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Current Pharmacologic Otoprotective Agents in or Approaching Clinical
Trials: How They Elucidate Mechanisms of Noise-Induced Hearing Loss
Coral Tieu and Kathleen C Campbell*
Southern Illinois University School of Medicine, Illinois, USA

Abstract
Through understanding the underlying mechanisms of noise-induced hearing loss (NIHL), several promising
pharmacologic otoprotective agents are in development. Conversely, the experimental results with these protective
agents further elucidate NIHL mechanisms. This article reviews the major classes of otoprotective agents for NIHL
that have undergone published peer reviewed clinical trials, or are currently in or approaching FDA approved clinical
trials. Both prophylactic and rescue agents are included. The classes of agents include antioxidants, vasodilators,
and glucocorticoids. Apoptotic pathway inhibitors are briefly mentioned. For antioxidants, some of the differences in
the exact antioxidant mechanisms are included. Protective agents reviewed include D-methionine, N-acetylcysteine,
ebselen, ACE Mg, Acuval, CoQ10, molecular hydrogen, magnesium as a single agent, and dexamethasone. The
advantages, disadvantages, and state of development are included for each agent. Both safety and efficacy are
considered as are considerations for specific patient populations if known. Further, results of animal and clinical trials
are briefly described from the published literature.
Although no pharmacologic agent is yet approved by the FDA for clinical use to prevent or treat noise induced
hearing loss at this time, it is hoped that within the next decade and perhaps within the next few years one or more
agents will be available for clinical use. Further it is hoped that through an understanding of the underlying mechanisms
and noise-induced hearing loss and otoprotection, even more safe and effective pharmacologic otoprotective agents
will be developed.

Keywords: N-acetylcysteine; Ebselen; ACE Mg; Acuval; CoQ10;
Molecular hydrogen; Magnesium; Dexamethasone
Introduction
In the U.S., noise-induced hearing loss is estimated to affect 12.8%
of adults aged 20–69 years (approximately 27 million) [1]. Currently
no FDA-approved agent exists for protection against noise induced
hearing loss, although there are many agents in or approaching clinical
trials with promising results. Some agents may be used for prophylactic
administration whereas others demonstrate efficacy in rescue, meaning
they may be administered hours or even days after noise exposure and
still prevent permanent noise-induced hearing loss.
Intense or prolonged noise exposure causes sensorineural
hearing loss (SNHL) primarily by damaging cochlear auditory outer
hair cells, sometimes with concomitant inner hair cell damage with
subsequent degeneration of the spiral ganglion cells [2]. SNHL also
occurs via vasoconstriction in the stria vascularis and damage to the
reticular lamina [3]. Given recent advancements in our understanding
of oxidative stress and its role in hair cell death, a multitude of
antioxidants have emerged to defend against oxidation [4]. Antioxidant
agents include D-methionine, N-acetylcysteine, ebselen, aspirin, a
combination of beta-carotene, vitamin C and vitamin E, Acuval,
Coenzyme Q10 and molecular hydrogen [5-11]. Magnesium is thought
to exert its otoprotective effects partly via vasodilation [12]. Other
agents in the prevention of cellular death category include inhibitors
of apoptosis such as calcineurin inhibitors, caspase inhibitors, jun-N
terminal kinase inhibitors, and calcium channel blockers [13-17].
The second pharmacologic category includes glucocorticoids, which
have been widely used for otoprotection although their mechanisms
remain largely unknown [18]. In 2012 Wang et al. demonstrated
that one mechanism whereby dexamethasone exerts its otoprotective
action involves encouraging trans-differentiation of supporting cells
into outer hair cells [19]. However, systemic steroid administration
presents risks such as impaired wound healing, hypokalemia,
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hyperglycemia, hypertension, osteoporosis, myopathy, osteonecrosis
and immunosuppression [20-27]. Therefore, their use would be
better suited for rescue from severe acute acoustic trauma rather than
prophylaxis. For common clinical use an oral agent with a very low
risk of side effects is preferable. For this reason, agents approaching
clinical trials tend to be of the antioxidant category. Antioxidants such
as selenium, which is found in Brazil nuts, and D-methionine, which
occurs naturally in cheese and yogurt, can survive the gastric system
and first-pass metabolism to exert their effects. Such oral agents show
promise for clinical use because of their ease of administration, safety
and convenience in terms of portability and lengthy time window for
administration [28,29].

Antioxidants
The identification of oxidative stress within the cochlea advanced
current understanding of auditory hair cell damage and subsequently
provided a new target for novel therapeutic otoprotective agents. An
overabundance of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in auditory hair cells activate programmed cell death
pathways [30]. ROS species include superoxide (O2-) and hydrogen
peroxide (H2O2). RNS include nitric oxide (NO-) and peroxynitrate
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(ONOO-) [31]. These ROS/RNS species, termed “free radicals,” are
created during normal cellular metabolism and by various noxious
stimuli, including noise [32]. Free radicals are redox active molecules
with an unpaired electron, making them highly reactive within cells.
By oxidizing other stable molecules, free radicals can disrupt cellular
components such as proteins, DNA and lipid membranes. Endogenous
defense mechanisms exist to neutralize toxic free radicals, and they
include superoxide dismutases (SODs), catalase, glutathione (GSH)
and glutathione peroxidase (GPx), an enzyme that accelerates the
oxidation of endogenous GSH. Overproduction of ROS and RNS may
overwhelm antioxidant defenses, resulting in oxidative damage [4,33].
Evidence of free radical damage to hair cells and of increased
susceptibility to hearing loss caused by antioxidant deficiency further
supports the oxidation theory of ototoxicity. Application of paraquat,
a superoxide generator, to the round window resulted in inner and
outer hair cell damage and permanent threshold shifts (PTS) [34].
Deficiencies in glutathione, glutathione peroxidase and superoxide
dismutase are correlated with greater susceptibility to noise-induced
ABR threshold shifts. Thus, noise increases free radical formation while
decreasing defense mechanisms [35-38]. Antioxidant supplementation
provides varying levels of protection against noise-induced changes
in cochlear function and morphology [5,7,9,39-42]. This finding is
clinically important, as it suggests that antioxidants may be effective
pharmacologic preventatives against NIHL.

D-Methionine
D-methionine (D-met) can be administered as an oral suspension,
as an injection or by direct application to the round window [5,43].
D-met provides virtually complete protection from PTS and cochlear
hair cell loss in chinchillas and mice for the noise exposures tested
[5,40-45]. Kopke et al. in 2002 demonstrated protection of both inner
and outer hair cells by D-met. Temporary threshold shift (TTS) results
have been mixed, showing virtually complete protection from TTS
immediately postnoise and 1 day after noise in guinea pigs yet no
significant protection from TTS at 1 day in chinchillas [40,46]. D-met
has provided virtually complete protection from PTS and outer hair cell
loss when administered every 12 hours beginning 2 days before noise
exposure and continuing 2 days after noise exposure, starting 1 hour
after noise exposure and then every 12 hours for 2 days, if given 1 hour
before and 1 hour after noise exposure, or even if first administered
up to 7 hours after noise cessation [5,40,44,45]. All studies thus far
have shown D-met to be protective against NIHL with no studies
demonstrating lack of protection or worsening of permanent NIHL.
D-met has proven effective against noise exposures ranging from a
105-dB sound pressure level (SPL) octave band of noise centered at 4
kHz for 6 hours to a 110-dB SPL octave band of noise centered at 4 kHz
for 4 hours and for a 105-dB SPL broad band of noise for 10 minutes
[5,40,44-46]. In order to compare different otoprotective agents,
studies are still needed using the same noise exposure conditions in
the same species.
D-met most likely works as a direct and indirect anti-oxidant.
Directly, it is reversibly oxidized [47]. Indirectly, methionine has been
shown to increase intracellular glutathione, specifically mitochondrial
glutathione [48,49]. This function is particularly significant, as the
probability of hair cell survival after noise exposure correlates with
mitochondrial function [50]. Additionally, methionine may prevent
the efflux of glutathione from the cell that typically occurs after injury
[51]. Thus methionine preserves or improves the ratio of reduced to
oxidized glutathione in the cochlea. D-met is currently funded by
Otolaryngology
ISSN:2161-119X Otolaryngology an open access journal

the US Department of Defense and approved by the FDA for Phase 3
clinical trials for PTS.

N-Acetylcysteine
N-Acetylcysteine (NAC) is a glutathione precursor and ROS
scavenger. Results of NAC’s otoprotective capabilities have been
variable. Most studies demonstrate partial protection from NIHL in
animals when given either prior to or within 24 hours of noise exposure
[6,52-55] but other studies have shown no protection or exacerbation of
NIHL by NAC [56,57]. Kopke et al. found significant protection from
NIHL only when NAC was combined with high-dose salicylate [58,59].
The protection may in fact be attributed to salicylate itself, which has
otoprotective properties [8]. High dose salicylate, while potentially
otoprotective, is contraindicated in many patient populations,
including children (Reye’s syndrome), patients with ulcers and those
at high risk for bleeding, such as military personnel. However, some
studies do show partial protection from NIHL using NAC as a single
agent [41,60,61]. Two Phase 2 clinical trials were conducted by the
Department of Defense but did not demonstrate clinically significant
protection [41].

Ebselen
Ebselen is a glutathione peroxidase mimetic which contains
selenium and reduces hydroperoxide formation. Its clinical trial
form is a dry blend capsule and it has demonstrated either partial or
complete protection from PTS in rats and guinea pigs with no studies
showing a lack of protection or exacerbation of NIHL [7,62-64]. One
study showed significantly decreased TTS in the guinea pig. [63].
Ebselen was protective against PTS in the guinea pig after a 5-hour,
125-dB SPL, 4 kHz octave band noise exposure and against TTS after
a 3-hour, 115-dB SPL, 4 kHz octave band exposure [63]. Significant
partial protection from PTS was demonstrated in rats for a 4-hour, 4
to 16 kHz noise band exposure at 110-, 113-, or 115-dB SPL [7,64].
Ebselen is approaching Phase 2 clinical trials for TTS.

ACE Mg
β carotene, which metabolizes to form vitamin A, in combination
with vitamins C and E plus magnesium (ACE Mg) can be delivered
orally in capsule form and shows consistent protection from NIHL in
animals [9,65-69]. While Le Prell et al. in 2007 found no otoprotection
with either Mg alone or the ACE combination alone with treatments
beginning 1 hour prior to noise, the combination of ACE Mg conferred
significant partial protection from PTS in the guinea pig and the mouse
[9,66,67]. ACE Mg also partially diminished TTS in the guinea pig after
shorter, less intense exposure [65]. ACE Mg has demonstrated dosedependent protection from NIHL in mice for noise exposures of 113to 115-dB SPL, 8- to 16-kHz octave band noise for 2 hours [66]. In
guinea pigs, TTS from a 110-dB SPL noise band centered at 4 kHz for 4
hours was decreased from ~20 dB to 5 to 10 dB [65].
This antioxidant combination, however, is contraindicated in
smokers as there is evidence that β carotene may increase the risk of
lung cancer [68,69]. Magnesium supplementation may have deleterious
effects on chronic renal failure patients, including adynamic bone
disease and mineralization defects [70]. Vitamin E and NAC have
been shown to significantly increase the risk of prostate cancer among
healthy men by encouraging prostate epithelial cell proliferation early
in prostate tumorigenesis [71,72].
Because of the variety of patient comorbidities, medical histories
and logistical considerations, there is clinical need for a variety of
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on post-noise days 3 and 7. This study further supports the antioxidant
theory of otoprotection and suggests that hydrogen can facilitate hair
cell recovery following noise exposure and attenuate TTS.

pharmacological treatment and prophylaxis options. It is not likely that
any one otoprotective agent will be appropriate or effective for every
patient population. Only clinical trials for all otoprotective agents will
delineate the proper patient populations, risks and appropriate use for
optimal benefit. ACE Mg is approaching Phase 2 clinical trials for TTS.

Vasodilation of Cochlear Arterioles

Acuval, CoQ10

Magnesium

Cascella et al. showed protection from NIHL using a specific
multivitamin and mineral formulation combined with coenzyme Q10
(CoQ10) in Sprague Dawley rats [10]. Acuval 400R is a food supplement
multivitamin containing vitamins A, E, B1, B2, B6 and B12, L-Arginine,
Ginkgo biloba and minerals such as magnesium, selenium and zinc,
as well as small amounts of Coenzyme Q10 (0.31 g/100 g). CoQ10
(2,3-dimethoxy-5-methyl-6-decaprenyl-1, 4 benzoquinone) assists in
the proton and electron transport of the mitochondrial respiratory
chain. This coenzyme is a free radical scavenger similar to antioxidant
vitamins, but is minimally water soluble in its natural form [73]. A
more water-soluble version recently developed – Q10 terclatrate (Qter)
– improves the coenzyme’s efficacy against oxidative injures, lipid
peroxidation and mitochondrial damage [74-76]. The study utilized
fifty-five rats divided into 4 groups: A) noise-exposed animals; B)
animals exposed to noise and treated with Acuval; C) animals exposed
to noise and treated with Acuval plus Coenzyme Q10; D) animals only
treated with Acuval and additional Coenzyme Q10 with no exposure
to noise.

Severe or prolonged noise exposure decreases cochlear blood
flow, resulting in diminished oxygen and nutrient delivery to hair
cells and waste product buildup [12]. Magnesium may exert its
otoprotective effects by inducing vasodilation of cochlear arterioles,
thus minimizing ischemia [80]. Magnesium may also block the cellular
apoptosis pathway in inner hair cells by reducing calcium influx into
cells and may reduce ROS ototoxicity in outer hair cells [81]. Longterm administration of magnesium after gunshot impulse noise
exposure was shown to improve hearing thresholds in guinea pigs [80].
Conversely, magnesium deficiency was found to increase susceptibility
to NIHL in rats and guinea pigs [82,83]. However, Le Prell et al. in 2007
found no otoprotection from magnesium alone [9]. Two human trials
demonstrated protection from permanent noise-induced threshold
shifts in subjects administered supplemental oral magnesium [84,85].

Animals from groups A and B showed significant threshold shifts
for click and 4 kHz stimuli. For the same frequencies, animals from
group C (CoQ10) demonstrated threshold levels similar to those
from group D (no noise exposure). At higher frequencies (>8 kHz)
the 2 Acuval groups both showed more otoprotection than the noise
group A. Animals in group D showed no significant changes in hearing
threshold throughout the experiment. It would be helpful to evaluate a
fifth group of animals treated with only CoQ10 and noise to compare
the results from this group to those of group C. This combination of
nutraceuticals may not be appropriate for all patients because of the risk
of side effects. Ginkgo biloba may present an increased risk of bleeding
and its use would be inadvisable in soldiers, surgical candidates and
patients with an increased risk of injury or a history of bleeding
disorders [77]. CoQ10 was shown to impair cognitive and sensory
functions in mice when taken at high levels (2.6 mg/g or greater, as in
the Cascella study which used 3.1 mg/g) [10,78].

Molecular Hydrogen
Lin et al. showed protection against TTS and accelerated recovery
of distortion product otoacoustic emissions (DPOAEs), a measure of
outer hair cell function, using molecular hydrogen [11]. Molecular
hydrogen is a known therapeutic and preventive antioxidant that
selectively reduces the hydroxyl radical, the most cytotoxic of the ROS
[79]. To test its otoprotective abilities, guinea pigs received either plain
water or hydrogen-rich water for 14 days prior to noise exposure.
The animals then received 115 dB SPL 4 kHz octave band noise for 3
hours. All animals underwent auditory brainstem response (ABR) and
DPOAE testing before treatment and then immediately, 1, 3, 7 and 14
days post noise exposure. Compared to plain water controls, the ABR
thresholds at 2 and 4 kHz were significantly better in the hydrogensupplemented animals on post-noise days 1, 3 and 14. The hydrogentreated animals also showed greater amplitude of DPOAE input/
output growth functions during recovery with statistical significance
Otolaryngology
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Cochlear hes-1 Expression Suppression
Dexamethasone
Corticosteroid therapy inhibits apoptosis, reduces inflammation
and activates pro-survival pathways in the organ of Corti following
noise exposure. Dexamethasone has been shown to target the transdifferentiation pathway to establish new outer hair cells [19]. Although
auditory hair cells develop only during the embryonic stage and do not
regenerate postnatally, supporting cells on the organ of Corti can transdifferentiate into hair cells when provided with the appropriate signals
[86]. Positive basic helix-loop-helix (bHLH) transcription factors
such as Math1 are required for inner ear hair cell differentiation [87].
The negative bHLH transcription factor hairy and enhancer of split 1
(Hes1) negatively regulates such differentiation [88]. The Wang study
showed that dexamethasone suppresses cochlear Hes1 expression in
guinea pigs after noise exposure by way of a glucocorticoid receptor
mediated mechanism [19]. This suppression theoretically perpetuates
auditory hair cell trans-differentiation and prevents overly diminished
outer hair cell numbers and sensorineural hearing loss (SNHL). While
steroids control inflammation and may cause regeneration of cochlear
outer hair cells, these agents are not approaching clinical trials at
this time. Further, systemic steroid administration presents serious
risks such as hyperglycemia, immunosuppression and osteonecrosis,
rendering it a less desirable choice for NIHL prophylaxis [22,26,27].

Apoptosis Pathway Inhibition
Other agents such as calcium and calcineurin inhibitors, caspase
inhibitors and inhibitors of the Jun-N terminal kinase have shown
some protection against NIHL [13-17]. However, apoptosis pathway
inhibitors present increased risks of infection and cancer. Calcineurin
inhibitors have been associated with calcineurin pain syndrome, which
appears to result from the interruption of the physiologic function
of calcineurin [89]. While these agents may have other uses, they may
not be safe for systemic, chronic administration for NIHL.

Conclusion
Noise induced hearing loss affects millions of Americans in
various industries, including military, construction, aeronautics,
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music, manufacturing and law enforcement. It is the most common
cause of hearing loss worldwide [90]. Auditory acoustic trauma from
overstimulation of hair cells and mechanical damage leads to excessive
production of ROS/RNS, followed by hair cell damage and SNHL [91].
Presently there is no FDA-approved agent for prevention of NIHL, but
there are several agents in or approaching clinical trials with encouraging
results. These pharmacologic agents exert their otoprotective effects by
either preventing or minimizing hair cell death initially or through
rescue, i.e., within a few hours after noise exposure before permanent
hearing loss. Because the ideal agent for common clinical use is an oral
agent with a known safety profile, the agents approaching clinical trials
are typically of the antioxidant category (D-met, NAC, Ebselen, ACE
Mg, Acuval, CoQ10 and molecular hydrogen). D-met is promising
because of its safety profile, convenience, opportunity for rescue
and efficacy against PTS. Ebselen also shows protection against PTS
and is likewise available in oral form. NAC has demonstrated mixed
results in trials. The combination of vitamins A (β carotene), C and
E with magnesium has shown otoprotective efficacy, but β carotene
is contraindicated in smokers because of increased lung cancer risk,
magnesium should not be used in chronic renal failure patients
and vitamin E (as well as NAC) increase the risk of prostate cancer.
Another antioxidant formulation, Acuval, combined with CoQ10 has
demonstrated protection against NIHL, but again, cannot be used in all
patient populations. Ginkgo biloba, contained in Acuval, may increase
the risk of bleeding and CoQ10 may impair cognitive functions.
Molecular hydrogen may protect against NIHL, but the practicality of
this agent is unclear. Dexamethasone has traditionally been employed
as an otoprotective agent, however many unwelcome side effects
accompany systemic steroid use, rendering these agents less than ideal
options. Apoptosis pathway inhibitors offer otoprotective qualities, yet
their risk profiles again prevent chronic, systemic administration from
being a viable option strictly for NIHL prevention.
It should be noted that the majority of studies testing otoprotective
agents have used steady state noise exposures below 126 dB SPL or
impulse noise exposures simulating M-16 weapon fire (155 peSPL)
[5,7,9,40]. However recent studies suggest that antioxidants may also
provide at least partial but significant protection from blast-induced
PTS and changes in DPOAEs [92]. Whether or not otoprotective
agents will also protect against combined chemical and noise exposures
that occur in many work environments has not yet been established
[93]. However the potential of otoprotective agents to at least reduce
the incidence and severity of noise-induced hearing loss appears to be
high.
It is unlikely that any single agent will work for every scenario and
every patient. Just as it is necessary to have a variety of agents capable
of treating hypertension and diabetes, it would be similarly worthwhile
to have a multitude of agents available to protect against NIHL in
different patient populations. It is probable that in the future patients
and providers will be afforded such options.
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