9]. Among these damages, the primary site of lesion
is the hair cells in the organ of Corti [19-21]. Loss of hair cells
was found in minutes to hours after noise exposure while loss
of spiral ganglion cells was not observed for weeks to months
after noise exposure [19]. It is called a secondary neural de-
generation due to the neural degeneration occurring second-
ary to the hair cell loss. However, recent studies have showed
that noise exposure can induce hearing loss without any me-
chanical damages of the organ of Corti. Noise-induced per-
manent threshold shifts do not require hair-cell loss but can
occur with stereocilia damage alone [20]. In spite of noise ex-
posure, it has been observed that the organ of Corti was intact
and there were no hair cell loss outside of the extreme high-
frequency end of the cochlear spiral and no pathologic change
in other cochlear structures such as the stria vascularis, spiral
limbus, and tectorial membranes [11]. The most distinct
pathological site for noise-induced hearing loss was within
the spiral ganglion cells, the cell bodies of cochlear nerve af-
ferents [5,11]. There were a rapid and irreversible loss of co-
chlear nerve peripheral terminals on hair cells and a slow de-
generation of spiral ganglion cells after noise exposure [21].
Because the neural loss was not associated with hair cell
loss, it is considered a “primary” neural degeneration rather
than occurring secondary to the hair cell degeneration [5]. In
addition, noise-induced loss of spiral ganglion cells is de-
layed by months and can progress for years after noise expo-
sure [5,11]. These findings contrast with the common notions
of noise-induced trauma that noise induced threshold shifts
increase only as long as the noise exposure continues, asymp-
tote to permanently stable levels within 2—4 weeks after ex-
posure, and initiate a recovery immediately after exposure
termination [10].

The primary neural degeneration induced by noise expo-
sure was shown in widespread and severe swelling of the
synaptic terminals of cochlear nerve fibers of ears in a variety
of mammals such as cat, guinea pig, and mouse [21-23]. The
acute swelling of afferent terminals represents a type of gluta-
mate excitotoxicity occurring in the inner and OHCs [5]. Al-



though the exact timing of degeneration and regeneration af-
ter excitotoxicity is not clearly identified, excitotoxic swelling
was observed within 24—48 h after exposure and absent more
than 1 week after exposure [21-23]. Another study showed
that most terminals degenerate after noise exposure and then
regenerate within a few (<5) days to re-innervate the hair
cells [24]. Loss of spiral ganglion cells representing the syn-
aptic degeneration was not recovered by 8 weeks after expo-
sure and required 2 years to approach the 50% cell loss [22].
When noise-induced neural degeneration can be spontane-
ously recovered is of clinically fundamental importance to
the development of pharmacological treatments for noise-in-
duced hearing loss.

As a result of noise exposure, synaptic degeneration and
neural plasticity were found in the central auditory system,
especially in the dorsal cochlear nucleus (DCN). Pathologi-
cal changes induced by noise exposure in the central auditory
system have been identified by many studies. The number or
density of axons was reduced by half in the posterior ventral
cochlear nucleus (PVCN) [25] and degeneration of synapsing
nerve endings of secondary neurons was seen in the anterior
ventral cochlear nucleus and octopus cell area of the PVCN
[26]. Neuropil volume and neuron size were decreased and
neuronal packing density with minimal changes in neuron
number was increased in the VCN and deep layer of the DCN
receiving the heaviest input from cochlear afferents [26]. Cy-
tological changes and degeneration of synaptic endings in the
cochlear nucleus were found within 1—16 weeks after noise
exposure and these changes progressed to mitochondrial dis-
integration and overt watery degeneration [27]. The long-
term effects of noise exposure for periods of 6 and 8 months
after nose exposure were also observed on the fine structure
of synaptic endings in the cochlear nucleus, especially in the
neuropil and the synapses on the globular bushy cell, which
form part of the main ascending auditory pathway [27]. This
indicates that noise-induced hearing loss may progress as a
neurodegenerative disease with the capacity for synaptic reor-
ganization within the cochlear nucleus. Substantial losses of
axons and synaptic terminals with excitatory and inhibitory
cytology were seen in the PVCN after 1 week, progressed for
16—24 weeks after exposure, and fully recovered by 24—32
weeks after noise exposure [28]. Neural plasticity in the DCN
induced by noise exposure can be evaluated by synapse bio-
markers such as synaptophysin and precerebellin. Synaptophy-
sin is a biomarker for synaptic reorganization after denervation
and quantification of synapses and widely found in presynap-
tic membranes and vesicles [29]. Precerebellin (Cblnl) is the
precursor of the brain-specific neuropeptide cerebelin and a
synapse organizer for both pre- and post-synaptic compo-
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nents [17]. Cblnl is involved for synaptic integrity, plasticity
as well as synapse maintenance in the cerebellum [17]. De-
creased synaptophysin and precerebellin expressions and se-
lective denegeration of nerve terminals surrounding cartwheel
cells and their primary dendrites were found in the middle re-
gion of the DCN after noise exposure [17]. In spite of these
previous studies, the mechanisms involved in synaptic degen-
eration and plasticity of the central auditory system induced
by noise exposure are not clear.

On the other hand, the cochlea is a highly metabolically
active sensory organ which receives 0.5 mL per minute of
blood flow in normal conditions [8]. Metabolically, noise ex-
posure can decrease cochlear blood flow leading to cochlear
ischemia-reperfusion injury, induce cell death by producing
free radicals, and contribute to injury and deaths of hair cells
and spiral ganglion cells [1,7,8]. This process in the cochlea
is very similar to that occurring in the brain in response to a
stroke. In metabolic damages induced by noise exposure, oxi-
dative stress plays a major role in understanding the basic
mechanisms of noise-induced cochlear injury and developing
effective pharmarcological protection and treatment strategies.
Oxidative stress refers to a severe disruption in the balance
between the production of free radicals and antioxidant de-
fense system in the cochlea by excessive production of free
radicals induced by noise exposure [30]. Free radicals are any
atoms, molecules, or ions with an unpaired electron making
them highly active with cellular proteins, membrane lipids,
deoxyribonucleic acid (DNA), and cellular organelles [30].
Free radicals consist of reactive oxygen species (ROS) con-
taining at least one molecule of oxygen such as superoxide
(0,), hydroxyl (OH), peroxyl (RO,), alkoxyl (RO), and hy-
droperoxyl (HO,) and reactive nitrogen species (RNS) con-
taining at least one molecule of nitrogen such as nitric oxide
(NO) and nitrogen dioxide (NO,) [1,30]. Possible mecha-
nisms and sites of action of oxidative stress induced by noise
exposure within the cochlea are ischemia-reperfusion injury
in the stria vascularis, excessive glutamate release at the affer-
ent synapse of the inner and OHCs, mitochondrial injury asso-
ciated with excessive production of ROS and RNS in hair
cells, depletion of glutathione within the OHCs, and increases
in intracellular calcisum in hair cells [8]. In addition, noise-
induced oxidative stress makes changes to antioxidant en-
zymes, and lipid peroxidation in the spiral ganglion, organ of
Corti, and stria vascularis and leads to oxidation of actin fila-
ments of stereocilia and cell membrane lipid, protein oxida-
tion, damage to nuclear DNA, damage to mitochondrial DNA,
swelling and degeneration of afferent nerve endings, and re-
lease of toxins such as 4-hydroxy 2, 3-nonenal [hydroxy-2-
nonenal (HNE), an aldehyde adduct of membrane lipid per-
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Table 1. Types and description of damages induced by noise exposure

Types of
noise-induced
damages

Description of noise-induced damages

Mechanical damage

Disruption of Reissner's membrane and basilar memebrane, loss of stereocilia bundles, disruption of sub-

cellular organelles, damage of the inner and outer hair cells, injury of stria vascularis and spiral ganglion
cells, and destruction of the lateral walls of the outer hair cells

Neural degeneration

Degeneration of cochlear nerve peripheral terminals on the inner hair cells, spiral ganglion cells, and the

cell bodies of cochlear nerve afferents, and synaptic degeneration in the central auditory system, espe-

cially in the dorsal cochlear nucleus
Metabolic damages

Decreased cochlear blood flow leading to cochlear ischemia-reperfusion injury, mitochondria dam-

ages, oxidative stress, and cell death by producing free radicals

oxidation] [1,8]. The entire damages induced by noise
exposure are summarized as shown in Table 1.

Oxidative stress has been identified by a variety of bio-
markers to label ROS and RNS activity in the cochlea and
the brain [16]. These biomarkers include 4-hydroxy-2-nonenal
(4-HNE), nitrotyrosine (NT), and malondialdehyde (MDA),
and inducible nitric oxide synthase (iNOS), cytochrome-C,
and cascade-3, 8, 9. 4-HNE is a biomarker which indicates
oxidative damage formed as an abundant product of polyun-
saturated fatty acid oxidation and decomposition, responds
extensively to DNA and proteins, reduces intracellular gluta-
thione, and modifies many cell signaling cascades [16,17].
Delayed 4-HNE formation was observed in at the lateral wall
and Claudius cells on days 1—2, at the Deiter’s cells on days 3,
at the outer hair cell bodies on 7—10 days and 14—21 days after
noise exposure [15,16,31,32]. NT is a biomarker of NO pro-
duction which formed by nitration of a tyrosine residue in
proteins [15]. NT formation was also found in the hair cells on 1
day as well as 7 to 21 days after noise exposure [15,16,31,32].
MDA, another free radical biomarker and an end product of
lipid peroxidation represents an early common stage in the
peroxidative process and was observed in cochlea immedi-
ately after noise exposure as well as a second peak at 12 days
[15]. The expression of iNOS in the wall of the blood vessels
of stria vascularis and marginal cells was observed after noise
exposure [33]. In more detail, strong iNOS expression was
observed in the hair cells and the stria vascularis marginal
cells immediately after noise exposure while week iNOS ex-
pression was found in the vascular endothelium, marginal
cells, nerve fibers, stereocilia of hair cells and Hensen’s cells
of the organ of Corti on 1 day after noise exposure [34]. Fur-
thermore, noise exposure induced cytochrome c release from
mitochondria and caspase-3, -8, or -9 [35]. The cytochrome ¢
release took place in both apoptotic and necrotic OHCs while
caspase activation occurred only in the apoptotic OHCs and
not in the necrotic OHCs [35]. Another biomarker, c-Jun N-
terminal kinase/stress-activated protein kinase plays an impor-
tant role in a mitochondrial cell death pathway and remains in
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Table 2. Various biomarkers identified in the cochlea and brain and
their time found after noise exposure

Identified biomarkers TS VSILE G ke

exposure
Cyto-C, INOS, MDA, cascade-3, 8, 9 Immediately
Cascade-3, Cyto-C, MDA 30 min—1 hr
Cascade-3, iINOS, HNE, NT 1 day
Cascade-3, HNE, NT, MDA 2-3 days
Cascade-3, HNE, NT, MDA 4-7 days
HNE, NT, MDA 10—14 days
HNE 21 days
Cascade-3 30 days

iNOS: inducible nitric oxide synthase, MDA malondialdehyde,
HNE: hydroxy-2-nonenal, NT: nitrotyrosine, Cyto-C: cytochrome-C

cochlear tissues for as long as 3 weeks after noise exposure
[36]. In summary, oxidative stress identified by biomarkers
can occur immediately after noise exposure and progress up
to 30 days after noise exposure [7,31,32]. Of days after noise
exposure, the first 10 days are the most important time period
for free radical formation because the formation of free radi-
cals reaches their peaks [31,32]. A variety of biomarkers
identified in the cochlea and the brain for noise-induced hear-
ing loss and their time found after noise exposure are listed as
shown in Table 2.

Noise-induced oxidative stress can directly or indirectly
contribute to cell death in the cochlea. A clear understanding
of the biological steps in cell death may lead to the develop-
ment of pharmacological interventions for prevention and
treatment of noise-induced hearing loss [7]. Cell death in-
duced by acoustic overexposure occurs through three differ-
ent pathways. The primary cell death pathway is apoptosis,
an active programmed cell death which is marked as shrunk-
en dark cytoplasm with a pyknotic nucleus, remaining intact
cell membrane with no inflammatory response [7]. This apop-
tosis can be mediated by the activity of enzymes (caspase-3,
-8, -9), cytochrome-C, c-Jun, and c-Jun NH2-terminal kinase
[8,35,36]. The second cell death pathway is necrosis, a pas-
sive unprogrammed cell death which is identified by swollen



and pale-staining cytoplasm resulting in rupture of the cell,
spillage of the cell contents, damage to surrounding tissue,
and evocation of an inflammatory response [7]. The third
cell death pathway is relatively a newly defined one, which
is characterized by no basolateral plasma membrane but cel-
lular debris arranged in the shape of an intact outer hair cell
with a nucleus deficient in nucleoplama [20]. The necrotic
and apoptotic pathways were observed in the cochlea imme-
diately after noise exposure [37]. As time passed, the necrotic
death disappeared and the apoptotic pathway is more respon-
sible for the cell death.

Therapeutic Effects
of Antioxidant Drugs

Pharmacological approaches to prevent or treat noise-in-
duced hearing loss have been developed by increasing the
antioxidant defense system or reducing the oxidative stress in
the cochlea. To maximize the therapeutic effects, they need to
be designed to counteract the known mechanisms of patho-
genesis induced by noise exposure such as mitochondrial in-
jury, glutamate excitotoxicity, glutathione depletion, exces-
sive increases in intracellular calcium fluxes, and ischemia-
reperfusion mentioned in the preceding section [8]. A variety
of antioxidant drugs have been used for prevention and treat-
ment of noise-induced hearing loss. Antioxidant drugs used
in our laboratory are classified into two different types: oxy-
gen-based and nitrone-based antioxidant drugs [1,3,6,8,12,
13,15-18].

Oxygen-based antioxidant drugs have been developed to
inhibit the excessive production of ROS induced by noise
exposure. They include NAC and ALCAR. Generally, NAC
has been used as an antioxidant precursor to glutathione in
the treatment of a variety of diseases including paracetamol
overdose, human immunodeficiency virus, chronic obstruc-
tive pulmonary disease, contrast-induced nephropathy, brain
disorders, and Alzheimer disease [8]. NAC has also been
used to prevent or treat noise-induced hearing loss because it
functions as ROS scavenger and as a neuroprotective agent
by mainly replenishing glutathione in the face of oxidative
stress, decreasing mitochondrial injury, caspase, mitogen-ac-
tivated protein kinase/c-Jun kinase, and Src protein tyrosine
kinase activation as well as reducing glutamate excitotoxici-
ty, lipid peroxidation, cell death, and inflammation [1,6,8,38-
41]. NAC significantly decreased permanent threshold shifts
and hair cell loss induced by noise exposure and the therapeu-
tic effects were greater in combination with other antioxidant
drugs or at higher doses or when used for a long period of time
after noise exposure [3,6,15,40,41]. Generally, ALCAR has
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been used in the treatments of dementia, Parkinson’s disease,
neuropathic pain, and alcohol-induced oxidative damage in
the brain [38-41]. ALCAR has major functions to prevent mi-
tochondrial injury resulting from either overproduction of
ROS or other damage such as glutamate excitoxicity, isch-
emia-reperfusion, or glutathione depletion by oxidative stress,
restore mitochondrial efficiency with a consistent reduction
of mitochondrial free radical formation, and reduce mito-
chondrial-induced apoptosis by maintaining mitochondrial
bioenergetics [8,38-41]. Permanent threshold shifts for NAC
and ALCAR were significantly reduced at 1 h and 4 h after
noise exposure but not significantly reduced at 12 h after
noise exposure [38]. The reduced amount for NAC was 15.5,
20.2, and 27.4 dB SPL at 1, 4, and 12 h after noise exposure,
respectively while that of ALCAR was 14.4, 17.5, and 30.7
dB SPL at 1, 4, and 12 h after noise exposure, respectively.
Nitrone-based antioxidant drugs have been developed to
reduce the over-production of RNS induced by noise expo-
sure [6,15,42]. Nitrone-based antioxidant drugs include a
PBN family such as PBN, NXY-059, 4-OHPBN, and 2, 4-di-
sulfonyl PBN (HPN-07). Historically, nitrones were first used
to trap free radicals in chemical and biochemical systems of
many animal models for the treatment of stroke in the mid-
1970s [14,42]. Then the use of nitrones as potential pharma-
ceutical agents has been extended to a variety of diseases
such as neural damage, toxin-induced brain seizures, bacteri-
al meningitis, cancer development, Parkinson disease, and
Alzheimer disease [14,42]. In diverse animal models, PBN
has been known as a nitrone-based spin trapping agent of free
radical species such as hydroxyl radicals and superoxide an-
ions [6]. PBN plays its main roles as a neuroprotective agent
by reducing oxidative stress and restoring antioxidant defense
system [6] and a potent anti-inflammatory agent by inhibiting
the activation/mRNA level of inflammatory mediators such
as iINOS, inducible cyclooxygenase (COX2), COX catalytic
activity, and nuclear factor kappaB [6]. PBN was effective in
protecting cochlea from damages induced by combined ex-
posure of noise and industrial chemicals such as carbon
monoxide and acrylonitrile. It has been known that carbon
monoxide can damage type I spiral ganglion synapse of the
inner hair cell functioning as a glutamate neurotransmitter
[43] while acrylonitrile can deplete glutathione by decreasing
reactive epoxide binding to cytochrome-C oxidase [44]. A
novel PBN derivative, 2, 4-disulfophenyl-N-tert-butylnitrone,
referred to as NXY-059 was commercially developed for
treatment of acute ischemic stroke [45]. NXY-059 was also a
free radical trap and developed to overcome the limitation of
PBN showing the short window of opportunity for adminis-
tration. However, NXY-059 was not significantly effective
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in treating acute ischemic stroke. It has been known that
4-OHPBN is a nitrone-based free radical trap and an inhibitor
of iNOS [1,6]. When a major metabolite of PBN, 4-OHPBN
was used in the choline-deficiency amino acid defined diet, it
showed strong anti-cancer activity [14]. Applied to the treat-
ment of noise-induced hearing loss, 4-OHPBN alone and in
combination with other oxygen-based antioxidant drugs were
effective in making significant reduction in both permanent
hearing threshold shifts and outer hair cell loss [6]. Compared
to PBN and its other derivatives including 3-hydroxyl PBN,
2-hydroxyl PBN, and 2-sulfoxy PBN, 4-OHPBN showed
stronger effect on suppressing hepatocarcinogenesis than the
parent PBN and other derivatives [6]. Recently, another free
radical spin trap reagent, disodium 2, 4-disulfophenyl-N-tert-
butylnitrone, referred to as HPN-07, in combination of NAC
has been tested as a therapeutic approach for noise-induced
hearing loss [18]. The combination of HPN-07 and NAC was
effective in reducing permanent threshold shifts and protect-
ing cochlear sensory cells and afferent neuritis from cochlear
damage induced by noise exposure [18]. These antioxidant
drugs and their main effects are summarized as shown in Ta-
ble 3.

Since each antioxidant drug has different mechanisms and
specific sites of action, there is a strong synergistic effect in
combination with other antioxidant drugs. The synergistic ef-
fect was tested with a variety of combinations in our studies.
The combination of 4-OHPBN and NAC administered by
intraperitoneal injection decreased permanent threshold
shifts by 75% while another combination of 4-OHPBN and
NAC and ALCAR reduced permanent threshold shifts by
91% compared to 4-OHPBN alone [3]. The combination of
antioxidant drugs showed greater efficacy and required lower
dosages than each antioxidant drug. The combination of
4-OHPBN and NAC administered by oral injection had
greater therapeutic effects than the intraperitoneally adminis-

Table 3. Types of antioxidant drugs and their major effect

Types of antioxidant drugs Main effect

Oxygen-based antioxidant drugs

NAC Restore reduced GSH

ALCAR Mitochondrial repair
Nitrone-based antioxidant drugs

PBN Inhibit INOS induction

4-OHPBN free radical scavenger

NXY-059 free radical scavenger

HPN-07 free radical scavenger

NAC: N-acetyl-L-cystein, GSH: glutathione, ALCAR: acetyl-L-
carnitine, PBN: phenyl-N-tert-butylnitfrone, INOS: inducible nitric
oxide synthase, 4-OHPBN: 4-hydroxy PBN, NXY-059: disufenton
sodium, HPN-07: 2, 4-disulfonyl PBN

116 J Audiol Otol 2015;19(3):111-119

tered 4-OHPBN alone [3]. When the initial treatment was de-
layed up to 1—2 days after noise exposure and the duration of
treatment was extended over the period of 7—10 days after
noise exposure, the synergistic effect of the combination of
4-OHPBN and NAC and ALCAR was observed [15]. The
combination of 4-OHPBN and NAC and ALCAR restored
the expressions of synaptic biomarkers such as synaptophysin
and precerebellin in the DCN [17]. The combination of NAC
and HPN-07 inhibited the upregulation of c-fos expression in
the dorsal and ventral cochlear nucleus after noise exposure
[18]. In addition, the combination of antioxidant drugs could
expand the therapeutic time window for noise-induced hear-
ing loss [16]. The synergistic effect of combination of anti-
oxidant drugs has been proven by many other studies. The
combination of N-L-acetylcystein (L-NAC) and salicylate
administered by oral injection was effective in either prevent-
ing or attenuating noise-induced hearing loss [46]. Salicylate
is a hydroxyl radical scavenger, an inhibitor of the transcrip-
tion factor nuclear factor-kB, a potential activator of inflam-
matory or cell death pathways, and a cochlear protectant
from cell death [46]. The combination of salicylate and tro-
lox significantly decreased auditory brainstem response defi-
cits and ROS/RNS production and reduced hair cell damage
[32]. Trolox is a water-soluble analog of alpha-tocopherol
and an inhibitor of peroxynitrite-mediated tyrosine and gua-
nine nitrosylation [32]. The combination of folate, vitamin E,
and ALCAR provided superior protection against oxidative
stress induced by noise exposure to that derived from each
agent alone [47]. Folate is known to maintain levels of the
endogenous antioxidant glutathione while vitamin E func-
tions to prevent oxidative damage induced by noise exposure
[47]. Another combination of vitamins A, C, and E plus mag-
nesium showed strong protection of neurodegenerative cell
death induced by noise exposure [48]. Vitamin A is a scaven-
ger of ROS and vitamin C has been used to detoxify free radi-
cals [48]. Vitamin E is an inhibitor of lipid peroxidation which
is found in cell membranes while magnesium plays an im-
portant role to reduce vasoconstriction occurring with ROS
production [48]. These studies on any combination of anti-
oxidant drugs demonstrates that there are considerable dif-
ferences in the therapeutic effect of each antioxidant drug
and strong synergistic effects of antioxidant drugs because
noise induced hearing loss result from a variety of damage
pathways and each antioxidant drug targets different mecha-
nisms and sites of action. Various combination of antioxidant
drugs are listed as shown in Table 4.

Success of pharmacological intervention for prevention
and treatment of noise-induced hearing loss depends on the
time of treatment/initial treatment and the duration of treat-



Table 4. Combination of antioxidant drugs

Types of combined antioxidant drugs
4-OHPBN+NAC
4-OHPBN+NAC+ALCAR
NAC+HPN-07
L-NAC+Salicylate
Salicylate+Trolox
Folate+Vitamin E+ALCAR
Vitamins A, C, and E+Magnesium

4-OHPBN: 4-hydroxy PBN, NAC: N-acetyl-L-cystein, ALCAR: ace-
tyl-L-carnitine, HPN-07: 2, 4-disulfonyl PBN, L-NAC: N-L-acetyl-
cystein

ment after noise exposure. Antioxidant drugs administered
shortly before noise exposure (pre-treatment) decreased per-
manent threshold shifts and hair cells by approximately 75%
and over 50%, respectively [46]. These results are consistent
with other studies used other antioxidant drugs [6]. Antioxi-
dant drugs administered after noise exposure (post-treatment)
significantly reduced permanent threshold shifts [3,6, 12,15-
18,38-41]. However, post-treatment of antioxidant drugs (L-
NAC and salicylate) showed no protection from noise-in-
duced hair cell loss [46]. This may indicate special cases that
noise-induced hair cell loss is not directly associated with the
auditory permanent threshold shifts. Furthermore, proper tim-
ing of initial treatment is clinically important information to
maximize the effect of antioxidant drugs. Given 1 h after
noise exposure, antioxidant drugs showed the greatest reduc-
tion in permanent threshold shifts and hair cell loss while the
same drugs initially administered at 4 h after noise exposure
were still effective in reducing noise-induced hearing loss
[39]. However, no efficacy was found in the drugs initially
administered at 12 h after noise exposure [39]. This suggests
that the initial administration as 12 h after noise exposure is
too late to counteract noise-induced cochlear damage. In pre-
vious studies of pharmacological intervention for noise-in-
duced hearing loss, the treatment lasted for 3 days after noise
exposure. However, it was observed that free radical forma-
tion after noise exposure was low initially, reached a maxi-
mum at 7 to 10 days, and then declined, referred to as a sec-
ondary oxidative burst [31]. When the duration of treatment
was extended up to 10 days after noise exposure to counteract
the secondary oxidative burst, antioxidant drugs were effec-
tive in treating noise-induced hearing loss [15]. In addition,
when the duration of treatment was combined with treatment
delay (initial injections starting 24 h to 48 h after noise expo-
sure), maximal decreases in permanent threshold shifts and
hair cell loss were found in experimental groups treated 9 days
with initial injection starting 24 h after noise exposure [15].
This indicates that when the duration of treatment increases
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from 3 days to 8/9 days, antioxidant drugs are still effective
in treating noise-induced hearing loss in spite of the treatment
delay. The optimal timing and duration of treatment for noise-
induced hearing loss is highly related to the temporal forma-
tion of free radicals after noise exposure. Therefore, best treat-
ment strategies of antioxidant drugs for noise-induced hearing
loss should be established on basis of the time window of free
radical generation after noise exposure and the unique mech-
anisms and sites of action of each antioxidant drug.

Conclusion

This study reviewed structural and functional changes and
basic mechanisms induced by noise exposure in the cochlea
and the brain and the therapeutic effects of a variety of anti-
oxidant drugs which have been used in our laboratory for
treatment of noise-induced hearing loss. Main molecular/cel-
lular changes induced by noise exposure are summarized in
oxidative stress, which caused by excessive production of
free radicals consisting of ROS and RNS and contributes to
cell death in the cochlea. To decrease the oxidative stress in-
duced by noise exposure, a variety of antioxidant drugs have
been used in our laboratory. They include oxygen-based anti-
oxidant such as NAC and ALCAR and nitrone-based antioxi-
dants such as PBN, NXY-059, 4-OHPBN, and HPN-07. Each
antioxidant drug has unique mechanisms and specific sites of
action. There is a strong synergistic effect when each antioxi-
dant is used in combination with other antioxidants. The study
demonstrates that successful use of antioxidant drugs depends
on the optimal timing of treatment and the duration of treat-
ment, which may be highly associated with the time window
of free radical formation induced by noise exposure. However,
since the clear relationship between free radical formation and
the optimal timing of antioxidant treatment was not found yet,
further research are required.
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