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Chapter 7:
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Introduction to Ototoxicity and
Otoprotection

Sound energy results from molecules vibrating and mov-
ing in waves within a medium such as air or water; sound
does not exist in a vacuum. That excessive sound (noise) can
injure the ear directly via mechanical damage and indirectly
through metabolic stress is clear. Recently, it has become
evident that exposure to chemicals can also be harmful, in
part due to metabolic stress related to chemical exposure.

To prevent noise-induced hearing loss (NIHL), reducing
noise at its source, decreasing the duration of exposure,
and/or using hearing protection devices (HPDs) are ac-
cepted strategies needed for protection of our hearing.
However, we now know that death of the sensory cells in
the inner ear happens not only from exposure to noise, but
also from exposure to chemicals and from intake of ototox-
ic drugs. In addition to the potentially hazardous effects
of any one of these three insults, there are synergistic ef-
fects of noise, chemicals, and ototoxic drugs. Cell death and
hearing loss from noise and/or chemicals are now thought
to be at least, in part, a consequence of metabolic stress
thatresults in toxicaccumulation of free radicals. Scientific
investigations have demonstrated that free radical scaven-
gers (“antioxidants”) and agents that enhance the natural
antioxidant systems can attenuate the harmful effects of
noise or chemicals (or the combination of noise plus chemi-
cals) on the inner ear.

These developments represent a departure from tra-
ditional noise research, which was characterized by the
study of noise as if it occurred alone in the environment.
Exposure standards and recommendations assume that
the health effects of combined exposure to two substances
can be predicted by adding the adverse effects resulting
from exposures to each individual substance. In contrast
to these assumptions about additive effects across insults,
recent investigations have revealed synergistic effects
during mixed exposures. The study of multiple exposures
in relation to each other is not new, but the literature has

123




The Noise Manual, 6th edition

been limited given the complexity inherent in multivariate
interactions. This chapter examines interactions that dam-
age the ear through increasing ototoxicity or protect the
ear via a mechanism termed “otoprotection.” The chapter
concludes with a public health proposal for widening the
framework of hearing loss prevention initiatives.

Ototoxicity and Noise Interactions

The potential ototoxicity of certain therapeutic drugs
has been recognized since the 19th century. Schacht and
Hawkins (2006) reviewed early reports that associated in-
take of certain drugs such as quinine and acetylsalicylic
acid with temporary hearing loss, dizziness, and tinnitus.
Many well-known ototoxic drugs continue to be used in
clinical situations, as they are necessary to treat serious
and sometimes life-threatening conditions (for recent re-
view, see Campbell and Le Prell, 2012). The prescription of
these drugs may trigger “ototoxicity monitoring” of pa-
tientstoallow early detection of auditory effectsand, when
necessary, audiologic interventions to address the hearing
impairment (American Academy of Audiology, 2009).

In contrast to drug ototoxicity, only in the past 25 years
has the ototoxicity of chemicals become a concern for re-
searchers, toxicologists, audiologists, and other healthcare
professionals. Initial reports described the ototoxicity of
environmental chemicals after acute intoxications or poi-
sonings and included observations that hearing loss was
more common and sometimes more severe in work set-
tings where chemical exposures occurred (Barregard and
Axelsson, 1984). Since then, there has been considerable
progress toward understanding the effects of certain envi-
ronmental and occupational chemicals on the auditory sys-
tem and their interactions with noise (Fechter et al., 1987;
Morata, 1989; Lataye et al., 2000). Today, ototoxic proper-
ties have been identified for multiple classes of industrial
chemicals, including solvents, fuels, metals, asphyxiants,
pesticides, and polychlorinated biphenyls (PCBs) (for re-
view, see Johnson and Morata, 2010).

Among the environmental/occupational chemicals,
solvents and carbon monoxide are the most extensively
studied to date because of their wide use in several indus-
trial sectors. Studies conducted with animal subjects have
shown that some solvents can reach the inner ear through
the blood stream even before they are metabolized. Sol-
vents were found in the endolymph and perilymph, caus-
ing damage to some inner ear structures and also impairing
auditory function (Campo et al,, 1999). Toluene, styrene, sol-
vent mixtures, lead, and carbon monoxide (the latter only
in combination with noise) have been shown to be ototoxic
(Johnson and Morata, 2010). For these substances, the num-
ber of existing studies is relatively large. Comprehensive ap-
proaches have been taken in investigating their ototoxicity
(testing of different exposure parameters and combinations
of agents, attempting benchmark dose calculations, testing
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of hypotheses for the inhibition of the observed effects).
Other chemicals that have been studied in less detail with
respect to ototoxicity include xylenes, ethylbenzene, chlo-
robenzene, trichloroethylene, n-hexane, n-heptane, carbon
disulphide, mercury, organotins, hydrogen cyanide, acryloni-
trile, 3,3 -iminodipropionitrile (IDPN), pesticides, and PCBs.
For an extensive review of the studied chemicals and details
on the experiments, see Johnson and Morata (2010; available
online at http://hdl.handle.net/2077/23240) and the report
of the European Agency for Safety and Health at Work, 2009
(https://osha.europa.eu/en/publications/combined-expo-
sure-noise-and-ototoxic-substances/view).

KEY CONCEPT: Ototoxicants may interact with each
other and with noise when exposure is combined (si-
multaneously or sequentially), and various types of
interaction have been observed.

A synergistic effect has been described for solvents and
noise; that is, the effect of the combined exposure is more
detrimental than the simple sum of the individual effects.
In 2014, Campo et al. described that the hazardous effects
of impulse noise exposure were enhanced by styrene expo-
sure. The authors argued that the pharmacological toxic
effects of the solvents might explain the findings. Thus,
styrene, like toluene and other aromatic solvents, could
have two distinct effects: a cochleotoxic effect, which is
observed in the cochlea after a long incubation period
(Campo et al., 2001), and a rapid neurotoxic impact on the
central nervous system (Venet et al., 2011). A disturbance
of the protective acoustic reflex could allow a hazardous
higher acoustic energy to penetrate the inner ear (Campo
et al,, 2007, 2014; Maguin et al., 2009), which could make a
co-exposure more dangerous than a single exposure to
noise or to styrene. Recent data suggest the synergistic
toxicity of noise and styrene, with greater damage follow-
ing exposure to impulsive noise (Campo et al., 2014). The
onset, site, mechanism, and extent of ototoxic damage of
these toxicants vary according to risk factors that include
type of chemical, level and duration of chemical exposure,
interactions between chemicals and noise, noise exposure
level, and duration (Johnson and Morata, 2010).

Adifferent “greater than additive” scenario has been re-
ported for carbon monoxide and noise. In experimental ani-
mals, carbon monoxide has not been associated with oto-
toxicity unless the exposure is combined with noise. When
the exposures are combined, carbon monoxide will poten-
tiate the effects of noise at noise exposure conditions that
have limited effects on auditory function (Youngetal., 1987,
Fechter et al., 1988). During intermittent noise exposure
with long quiet periods, carbon monoxide exposure may
produce unexpectedly large permanent threshold shifts
(Chen et al., 1999; Rao and Fechter, 2000b). However, when
carbon monoxide was absent, hearing loss was reduced,
presumably due to the quiet breaks. Thus, the data did not
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validate the anticipated relationship between percentage
of time noise is present (noise duty cycle) and hearing loss.
Instead, the mildest noise duty cycle (noise exposure inter-
rupted with quiet breaks) produced maximal hearing loss
only when carbon monoxide was also present.

Table 7.1 summarizes key descriptors of the effects of
ototoxicants found in the workplace and investigated to
date. Table 7.2 lists the studied ototoxicants by class, the
type of possible interaction with noise, and sources of ex-
posure (adapted from Johnson and Morata, 2010).

It is important to remember that exposures to these
chemicals can occur outside the work environment, just
aswith noise. Nonoccupational exposure can happen from
any activities that involve solvents, paint, polyurethanes,
paint thinners, degreasers, and fuels.

Audiological Features of the Effects of Solvents on
the Auditory System

Solvents affect not only the cochlea, as noise does, but
also the central auditory structures (for review, see Prasher
et al,, 2002; Hodgkinson and Prasher, 2006). These adverse
auditory effects of solvents may be due to a combination
of oto- and neurotoxicity (Morata and Lemasters, 1995).
Ototoxicity induces outer hair cell (OHC) dysfunction in the
cochlea (similar to the effects of noise), whereas neurotox-
icity induces central auditory dysfunction.

The main audiological sign of ototoxicity is hearing
loss, i.e., thresholds poorer than expected, relative to age.
Audiological signs of neurotoxicity may or may notinclude
hearing loss, but individuals exhibit difficulty discriminat-
ing between signals, such as speech sounds. Thus, it has
been recommended that the effects of solvents on the

~ auditory system, either alone or when combined with
noise, should be evaluated using a test battery approach

(Sliwinska-Kowalska et al., 2007; Zamyslowska-Szmytke et
al,, 2009). Currently, in the United States and other coun-
tries, noise-exposed workers are monitored using conven-
tional pure-tone air conduction audiometry. This limited
testing to assess auditory function in solvent-exposed
workers with or without noise exposure may be inade-
quate, as solvents affect more complex measures of per-
ception rather than simply compromising sound detec-
tion sensitivity.

Animal Studies: Cochlear (Peripheral) and Central
Auditory Dysfunction

Research using animal models has demonstrated that
organicsolvents such as toluene, styrene, xylene, and eth-
yl benzene induce damage to the outer hair cells in the
cochlea (Sullivan et al., 1988; Johnson and Canlon, 1994;
Campo et al,, 1997, Cappaert et al., 1999, 2000; Loquet et
al.,, 1999; McWilliams et al., 2000). The damage caused by
solvents is first observed in the third row of outer hair
cells; hair cell loss progresses toward the second and first
rows as damage accrues. Outer hair cell function can be
assessed in humans and animals using otoacoustic emis-
sion (OAE) tests, but OAE tests are not currently required
as part of federally mandated occupational hearing con-
servation programs.

Rats that were simultaneously exposed to both toluene
and noise suffered a more severe hearing loss than pre-
dicted based on summated hearing loss from equivalent
exposure levels of each agent alone (Lataye and Campo,
1997; Brandt-Lassen et al., 2000). Such effects may be medi-
ated centrally, given that toluene inhibits the acetylcho-
line (ACh) receptors located in the efferent auditory sys-
tem (medial olivocochlear bundle), which mediate outer
hair cell contraction in the cochleae (Lataye et al., 2007).
Toluene may similarly inhibit the ACh receptors of the

Table7.1 — General descriptors of ototoxic effects of chemicals foundin the environment from animal experiments and from

clinical and field studies

Descriptors of Ototoxic Effects of Chemicals from Animal Experiments

+Cochlear lesion is primary effect
« Effects are greatest in the mid-frequency audiometric range
«Effects observed in rats, mice, guinea pigs, and monkeys

«Ototoxicity observed after exposure to solvents, metals, or insecticides in absence of noise
|+ Ototoxicity after carbon monoxide, hydrogen cyanide, or acrylonitrile exposure observed in combination with noise
+Additive ototoxic effect between solvents (with noise exposure controlled)

" Descriptors of Ototoxic Effects of Chemicals from Clinical and Field Studies

- |:Synergism demonstrated for styrene and toluene

portions of auditory system

|+ Occupational/environmental exposure to chemicals (via contaminated water, food, or air, including dust) can affect auditory system
+Auditory effects reported following intentional inhalation or accidental poisoning

+Auditory effects reported following acute exposure or long-term, low-dose chronic exposure

+Increased prevalence of hearing loss in pure-tone audiograms (mild to moderate, bilateral, audiometric loss; high-frequency notch

| configuration common, but mid-frequencies can also be affected)

~ |+Interaction with noise not clearly identified as synergistic or additive due to limitations in exposure history ascertainment

+Cochlear and retrocochlear or central lesion sites lead to poorer than expected performance on tests that evaluate more central
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Table 7.2 — Substances with ototoxic properties, their interaction with noise, and possible sources of exposure

Substance

Interaction
with noise

Industrial uses
http://hazmap.nim.nih.gov/

Solvents

Styrene

Synergism

Manufacture of synthetic rubber, fiberglass-reinforced polyester
products. Part of floor waxes, polishes, paints, adhesives, metal
cleaners, and varnishes.

Toluene

Synergism

One of the 50 most commonly produced industrial chemicals.
Solvent carrier in paints, thinners, adhesives, inks, glues, enam-
els, and a component of gasoline. Production, handling, and
use of toluene and toluene-containing products, e.g., chemical
laboratory workers, gasoline blenders, lacquer workers, paint
and paint thinner makers, petrochemical workers, maintenance
workers, painters, and printers.

Xylenes

No data

Present in motor and aviation fuel but also used as a solventin
the paint, printing, rubber, and leather industries.

Trichloroethylene (TCE)

Synergism

Degreaser in metal cleaning operations and in textile cleaning.
Also used as a paint stripper, adhesive solvent, ingredient in
paints and varnishes, and in the manufacture of organic chemi-
cals.

Ethylbenzene

Additive/synergism

Unusual in the work environment. As part of mixed xylenes,
ethylbenzene is one of many solvents in solvent mixtures (paints
and lacquers and in rubber and chemical manufacturing indus-
tries).

Chlorobenzene No data Raw material in chemical synthesis, as a solvent and detergent.

n-Hexane No data Production of tires, in glues for the manufacture of leather prod-
ucts and textiles, as a raw material in the production of other
chemicals, and as an additive to gasoline.

n-Heptane No data Anesthetic, solvent, organic synthesis, preparation of laboratory
reagents.

Carbon Disulphide No data for Manufacture of regenerated cellulose rayon (by the viscose pro-

potentiation

cess) and cellophane, carbon tetrachloride, the vulcanization and
manufacture of rubber and rubber accessories, the production
of resins, xanthates, thiocyanates, plywood adhesives, flotation
agents, solvent and spinning-solution applications, conversion
and processing of hydrocarbons, petroleum-well cleaning, bright-
ening of precious metals in electroplating, rust removal from
metals, removal and recovery of metals and other elements from
wastewater and other mediag, in refining petroleum jelly and
paraffin, and in extracting oil from bones, olives, and rags.

Solvent Mixture (jet fuel or white spirit)

Additive/synergism

All of the above, plus handling of fuels.

Metals

Lead

Additive

Manufacture of car batteries, sheet metal, pipes, and foil, in
mining and in polluted environments. Individuals employed in
any of these occupations may bring lead dust on their bodies or
clothing into their homes.

Mercury

No data

Present in contaminated air, water, and food, or through the skin.
Workers may be exposed to mercury and its compounds in mer-
cury mines and refineries, chemical manufacturing, fluorescent
light bulb manufacturing, dental/health fields, fossil fuel power
plants, and metal smeltering.

Organotins or Trimethyltins

No data

Production of plastics in the chemical industry and as biocides in
antifouling boat bottom paints.
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Table 7.2 — Substances with ototoxic properties, their interaction with noise, and possible sources of exposure (cont.)

Substance Interaction

with noise

Industrial uses
http://hazmap.nim.nih.gov/

Systemic Asphyxiants

Carbon Monoxide Potentiation

Common contaminant. Product of incomplete combustion of
fuels, coal, oil, and wood, also present in gasoline-powered
engine exhaust and tobacco smoke. Forging, melting, pouring
and welding metals, in farm operations, firefighting, sewage and
water treatment jobs.

Hydrogen Cyanide Potentiation Production of acrylic resin plastic and other organic chemical
products, tempering steel, dyeing, explosives, and engraving.
Present in vehicle exhaust, tobacco smoke, and the smoke of
burning nitrogen-containing plastics.

Acrylonitrile Potentiation Production of other chemicals such as plastics, synthetic rubber,

and acrylic fibers. It is one of the 50 most commonly produced
industrial chemicals.

3,3 -Iminodipropionitrilem (IDPN) No data No reports on occupational exposures to and no occupational
exposure limits (OELs) for IDPN were located.

Pesticides No data Herbicides, insecticides, fungicides, and fumigants.

Polychlorinated Biphenyls (PCBs) No data Repair and maintenance of PCB transformers, accidents, fires,

or spills involving PCB transformers and older computers and
instruments, and disposal of PCB materials. Caulking materials,
elastic sealants, and heat insulation have also been known to
contain PCBs.

efferent motor neurons located near the facial nerve nuclei
that mediate the middle ear muscle systems (Lataye et al.,
2007; Venet et al., 2015). The region where the cell damage
occurs in the auditory system caused by another ototoxic
solvent, styrene, was shown to depend on the associated
noise spectrum (Venet et al., 2015).

Human Studies: Evidence of the Adverse Effects of
Solvents on Pure-Tone Audiometric Thresholds

Several studies have utilized pure-tone audiometry
to investigate the hearing thresholds of solvent-exposed
workers, as this test is often used for monitoring hearingin
industry. Hearing loss induced by solvents has been found
in workers exposed to mixtures of toluene, ethyl acetate
and ethanol (Morata et al., 1997a), and xylene and ethyl ac-
etate (Sliwinska-Kowalska et al., 2001). Sliwinska-Kowalska
etal.(2001) reported hearing loss in 30% of workers exposed
toorganic solvents, 20% of noise-exposed subjects, and 6%
of non-exposed subjects. The relative risk value for hearing
loss in workers exposed to solvents was greater (9.6) than
that for workers exposed only to noise (4.2). Sulkowski et
al. (2002) reported high-frequency sensorineural hearing
loss in 42% of workers exposed to a mixture of solvents in
contrast to just 5% among the control subjects. Morata et
al.(2002) reported an additive damage effect of styrene for
‘pure-tone thresholds at 2, 3, 4 and 6 kHz. The odds ratio for
‘hearing loss estimated by Morata et al. (2002) was 2.44 times

greater for each increment of 1 mmol of mandelic acid (a
biologic marker of styrene exposure) per gram of creatinine
inurine, leading to the conclusion that styrene, even below
recommended limits, has a toxic effect on the auditory sys-
tem. Sliwinska-Kowalska et al. (2003) similarly detected a
four-fold increase in the odds of developing hearing loss in
subjects exposed to styrene. A positive linear relationship
was observed between average working life exposure to
styrene concentrations and hearing thresholds at 6 and 8
kHz. In summary, the configuration of the mean audiomet-
ric results may look the same for workers exposed to noise
and those exposed to solvents, but the thresholds can be
poorer in frequencies that are usually not as affected by
noise, such as 2, 3, and 8 kHz.

Human Studies: Evidence of the Adverse Effects of
Solvents on Central Auditory Functions

Environmental/occupational chemicals may affect the
central auditory system, including auditory nerve and/or
auditory centersinthe brain. Studies utilizing electrophys-
iological techniques have also been conducted in work-
ers exposed to solvents. Workers exposed to toluene had
poorer auditory brainstem response results than a non-ex-
posed group of workers matched for gender and age (Ab-
bate et al., 1993). Additional evidence of solvent-induced
central auditory dysfunction in humans comes from Vrca
et al. (1996) and Hirata et al. (1992). The P300 (a long laten-
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cy auditory evoked potential) is also affected by solvent-
exposureinworkers(Steinhaueretal., 1997;Moenetal., 1999).
More recently, Draper and Bamiou (2009) presented a case
study of a person exposed to xylene who presented with
auditory neuropathy, as evidenced by abnormal auditory
brainstem response results and presence of OAEs.

If solvent exposure produces peripheral and/or central
auditory dysfunction, the impact of hearing loss on the
worker’s daily life may be pronounced. Not only will sounds
be perceived as quieter, but they may also be perceived as
distorted. Word recognition may be compromised, particu-
larly in background noise, making it difficult, for instance,
to hold a conversation in a busy restaurant or at a party.
Dysfunction of the auditory system in workers exposed to
a mixture of solvents has been detected by many investiga-
tors using behavioral tests (Odkvist et al., 1987, 1992; Pol-
lastrini et al., 1994; Laukli and Hansen, 1995; Niklasson et
al.,, 1998; Varney et al., 1998; Moen et al., 1999; Fuente and
McPherson, 2007). Fuente and McPherson (2007), for exam-
ple, found that workers exposed to a mixture of solvents
(toluene, xylene, and methyl ethyl ketone) had abnormal
results on behavioral central auditory processing tests,
suggesting auditory processing disorders. The authors sug-
gested that solvents may affect sound detection despite
normal hearing thresholds.

KEY CONCEPT: Taken together, hearing-related func-
tions such as sound discrimination and sound lo-
calization may be affected among workers exposed
to ototoxicants, and tests that evaluate the full im-
pact of the ototoxicant on the auditory system, from
the cochlea to higher auditory centers, are needed.
Questionnaire-based data on speech recognition dif-
ficulties or other auditory problems may help iden-
tify other subtle effects of chemicals or noise on the
auditory system and may serve as a screening tool
for more advanced diagnostic testing. Comparisons
of the prevalence of hearing disorders among groups
with different noise/chemical exposure conditions
may also allow negative exposure effects to be iden-
tified based on calculated risk ratios.

Conditions and Exposure Parameters Associated
with Ototoxicity of Occupational Chemicals

The minimum concentration and duration of exposure
to various chemicals to produce an auditory effect has
not been established in humans. The lowest observed ad-
verse effect level (LOAEL) and no-observed adverse effect
level (NOAEL) have been identified in animal experiments
for several substances (Johnson and Morata, 2010). Interac-
tions between agents indicate that exposure to one agent
could modify the LOAEL and NOAEL of the other agent.
For example, a single exposure to a particular chemical in
quiet may not elicit a toxic response, and a given noise ex-
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posure may not be harmful on its own. However, the same
chemical exposure in the presence of that otherwise “safe”
noise can result in hearing loss even though neither the
chemical nor the noise were harmful on their own. These
interactions have been shown in animal models (Fechter et
al., 2007; Chen and Henderson, 2009), and it appears that the
interaction effect may vary with the specific type of noise
insult (Lund and Kristiansen, 2008) and the chemical level
(Makitie et al, 2003). Interaction effects have also been
shown in workers (Kim et al., 2005; Chang et al., 2006; El-
Shazly, 2006; Mohammadi et al., 2010; Metwally et al.,, 2012;
Pawlaczyk-Luszczynska et al., 2012), although some studies
have not detected these interaction effects at lower levels
of chemical exposure (Schéper et al., 2008; Vyskocil et al,
20083, 2008b). Across studies, there appears to be a differ-
ence in LOAEL in humans and experimental animals, with
the LOAEL being lower in humans than in animals (suggest-
ing greater risk in humans, see Johnson and Morata, 2010).
All efforts to measure LOAELs in humans are complicated
by the fact that human exposure concentration is often un-
known and interaction factors are unknown as well. What
is clear is that cases of hearing loss have been observed af-
ter chemical exposures that were within permissible limits.

KEY CONCEPT: Controversial Point. The lowest level
necessary for solvents to affect the auditory systems
of humans and experimental animals is very differ-
ent. In the investigations with experimental animals,
high concentrations of solvents were used for short
intervals of time, in contrast to significantly longer
duration of exposure (in years) to significantly lower
concentration for many workers. Yet both types of
studies have reported on the association of solvent
exposure and hearing effects. This discrepancy in
exposure has raised questions on the extrapolation
of animal experiment results to occupational expo-
sure conditions. Safety factors are used to account
for uncertainties related to interspecies extrapola-
tion, extrapolation from acute to chronic exposure,
limitations in numbers of subjects tested, and having
limited data concerning dose-effects (Faustman and
Omenn, 1996). As there is no basis for determining
whether or not humans and rodents differ in terms
of sensitivity to solvents and noise, some researchers
have used values based on other health outcomes
(Fechter, 2004). It has been demonstrated, however,
in studies with experimental animals, that by adding
other stressors such asimpact noise and carbon mon-
oxide or ensuring that the animals are active during
solventexposure, the lowestlevel of solventexposure
needed to elicit an auditory effect was much reduced
(Lataye et al., 2005). The auditory effects of solvents
may have been observed at lower concentrations in
humans as they are generally exposed to solvents
in combination with a multitude of other factors
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(several exposures, physical demands, etc.), whereas
animal experiments typically involve isolated sol-
vent exposures. Another complication in determin-
ing the concentration needed for a hearing loss to
occur in humans exists because often individuals
are not aware of the concentration they have been
exposed to and many factors can interact in causing
a hearing loss.

Until now, few human studies have examined the time
- course of exposure over which chemical exposures first be-
gin to affect the human auditory system, and there is still
uncertainty regarding whether chemical solvent ototoxic-
ity is a chronic or acute process. The investigations that
have examined the effects of solvents over time generally
indicate that hearing loss can be observed two to three
years earlier than is usually seen with noise exposure (Mo-
rata et al.,, 1993, 19973, 1997b). Other data suggest a longer
~ time course, however, with a significant effect of solvents
on hearing after five or more years of chemical exposure
(Jacobsen et al., 1993). This issue of time course and onset
- of deficits depends on the ototoxicant and other character-
istics of the exposure, and further investigation is needed.
Indeed, a major challenge in this area is that the number of
chemicals studied to date is very small, particularly when
" one considers the enormous number of existing industrial
- chemicals and the thousands of new chemicals placed on
the market every year. It is critical to better identify the
mechanisms through which chemicals (and noise) affect
the auditory system. One mechanism of trauma common to
the physical agent (noise) and some of the ototoxic chemi-
- cals is oxidative stress. Combinations of non-damaging
noise and oxidizing chemical agents have been suggested
- to lead to oxidative stress that causes the death of hair
- cells in the inner ear (McWilliams et al., 2000; Pouyatos et
- al, 2005), and these damaging effects can be reduced by an-
 tioxidants (Fechter, 2004). The antioxidant N-acetylcysteine
(NAC) has reduced styrene ototoxicity (Yang et al., 2009),
- and yielded protection against liver toxicity induced by
styrene (Meszka-Jordan et al., 2009). The mechanisms for
damage and protection are discussed in the next section.

Oxidative Stress: ACommon Mechanism
for Damage by Noise or Ototoxicants

- The most common elements in the human body are car-
- bon, hydrogen, nitrogen, oxygen, calcium, and phosphorus.
These elements combine to form different molecules. Most
molecules found in living organisms (in vivo) are stable.
- However, there are many molecules that have unpaired
electrons, and these belong to the broad category of “free
radicals” (Halliwell and Gutteridge, 2007). The unpaired
electron makes the molecules electrically charged and thus
the charged molecule seeks to bind to another charged

molecule to stabilize the electrical charge. To become sta-
ble, a given molecule might “donate” its unpaired electron
to another less stable molecule (a process called oxida-
tion), or it might have an electron donated to it by another
less stable molecule (a process termed reduction). The reac-
tions through which these charged molecules break apart
and rebind, to form new molecules after the transfer of
electrons, are termed oxidation-reduction (or redox) reac-
tions. The oxidized molecule loses an electron, while the re-
duced molecule gains an electron. Readers are referred to
Campbell (2003) for a more complete list of oxidative-stress
terms and concepts and their definitions, written specifi-
cally for audiologists.

There is an enormous amount of literature on intracel-
lular free radical formation and its biological effects. Three
of the major oxygen-based free radical species are the su-
peroxide radical (0,’), hydrogen peroxide (H,0,), and the
hydroxyl radical (OH'); approximately 1-3% of the oxygen
consumed by the body is converted into one of these reac-
tive molecules during normal cell energy metabolism (see
Seifried et al., 2007). Superoxide, hydrogen peroxide, and
hydroxyl radicals are termed reactive oxygen species (ROS).
Reactive molecules that are derived from nitric oxide (NO)
are termed reactive nitrogen species (RNS), and the best
understood reaction is that of nitric oxide and superoxide,
which produces highly toxic peroxynitrite (ONOO-) (Patel et
al.,, 1999). At normal physiological levels, these free radicals
play a key role in normal cell physiology; they assist the im-
mune system, mediate signal transduction/cell signaling,
and drive apoptotic (programmed) cell death (Seifried et al.,
2007). The balance between free radical production and en-
dogenous scavenging is critical, however, as accumulated
free radicals can damage cells.

Lim and Melnick (1971) were among the first to propose
that intense metabolic activity (and corresponding oxida-
tive stress) might contribute to noise-induced inner ear pa-
thology. Empirical evidence was slow to emerge; it was not
until the mid-1990s that Yamane et al. (1995) explicitly dem-
onstrated noise-induced superoxide production in the stria
vascularis. These data were extended by Ohlemiller et al.
(1999), who reported noise-induced hydroxyl radical forma-
tion. Since then, multiple free radicals have been explicitly
localized to outer hair cells (Nicotera et al., 1999; Ohinata et
al.,, 2000; Yamashita et al., 2004, 2005; Henderson et al., 2006;
Du et al,, 2011), lateral wall and/or stria vascularis (Ohinata
et al.,, 2000; Shi and Nuttall, 2003; Heinrich et al., 2008), and
supporting cells (Ohinata et al., 2000; Yamashita et al., 2004;
2005; Du et al,, 2011). Accumulation of free radicals leads to
cell death in the inner ear, and antioxidant therapies can
prevent cell death and accompanying NIHL (for reviews,
see Le Prell et al., 2007b; Abi-Hachem et al., 2010; Poirrier et
al.,, 2010; Le Prell and Bao, 2012). A similar literature on free
radical formation after chemical insult is slowly emerging.
Carbon monoxide (Rao and Fechter, 2000a) and hydrogen
cyanide (Fechter et al,, 2002) may potentiate NIHL through
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generation of ROS during combined exposures. Rabinowitz
et al. (2002) suggested that antioxidants may play a protec-
tive role in humans against hair cell damage due to noise
oraging.

Endogenous Defense Against Oxidative Stress

Several endogenous substances reduce highly toxic
free radicals to less toxic free radicals and further reduce
these less toxic molecules to nontoxic molecules that can
be safely excreted. The primary endogenous antioxidant
defense is provided by superoxide dismutase (SOD), cata-
lase, and glutathione (GSH) (for review, see Campbell and
Le Prell, 2012; Le Prell and Bao, 2012). Production of these
endogenous substances is mediated by genetic polymor-
phisms; these are two or more discontinuous genetic vari-
ants found in a population in such proportions that they
cannot be maintained simply by mutation but rather are
traced through specific inheritance patterns.

Genetic polymorphisms that mediate production of
SOD, catalase, GSH, and related enzymes appear to medi-
ate vulnerability to noise in both animal and human pop-
ulations. Given the growing availability and decreasing
cost of genetic screening tools, it is increasingly possible
to imagine genetic testing to assess NIHL vulnerability
based on the presence (or absence) of genetic polymor-
phisms in human workers. Indeed, the addition of routine
genetic testing to newborn hearing screening programs
has already been advocated to allow infants with subclini-
cal hearing loss and infants that do not have hearing loss
at birth but who are likely to develop prelingual hearing
loss to be identified (Morton and Nance, 2006). Although
screening for genes that mediate vulnerability to noise
might seem logical from a hearing conservation perspec-
tive, there are obvious obstacles to mandatory testing.
Some issues include who has access to genetic data, what
safeguards can be putin place to assure data are not used
toinfluence access to or cost of health insurance, and how
“unexpected” results are dealt with (see, for example, Ar-
nos, 2008; Beskow et al.,, 2011; Cadigan et al,, 2011; Chris-
tenhusz et al,, 2012). These issues fall outside the scope of
this chapter, but they do merit attention.

Therapeutic Interventions to Attenuate Oxidative
Stress

KEY CONCEPT: Special Consideration. There are no
FDA-approved products for prevention of hearing
loss. A variety of dietary supplements are marketed
for the purpose of maintaining hearing function, but
all carry disclaimers and caution is required. We do
not know what agents will be effective for human
patients or what an effective dose will be. Multiple
therapeutics are being investigated.
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The possible protection of the inner ear against differ-
ent ototraumatic agents using “exogenous” therapeutics
has been well studied in animal models (for review see Le
Prell and Bao, 2012), and potential protective agents have
been assessed in clinical trials (for review see Le Prell and
Lobarinas, 2015). A summary of several agents is shownin
Table 7.3. These agents have been the subject of recent de- !
tailed reviews, with respect to animal data (Abi-Hachemet
al.,, 2010; Poirrier et al.,, 2010; Le Prell and Bao, 2012), epide-
miological data (Le Prell and Spankovich, 2013; Spankov-
ich and Le Prell, 2013, 2014), and clinical investigation (Le
Prell and Lobarinas, 2015). Here, brief summaries of the
mechanisms of action and key data to date are provided,
along with a statement on the current status of the test-
ing for each agent and information related to safety. As of
the time this chapter was prepared, there are no agents ap-
proved by the U.S. FDA for the prevention of hearing loss,
including NIHL. Relevant to SOD and catalase supplements
(above) and all agents in the following section, readers are
cautioned to be aware of potential interactions with pre-
scribed drugs (Webb, 2007; Boullata and Hudson, 2012), is-
sues influencing bioavailability (Espin et al, 2007; Holst
and Williamson, 2008; Guo and Bruno, 2015; McClements et
al.,, 2015), and safety of over-the-counter agents (Consumer
Reports, 2004; Basch et al.,, 2005; Webb, 2007; Consumer Re-
ports, 2010; Finley et al., 2014).

The Healthy Eating Index

Combinations of nutrients have been shown to have
synergistic benefit in studies outside the auditory system
(see, for example, Yeum et al., 2009). A synergistic interac-
tion among vitamins A, C, E, and magnesium was explicitly
shown by Le Prell et al. (2007a) in their evaluation of NIHL
in the guinea pig, and epidemiological data suggest the po-
tential for synergistic interactions in humans as well (Choi
et al.,, 2014b). A critical question is whether protection will
translate to human subjects as a function of diet, supple-
ment use, or both. Data regarding effects of diet on human
hearing are extremely limited (Le Prell and Spankovich, -
2013). Although the benefits of dietary supplements could
not be not assessed in subjects completing military train-
ing exercises due to lack of reliable temporary threshold
shift (TTS) (Le Prell et al,, 2011), no benefit was observed in
a follow-up laboratory-based clinical trial (NCToo808470; Le
Prell et al., 2016)

An alternative approach that may prove fruitful in the
long run is the use of indices that provide an overall dietary
quality metric, given the assumption that nutrients are not
acting in isolation. Analysis of the NHANES database indi-
cated a relationship in which better high-frequency thresh-
olds were measured in those with diets that were closer to
meeting U.S. recommended dietary allowance (RDA) recom-
mendations (“Good” and “Intermediate” diets in Figure 7.1).
For complete details of an original quintile-based analysis,
readers are referred to the original report (Spankovich and
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Table 7.3 — Otoprotective agents that are being developed for human use. Product names listed here and elsewhere in this
chapter do not imply endorsement of any product; product information is provided to illustrate the information available
to the public on the internet. Endnotes are used to highlight patents that protect the commercial development rights for
each of these agents; intellectual property protection through the patent process is critical to the development of any
putative otoprotective agent if there is to be commercialization of a product that patients can then access (Patino, 2009; Le
Prell, 2016), but the resulting conflict of interest requires transparent disclosure. *23456

Agent

Presumed Mechanism

Animal Data

Human Investigation

Current Status

N-acetylcysteine
(NAC)

Provides cysteine,
used in GSH synthesis

Scavenges hydroxyl
radicals and hydrogen
peroxide

Multiple studies show
reduced PTS, but with
variable protection
across studies (for
reviews, see Le Prell &
Bao, 2012; Kopke et al.,
2007; Le Prell & Loba-
rinas, 2015; Motalebi
Kashani et al., 2013)

Failure to detect TTS in
control subjects (Lin et
al,, 2010; Lindblad et al,,
2011; Doosti et al., 2014)

No TTS prevention (Top-
pila et al., 2002; Kramer
et al,, 2006)

TTS prevention reported
(Doosti et al., 2014)

PTS prevention for sub-
set of metrics (Kopke et
al,, 2015)

Available over-the-counteras a
dietary supplement

Approved by the FDA for acetamin-
ophen poisoning

NACin com-
bination with
4hydroxy alpha-
phenyl-tert-butyl-
nitrone (4-OHPBN)

4-OHPBN traps hydrox-
yl radicals, superoxide
anions, and other free
radicals (see Floyd et
al., 2008)

Reduced PTS (Choi et
al., 2008, 2011, 20143;
Ewert et al,, 2012; Lu et
al., 2014)

None listed on clinical
trials.gov as of the writ-
ing of this chapter

Not currently approved for human
use outside of Investigational New
Drug (IND) studies

Otologic Pharmaceutics Inc. is de-
veloping NHPN-1010: combination
of NAC and HPN-07 (https://clinical-
trials.gov/ct2/show/NCT02259595)

D-methionine
(D-Met)

Metabolized to me-
thionine, an amino
acid that is a precursor
to cysteine

Effects may be dose-,
noise-, and tissue-
specific (Fox et al.,
2016)

Reduced cisplatin-in-
duced hearing loss (for
review, see Campbell &
Le Prell, 2012)

Reduced aminoglyco-
side antibiotic-induced
hearing loss (for
review, see Campbell &
Le Prell, 2012; see also
new data from Fox et
al., 2015; Campbell et
al., 2016)

Reduced TTS and PTS
(for review, see Le

Prell & Bao, 2012; see
also new data from
Claussen et al,, 2013; Lo
et al, 2013; Rewerska et
al., 2013)

NCT01345474

Obtained from protein sources
such as meats, dairy products,
beans, nuts, and seeds

D-methionine not currently ap-
proved for human use outside of
Investigational New Drug (IND)
studies approved by the FDA

MRX-1024 developed and used pre-
viously by Molecular Therapeutics
in completed IND studies (Hamstra
et al, 2010)

MetArmor is developing a novel D-
Met formulation for use in future
IND studies

Methionine, DL-methionine, and
L-methionine are available as
dietary supplements

Ebselen

GPx mimic and in-
ducer; speeds redox
reactions

Reduced TTS and PTS
(for reviews, see Le
Prell & Bao, 2012; Azad
and Thomas, 2014)

NCT01444846 (Kil et al.,
2014)

Not currently approved for human
use outside of Investigational New
Drug (IND) studies

(Abbreviations: ACEMg, vitamins A, C, E, and magnesium; FDA, Food and Drug Administration; GPx, glutathione peroxidase; GSH, glutathione; NMDA,
N-methyl-D-aspartate; PTS, permanent threshold shift; SOD, superoxide dismutase; TTS, temporary threshold shift)
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Table 7.3 — Otoprotective agents that are being developed for human use (cont.)

| Agent Presumed Mechanism | Animal Data Human Investigation Current Status
‘3 B-carotene, Antioxidant; increases | Reduced PTS (for Epidemiological analy- Obtained from dietary sources, in-
; vitamin A SOD, catalase, and GSH | review, see Le Prell & ses mixed (for reviews cluding beef, liver, and fish; green
(i Bao, 2012) see Le Prell & Spankov- leafy vegetables; and other green,
“ ich, 2013; Spankovich & | orange, and yellow vegetables
‘}“ Le Prefl, 3aa3) Retinol and retinyl esters obtained
il ACEMg did not prevent | from meat; converted to retinol in
| TTS (NCT00808470; Le the small intestine, and stored in
Prell et al., 2016) liver until needed
\‘ Available over-the-counterasa
dietary supplement
i\ Vitamin C Antioxidant; increases | Reduced PTS (for Epidemiological analy- Obtained from dietary sources,
i SOD, catalase, GSH, review, see Le Prell & ses mixed (for reviews including citrus fruits, kiwi, straw-
}‘ and GPx Bao, 2012) see Le Prell & Spankov- berries, cantaloupe; vegetables
' ich, 2013; Spankovich & | such as broccoli, red and green
I Le Prell, 2013) peppers
f‘ ACEMg did not prevent | Available over-the-counterasa
il TTS (NCT00808470; Le dietary supplement
i Prell et al., 2016)
Vitamin E Antioxidant Reduced PTS (for Epidemiological analy- | Obtained from dietary sources,
‘ ! review, see Le Prell & ses mixed (for reviews including nuts, seeds, and veg-
‘I Bao, 2012) see Le Prell & Spankov- etable oils, as well as green leafy
1 ich, 2013; Spankovich & | vegetables and fortified cereals
! Le Prell, 2013) Available over-the-counter as a
1\ ACEMg did not prevent | dietary supplement
TTS (NCT00808470; Le
i ‘ Prell et al., 2016)
ik Magnesium Antioxidant, vasodila- | Reduced PTS (for Prevention of TTS (At- Obtained from dietary sources,
i tor, NMDA antagonist | review, see Le Prell & tias et al, 2004) and PTS | including green vegetables, some
i Bao, 2012) (Joachims et al., 1993; legumes (beans and peas), nuts
Attias et al., 1994) and seeds, and whole, unrefined
ACEMg did not prevent gIans
TTS (NCT00808470; Le Available over-the-counter as a
Prell et al., 2016) dietary supplement
i
‘ Alpha-lipoic Antioxidant; stimu- Reduced cisplatin- Prevention of TTS (Quar- | Lipoic acid is a fatty acid produced
‘ acid lates GSH synthesis; induced hearing loss antaetal, 2012) endogenously in mitochondrig;
binds (chelates) free (Rybak et al., 1999; alpha-lipoic acid is a synthetic ver-
metal ions Rybak & Somani, 1999; sion of lipoic acid
Ozkul et al, 2014) Obtained from red meat, organ
§ Reduced aminoglyco- meat (such as liver), and yeast
| ;‘é’:r?n"g“lg's"st('éc')’r"f::i" Alpha-lipoic acid is sold over the
i counter as a dietary supplemen
(| Smith, 2000; Wang et e
| al., 2012)

1Kopke, R.D., Henderson, D., and Hoffer, M.E. (2003): Prevention or Reversal of Sensorineural Hearing Loss (SNHL) Through Biologic Mechanisms. Assigned
to: The United States of America as represented by the Secretary of the Navy. United States Patent Trademark Office, Number 6,649,621, US. pp. 1-25.

2Kopke, R.D. and Floyd, R.A. (2013): Methods for Treating Acute Acoustic Trauma. Assigned to: Oklahoma Medical Research Foundation. United States
Patent Trademark Office, Number 8,420,595, US. pp. 1-8.

3 campbell, K.C.M. (2001): Therapeutic Use of D-Methionine to Reduce The Toxicity of Ototoxic Drugs, Noise, and Radiation. Assigned to: Southern lllinois
University School of Medicine. United States Patent Trademark Office, Number 6,265,386, US. pp. 1-23.

4 campbell, K.C.M. (2008): Therapeutic Use of Methionine-Derivatives to Reduce the Toxicity of Noise. Assigned to: Southern Illinois University School of
Medicine. United States Patent Trademark Office, Number 7,423,065, US. pp. 1-23.

5Kil, ). and Lynch, E. (2010): Methods for Treating Hearing Loss. Assigned to: Sound Pharmaceuticals. United States Patent Trademark Office, Number
7,820,640, US. pp. 1-14.

6 Miller, .M., Le Prell, C.G., Schacht, J., and Prieskorn, D. (2011): Composition and Method of Treating Temporary and Permanent Hearing Loss. Assigned to:
The Regents of the University of Michigan. United States Patent Trademark Office, Number 7,951,845 US. pp. 1-13.
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Le Prell, 2013). More recent data showed a robust interac-
- tion with noise, with the effects of noise exposure appear-
~ ing to be increased as a function of poorer diet, although
the data were retrospective and causality cannot be deter-
mined (Spankovich and Le Prell, 2014).

Complex Interactions Between Noise,
Ototoxicants, and Other Factors

Interactions between agents or factors thatarecommon
to our lives modify risk of developing a hearing loss. These
factors include age, sex, race, socioeconomic and lifestyle
- factors, physical work load, and use of medications (Toppila
~ et al, 2000; Ecob et al., 2008). Additionally, cardiovascular
disease, hypertension, and diabetes are known to increase
the risk for hearing loss (Agrawal et al., 2009).
~ Age
. Age must be considered when examining hearing disor-
~ ders, given that “normal” hearing thresholds are higher in
~ older individuals. The assumptions for “normal” age-relat-
- edchange in humans can be drawn from longitudinal data,
- which typically reveal changes on the order of 0.7 to 1 dB

- per year, with the rate of change varying with frequency
. (more rapid change at higher frequencies), age (more rapid
- change at older ages), and sex (more rapid change in men)
- (Brant and Fozard, 1990; Ostri and Parving, 1991; Pearson et
~ al, 1995; Morrell et al,, 1996; Cruickshanks et al., 2003; Lee
- etal, 2005; Echt et al., 2010; Kiely et al., 2012). However, it is
. necessary to remember that although many people experi-
- enceadecreasein hearing acuity with age, others do not. It
~ isnot possible to predict who will and who will not develop
- hearing loss with aging. Thus, when calculating significant
" threshold shifts, age-correcting hearing thresholds will
- overestimate the expected hearing loss for some people
- and underestimate it for others.
A key reason age has to be taken into account when
- considering potential effects of noise or chemicals on the
~inner ear is that young animals are more vulnerable to
- these insults. Ohlemiller et al. (2000) reported changes in
- vulnerability between 1-2 months of age and 5-7 months
- of age for CBA/CaJ, C57BL/6), and BALB/c) mice; Kujawa and
- Liberman (2006) narrowed this window to 8-16 weeks, with
- 8-week CBA/Ca) mice being more vulnerable than 16-week-
- old mice. If there is a critical period for gerbils, it is presum-
- ably similarly early, as there were no differences when 6- to
- 8-month-old gerbils were compared to 34- to 38-month-old
- gerbils (Boettcher, 2002). The increased vulnerability of
- young animals extends to chemicals in that young rats (14
- weeks of age) were more vulnerable to the effects of sty-
rene than aged rats (Campo et al.,, 2003). Toluene and noise
were found to accelerate age-related hearing loss (ARHL)
" in mice with a genetic predisposition for ARHL, but not in
- mice from a strain without this predisposition (Li et al,,

Wald F=7.959,p=0.002 o
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Figure 7.1 — Average pure-tone-average threshold at 3, 4,
6, and 8 kHz was better in those with diets that met U.S.
Recommended Dietary Allowance standards. As dietary
quality decreased, poorer thresholds were measured.

1992). Even moderate-intensity noise can accelerate the
presbycusis process (Campo et al., 2011). Similar but less
conclusive results were also reported for styrene exposure.
Although these studies clearly suggest that populations
exposed to chemical toxicants at young ages may be more
susceptible to hearing loss laterin life, this has not yet been
documented in humans and there are no data establishing
acritical age at which vulnerability decreases.

A second key reason that interactions between age and
noise must be considered is that early noise exposure has
the potential to influence later ARHL. Noise exposure that re-
sultsin a TTS can result in an immediate and permanent loss
of synaptic ribbons and a decrease in ABR Wave | amplitude,
with long-term degeneration of the spiral ganglion and overt
hearing loss exceeding expected ARHL later in the lifespan
(Kujawa and Liberman, 2006, 2009; Lin et al.,, 2011; Furman et
al., 2013). More recent data replicate these early findings and
extend them in showing that lower-level exposures produc-
ingasmaller TTS do not resultin loss of synaptic ribbons or de-
creasein ABR amplitude, including conditions with vulnerable
young animals and conditions in which animals are followed
for extended periods of time (Hickox and Liberman, 2014; Fer-
nandez et al., 2015; Jensen et al., 2015). The data showing a neu-
ropathic effect of TTS-inducing noise exposure contrast with
the otoprotective effects attributed to other TTS-inducing
noise exposures, in which the ear was reliably “conditioned”
or “toughened” through repeated low-intensity noise expo-
sure that rendered ears more resistant to later, louder noise
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(Campo et al,, 1991; Subramaniam et al.,, 1992, 1993; Henselman
et al,, 1994; Canlon and Fransson, 1995; Dagli and Canlon, 1997;
McFadden etal, 1997; Pukkila et al., 1997). In those models, the
conditioning noise is repeated daily and TTS measured after
each daily exposure systematically decreases. Interestingly,
one of the purported mechanisms thought to contribute to
conditioning effects is an upregulation of endogenous anti-
oxidant enzymes, including glutathione-disulfide reductase
(GSR) and catalase (Jacono et al., 1998).

In summary, epidemiological data on ARHL indicate that
the amount of hearing loss attributed to noise should vary
as a function of the patient’s age and expected ARHL. In ad-
dition, longitudinal data should be used to gain additional
insight into the history of the hearing disorder and risk fac-
tors over the lifetime to allow a better understanding of
the additional factors potentially at play with respect to
prevention of additional hearing loss. Basic scientific litera-
ture suggests that exposure to noise at a young age might
have a synergistic effect with aging in which total hearing
loss is greater than would be predicted; however, repeated
exposure to TTS-inducing noise might have a protective ef-
fect via well-documented conditioning effects. Additional
research is necessary to understand the potential hazards
of noise that results in temporary changes in hearing.

Gender and Race

Gender and race seem to be associated with suscepti-
bility to NIHL; however, neither is completely understood.
Data from animal studies provide some insight into inter-
actions between gender and noise injury. Whereas a study
in gerbils revealed no apparent gender difference in NIHL
(Boettcher, 2002), data from noise-exposed chinchillas indi-
cated that female chinchillas were more sensitive to high-
frequency NIHL and less sensitive to low-frequency NIHL
than males (McFadden et al,, 1999). In contrast to these
animal studies, human studies examining male and fe-
male workers in an automobile stamping plant (Brink et al.,
2002), male and female farmers (Beckett et al., 2000; Hwang
et al,, 2001), and male and female enlisted personnel in the
U.S. Navy and Marine Corps (Bohnker et al., 2002) found that
men were more likely to suffer NIHL than women were in
all of these employee cohorts. The issue of sex and occu-
pational NIHL is confounded in that both environmental
and occupational noise exposure histories can be heavily
influenced by sex. Multiple datasets suggest early NIHL is
observed in males more often than in females (Costa et al.,
1988; Holmes et al., 1997; Niskar et al., 2001), although more
recent datasets suggest sex differences have been elimi-
nated as young females have “caught up” to males (Hender-
son et al., 2011; Sekhar et al., 2011).

Data from animal studies perhaps provide some in-
sight into interactions between race/ethnicity and noise
injury, in that albino animals show greater noise-induced
deficits than pigmented animals (Conlee et al., 1986, 1988),
leading to the suggestion that interactions between race
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and susceptibility to noise could be explained by differ-
ences in melanin (Barrenas and Lindgren, 1991; Barrenas,
1997). Caucasian personnel were reported to be more sus-
ceptible to the toxic effects of metal-fabricating noise
than others (Ishii and Talbott, 1998), and hearing loss in
Caucasian Emergency Medical Service firefighters was
greater than that of black workers (Jerger et al.,, 1986).
Other studies conducted with groups with similar jobs
and exposures have also indicated that Caucasian males
have poorer auditory thresholds and higher prevalence of
NIHL and African American females have the lowest preva-
lence of hearing loss (Szanto and lonescu, 1983; Driscoll
and Royster, 1984). Regarding solvents, sex was a signifi-
cant covariate in a multicenter study on styrene-exposed
workers (Morata et al., 2011).

Socioeconomic and Lifestyle Factors

Low social class in childhood and adulthood is associ-
ated with poorer hearing thresholds (Ecob et al., 2008) and
is likely to interact with occupational risks, leisure noise
or nonoccupational chemical exposures, and medical his-
tory factors such as middle ear disease, lack of appropri-
ate treatment, or use/abuse of medication. v

Studies on the interaction between hearing loss and
smoking indicate that heavy smoking can affect hearing
(Sharabi et al., 2002; Burr et al., 2005; Wild et al., 2005) and
interact with noise, thus causing a more severe hearing
loss in humans (Starck et al., 1999; Toppila et al., 2000; Itoh
et al,, 2001; Mizoue et al., 2003). Other epidemiological in-
vestigations of solvents have controlled for smoking, and
no significant associations were reported (Morata et al,
1993, 1997, 2002; Sliwinska-Kowalska et al., 2001, 2003).

Interactions between alcohol consumption and NIHL
are also of interest. Although alcohol might be consumed
in noisy venues (bars, clubs), most of the literature ad-
dresses the interaction between hearing and alcohol
without consideration of noise. Although two large stud-
ies showed no relationship between total alcohol con-
sumption and professionally diagnosed hearing loss in
men (Curhan et al, 2011) or self-reported hearing loss in
women (Curhan et al,, 2015), other studies in which precise
threshold information was available reported moderate
hearing protection as a function of alcohol intake (Fran-
sen et al,, 2008; Gopinath et al,, 2010; Dawes et al.,, 2014).
Protection of auditory function by alcoholic beverages
could perhaps be explained by their antioxidant proper-
ties, which vary across beverages (Gu et al., 1999; Dobia-
sova et al., 2002; Koga et al., 2007; Magalhaes et al., 2009).
In contrast to these long-term protective effects, alcohol
consumption resulted in acute threshold shifts during al-
cohol intoxication (Upile et al., 2007) and potentiated the
effect of solvent exposure on hearing, as demonstrated in
animals (Campo and Lataye, 2000). Information about al-
cohol consumption can be considered sensitive and can
be difficult to obtain in human studies.
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Physical Workload

Several reports document decreased vulnerability to
TTS as a function of better physical fitness (Manson et al,,
1994; Kolkhorst et al, 1998); in contrast to this positive
relationship, simultaneous noise exposure and physical
exercise has been shown to increase TTS (Lindgren and
Axelsson, 1988). Similarly, studies indicate that the total ab-
sorbed styrene dose can be increased six-fold with physical
work and increased respiratory rate (Engstrom et al., 1978).
It has been suggested that auditory effects of solvents may
be observed at lower concentrations in humans because
humans are generally exposed to solvents in combination
with a multitude of other factors (several combined ex-
posures, physical demands, etc.), whereas animal experi-
ments typically involve isolated chemical exposures (La-
taye et al., 2005).

Medication

Finally, the ototoxicity of therapeutic drugs has been
recognized for a long time, and interactions across insults
are well known (Boettcher et al., 1987). Despite synergistic
ototoxicity, interactions between medication and work-
related risk factors have rarely been examined. In addition
to interaction between noise and aminoglycoside antibiot-
ics, and noise and cisplatin, the potential for synergistic
interactions between noise and over-the-counter medica-
tions should be considered. Acetylsalicylic acid is the ac-
tive agent in aspirin, and high doses of this agent clearly
result in threshold shift and/or tinnitus (Brien, 1993; Guit-
ton et al.,, 2003; Sheppard et al,, 2014). A synergistic interac-
tion between acetylsalicylic acid and toluene was shown
by Johnson (1992). Acetylsalicylic acid did not cause hearing
loss but instead potentiated the ototoxic effect caused by
toluene. In contrast to the potentiation of the chemical ex-
- posure, aspirin, has prevented NIHL as well as hearing loss
- induced by aminoglycoside antibiotics (Sha et al., 2006).
Epidemiological data are clearly of interest; negative ef-
fects of aspirin on hearing were reported for males, but no
- relationship was observed in females (Curhan et al,, 2010,
2012). Acetaminophen was associated with hearing loss in
both males and females (Curhan et al., 2010, 2012). Finally,
ibuprofen was associated with hearing loss in females
(Curhan et al,, 2012), and non-steroidal anti-inflammatory
drug (NSAID) use (queried separately from aspirin and ac-
etaminophen, although we note here that the category of
- NSAIDs includes aspirin, ibuprofen, and naproxen in addi-
tion to avariety of other active agents) was associated with
hearing loss in males (Curhan et al,, 2010). Interactions be-
tween these other pain medications and noise or chemicals
are of interest since these drugs are also likely to be used
by workers exposed to noise and chemicals, but data ad-
dressing potential interactions are not yet available.

Given the paucity of data, current regulations do not

provide any guidance on individual risk factors. There is no

reduction in permissible exposure limit for those workers
that might be more vulnerable to noise or to chemical sol-
vents based on individual risk factors. The relevant regula-
tions are reviewed next.

International Legislation and Standards

In two publications by the National Institute for Occupa-
tional Safety and Health, NIOSH argued for broadening the
scope of risk assessment of hearing risks at work and pre-
ventive initiatives (NIOSH, 1996, 1998). NIOSH and the Amer-
ican College of Occupational and Environmental Medicine
both recommend that hearing loss prevention programs
take chemical exposures into account when monitoring
hazards, assessing hearing, and controlling exposures
(NIOSH, 1996, 1998; American College of Occupational and
Environmental Medicine, 2003). These recommendations
do not include specific information on exposure levels of
concern.

Since 1999, the American Conference of Governmental
Industrial Hygienists (ACGIH) has stated that periodic au-
diograms are advised and should be carefully reviewed
in settings where there may be exposures to noise and to
carbon monoxide, lead, manganese, styrene, toluene, or
xylene. Other substances under investigation for ototoxic
effects include arsenic, carbon disulphide, mercury and
trichloroethylene (American Conference of Governmental
Industrial Hygienists, 2009). The U.S. Army started requir-
ing consideration of ototoxicant exposures for inclusion in
hearing conservation programs in 1998, “particularly when
in combination with marginal noise” (U.S. Department of
the Army, 1998); in 2003, they offered the most detailed and
specific recommendation to date, stating that since the ex-
posure threshold for ototoxic effects is not known, audio-
metric monitoring is necessary to find out if the substance
is affecting the hearing of exposed workers (U.S. Army Cen-
ter for Health Promotion and Preventive Medicine, 2003).
Yearly audiograms are recommended for workers whose
airborne exposures (without regard to the use of respira-
tory protection) are at 50% of the most stringent criteria for
occupational exposure limits (OELs) (either of the U.S. OSHA
permissible exposure limit or the ACGIH threshold limit
value) for toluene, xylene, n-hexane, organic tin, carbon
disulphide, mercury, organic lead, hydrogen cyanide, die-
sel fuel, kerosene fuel, jet fuel, JP-8 fuel, organophosphate
pesticides, or chemical warfare nerve agents, regardless of
the noise level (U.S. Army Center for Health Promotion and
Preventive Medicine, 2003).

Best practice guidelines recommending hearing tests
for those exposed to ototoxic agents were also published
in Australia and New Zealand, without information on ex-
posure levels (AS/NZS 1269, 2005). Legislation regarding
compensation for hearing loss associated with chemical
exposure at work has changed in Australia (WorkCover,
2002) and Brazil (Ministério da Previdéncia e Assisténcia,
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1999), making it possible for workers to apply for compen-
sation for hearing loss because of exposure to ototoxicants
in the workplace.

In February 2003, the European Parliament published
the Directive 2003/10/EC on minimum health and safety
requirements regarding the exposure of workers to the
risks arising from noise. In the Directive, it states that
when carrying out risk assessments, employers should
“.give particular attention to: any effects on workers’
health and safety resulting from interactions between
noise and work-related ototoxic substances..” (European
Parliament and the Council of the European Union, 2003).
Some European countries have reduced their exposure
limits to styrene due to their ototoxic potential (Hansen
et al,, 2002; Ministre du Travail de ’emploi et de la santé,
2012). In April 2004, because of its demonstrated ototoxic-
ity, toluene was labeled as R48/20: “Danger of serious dam-
age to health by prolonged exposure through inhalation.”
Toluene-induced chronic impairment of auditory function
had been demonstrated in a number of animal studies and
substantiated by morphological evidence of cell loss in the
rat cochlea, with existing data suggesting that humans are
sensitive to this effect at exposure levels that may be en-
countered in the working environment (Hansen et al., 2002;
European Commission, 2004).

Besides the present chapter, comprehensive evalua-
tions of ototoxicants (Vyskocil et al., 2009) and of the haz-
ards of combined workplace exposure to noise and oto-
toxicants (European Agency for Safety and Health at Work,
2009) have been published by other bodies. The Canadian
Occupational Health and Safety Research Institute (Vys-
kocil et al., 2009) did not include data on the interaction
between noise and chemicals. Still, the conclusions agree
with those of the present document in classifying lead and
its inorganic compounds, toluene, styrene and trichloro-
ethylene, as “ototoxic substances.”

The report published by the European Agency for Safe-
ty and Health (European Agency for Safety and Health at
Work, 2009) included noise interactions and focused on
the qualitative properties of chemicals inducing ototoxic
effects. The report from the European Agency also high-
lights policies from specific member states and the pos-
sible impact of the 2007 regulations, Registration, Evalua-
tion, Authorisation and Restriction of Chemical substances
(REACH), which will not be repeated here.

The 2010 Nordic Expert Group for Criteria Documenta-
tion of Health Risks from Chemicals on Occupational Ex-
posure to Chemicals and Hearing Impairment discussed
the Hoet and Lison (2008) proposal of a “noise notation”
inspired by the widely used “skin notation” (Johnson and
Morata, 2010). The proposed notation could be added to the
OELs of chemical agents for which there is significant con-
cern about a possible ototoxic effect, e.g., when experimen-
tal data suggest that ototoxicity is the critical health effect
or that ototoxic effects occur at a level close to the OEL. As
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combined exposure (e.g., chemical and noise) is currently
not taken care of in the regular OEL setting procedure, a
noise notation can be used to indicate an increased risk of
hearing loss after exposure to the chemical with concur-
rent noise exposure. Since its proposal, the noise notation
has been adopted in France, Switzerland, and Sweden.

In 2018, the American Conference of Governmental In-
dustrial Hygienists (ACGIH) put forward a similar proposal
in its publication on Threshold Limit Values and Biological
Exposure Indices (American Conference of Governmental
Industrial Hygienists, 2018). A note in the Noise Section
(page 74) states: “The designation OTO for hearing disor-
ders in the ‘Notations’ column highlights the potential for
a chemical to cause hearing impairment alone or in com-
bination with noise, even below 85 dBA. The OTO notation
is reserved for chemicals that have been shown, through
animal studies or human experience, to adversely affect
auditory capacity, usually manifested as a permanent au-
diometric threshold shift (difficulty in detecting sounds) as
well as difficulties in processing sounds. Certain solvents,
predominantly aromatic hydrocarbons, but also some ha-
logenated solvents, metals and chemicals that cause an-
oxia, have been shown to cause hearing disorders. Some
solvents appear to act synergistically with noise, whereas
carbon monoxide potentiates noise effects. The OTO nota-
tionisintended to focus attention, not only on engineering
controls, administrative controls and personal protective
equipment needed to reduce airborne concentrations, but
also on other means of preventing excessive combined ex-
posures with noise to prevent hearing disorders. Specifical-
ly, affected employees may need to be enrolled in hearing
conservation and medical surveillance programs to more
closely monitor auditory capacity.”

Finally, a new informational bulletin developed by OSHA
and NIOSH (2018) raises awareness of this issue, provides
examples of ototoxic chemicals, lists the industries and
occupations at risk, and provides prevention information
(https://www.cdc.gov/niosh/docs/2018-124/pdfs/2018-124.
pdf?id=10.26616/NIOSHPUB2018124).

Simple Solutions for a Complex Problem?

Considering that environmental and occupational fac-
tors other than noise can affect hearing, one needs to re-
think steps that can be taken to prevent hearing disorders.
Traditional hearing conservation practices do not take into
account the potential risk to hearing posed by chemical ex-
posures in the workplace. The strongest argument for revis-
ing hearing loss prevention programs is still, unfortunately,
the ongoing high occurrence of work-related hearing loss
in industrialized countries.

Preventive strategies can be applied at any stage along
the natural history of disease or injury, or in this case
hearing loss, with the goal of preventing further deterio-
ration. Primary prevention seeks to prevent onset of dis-
ease or injury and generally targets specific causes and
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risk factors. For example, workers with normal hearing
and minimal noise exposure history should be provided
training and hearing protection devices prior to starting
anew position. Secondary prevention seeks to detect and
treat preclinical pathology and control disease or injury
progression. Screening procedures (such as yearly hear-
ing tests) are an example. Once a disease or injury has
developed, tertiary prevention seeks to soften the impact
on the patient’s function, longevity, and quality of life. In
terms of hearing loss, this can include increased conserva-
tion strategies and rehabilitation efforts, such as hearing
aids and assistive listening devices (Smith, 1998; Le Prell
and Spankovich, 2013). These stages of prevention are
not independent, and often comparable strategies can be
applied at each stage. However, the lack of effect at one
stage may call into question the viability of that strategy
at the next stage.

Strategies to control or preventinjury fall on aspectrum,
where active and passive measures are at opposite poles
defined by the amount of behavioral response required
by the individual. At one extreme are “passive” measures,
which do not require the cooperation of the individual. Ex-
amples of a passive measure include “quiet equipment” (or
removal of the noise source) and eliminating ototoxicants
in lieu of nontoxic alternatives. Passive strategies have his-
torically been most effective for prevention of disease and
injury, as no specific action is required by the individual
(Haddon, 1980). At the other extreme are active measures
that require the individual to make a behavioral change.
The most common example regarding occupational health
would be appropriate use of personal protection. Both pas-
sive and active strategies have important roles in the con-
trol of disease and injury. The application of passive, active,
or mixed approaches to prevention of hearing loss is influ-
enced by cost, benefit, effectiveness, and role of individual
responsibility and individual cooperation.

Human behavior is not readily changed. The Hearing
Conservation Amendment was promulgated in 1983 (OSHA,
1983). However, the use of HPD among industry and mili-
tary populations remains low, despite training and worker
knowledge of the consequences (Tak et al., 2009). The expla-
nations for this likely include attitude toward noise, accep-
tance of noise as “part of job,” incomplete or inadequate
training, low perceived susceptibility and severity of hear-
ing loss, prior experience of hearing loss or tinnitus, idea
that hearing aids or other intervention will return normal
hearing, poor enforcement of safety rules, peer influence,
comfort and fit of HPD, diminished communication, lo-
calization, and situational awareness (Daniell et al., 2006;
Casali et al.,, 2009; Davies et al, 2009, 2012; Reddy et al.,
2012). To improve the effectiveness of hearing conservation
programs, use of health behavior theory may be of benefit.
Health behavior theory can be classified into three primary
types: intrapersonal theories, an individual’s characteris-
tics that influence behavior; interpersonal theories, influ-

ence of external factors such as peers and social identity;
and organizational and community theory, influence of
rules, regulations, and policy. An excellent review of health
behavior theories is available to the interested reader (Na-
tional Cancer Institute, 2005).

The evidence on the effectiveness of current interven-
tions to reduce the prevalence of and risks for work-related
hearing loss (Tikka et al., 2017) indicate there is a need to
rethink the approaches commonly used. In the realm of
this chapter, some components of a hearing conservation
program that are likely to increase effectiveness of such in-
terventions include:

1.The initial steps of hearing loss prevention programs
are hazard assessment (of all hazardous agents) and
control. The most effective way to prevent hearing
disorders from noise or chemical exposure is to re-
move the source of hazardous exposures from the
workplace, for example, by engineering controls,
using personal protective equipment, or finding al-
ternatives to minimize exposure, such as reducing
the duration of exposure (passive strategies). When-
ever hazardous noise or chemicals exist in the work-
place, measures to reduce exposure levels to protect
exposed workers and to monitor the effectiveness
of these intervention processes are required by law.

Some suggested sources of information include Sut-

er (2009), NIOSH (1998), and the Encyclopaedia of Oc-

cupational Health and Safety (International Labour

Organization, 2012).

2.The next step is to re-examine the eligibility criteria

for inclusion in hearing loss prevention programs.
Preventive strategies that are used to protect work-
ers from noise exposure will not necessarily protect
workers from chemical exposure or the interaction
between agents. When evidence that chemicals in
the workplace can affect hearing is considered, then
hearing loss prevention initiatives may be needed
even in workplaces where noise exposure does not
exceed 85 dBA.

a. As described above, the U.S. Army offers recom-
mendations for revising hearing loss prevention
program eligibility criteria with chemical expo-
sure.

b. The Nordic Expert Group criteria document (John-
son and Morata, 2010) also provides information
on ototoxic chemicals investigated to date.

3.The third step is deciding what industrial hygien-
ists, safety professionals or audiologists should do
when the ototoxicity of a chemical present in the
workplace has not been tested. How can profes-
sionals decide if there should be a concern about
auditory effects for chemical exposures that have
not been tested for ototoxicity? One approach
was proposed at the 2002 Best Practices Workshop:
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Combined Effects of Chemicals and Noise on Hear-
ing (Morata, 2003). The consensus recommendation
was to gather information on the agent’s general
toxicity, nephrotoxicity, and neurotoxicity (since
most of the chemicals that affect the auditory sys-
tem are potentially neurotoxic and/or nephrotoxic)
along with complaints from exposed populations.
Information on whether a chemical produces free
radicals could help determine whether a chemi-
cal should be screened for potential ototoxicity. In
summary, when hazard information on a specific
agent or combination of agents or exposures is not
available, one should seek information on the toxic-
ity of individual agents present (e.g., common target
organs) or exposure combinations.

4. Audiological monitoring or referral should be imple-

mented if ototoxicity, nephrotoxicity, or neurotox-
icity are reported, or if the agent induces oxidative
stress. Hearing loss from ototoxicity is typically bi-
laterally symmetrical and irreversible. Similar to the
effect of noise exposure, a high-frequency “notch” on
the audiogram is often present following long-term
exposure to ototoxic chemicals, although a wider
range of frequencies may be affected (i.e., from 2000
to 8000 Hz;, see Morata, 2003; Sliwinska-Kowalska,
2007).

5. Audiological monitoring should not be limited to

pure-tone threshold metrics. The effects of envi-
ronmental and/or occupational chemicals are not
restricted to the cochlea. Reports have indicated
that retrocochlear and central effects can also be
linked to these exposures. Pure-tone threshold
tests do not identify the cause of hearing loss and
may not fully reveal hearing difficulties. Sound may
be detected (i.e., loud enough to be heard), but it
might lack clarity and thus speech recognition may
be compromised, particularly in background noise.
Pure-tone audiometry provides information on de-
tection thresholds but not on the perceptual quality
and discrimination. Use of a questionnaire assessing
difficulty with speech recognition or other auditory
problems beyond threshold loss may help reveal ad-
ditional effects of the chemical or noise on the audi-
tory system. Professionals should take note if work-
ers complain of hearing difficulties not explained by
the audiometric results and consider referring the
worker to an audiologist for a complete audiological
evaluation.

6. Risk should be assessed through an interview or

questionnaire that establishes exposure history for
both noise and chemicals as another important ele-
ment in the diagnosis of hearing loss from noise or
chemicals. Survey instruments should include medi-
cal and nonmedical risk factors associated with the
condition and exposure to other risk factors. Other

important questions are use of hearing aids, ototoxic
medication, and the experience of “ringing” in the
ears (tinnitus) as well as hypersensitivity to sound
(hyperacusis).

7. Personal protective equipment should be advocat-
ed. Despite the challenges associated with the effec-
tive use of personal protective equipment, personal
protective devices (hearing protection devices and
respirators) are often adopted in lieu of controlling
hazardous exposures (active strategy). For informa-
tion on personal protective equipment to control for
chemical exposures, see (http:;//www.cdc.gov/niosh/
topics/chemical.htmil).

Summary

Noise is a universally recognized risk factor for hearing
loss, and the occupational health community is well aware
of the preventive and rehabilitative needs associated with it.
However, certain non-acoustic factors in the workplace may
directly affect hearing, or interact with noise, and are there-
fore considered to be possible contributors to individual vari-
ability in susceptibility to noise-induced hearing loss. Metals,
asphyxiants, pesticides, and organic solvents fall within this
category. The adverse auditory effects of chemical toxicants
have been systematically investigated during the past two
decades, both in animal studies in the laboratory and in hu-
man field and clinical studies. Some chemicals not only affect
the sensory organ of the auditory system, but also adversely
affect central auditory structures. Noise is also increasingly
considered to not only affect the organ of Corti, but also ad-
versely affect central auditory structures. Both noise and
chemicals, such as solvents, result in adverse auditory effects
due to a combination of oto- and neurotoxicity. Ototoxicity
induces outer hair cell dysfunction in the cochlea, whereas
neurotoxicity induces central auditory dysfunction. The main
audiological sign of ototoxicity is poorer hearing thresholds
than expected, relative to age. Outer hair cell loss can also
be detected using otoacoustic emission tests. Audiological
signs of neurotoxicity may or may not include poorer hearing
thresholds, in addition to difficulties discriminating sounds
such as speech, particularly in adverse listening conditions.
Evidence of chemical-induced hearing loss has prompted the
proposal of new guidelines and standards for hearing loss
prevention.

In broadening our thinking about interventions to pre-
vent hearing loss, we should become familiar with the
evidence on otoprotection as well as principles of health
promotion. To date, robust protection has been demon-
strated only in animal subjects. Although, as of the writing
of this chapter, there are no FDA-approved therapeutics
for prevention of NIHL and/or protection of the inner ear,
there are multiple clinical trials that have been completed
and additional clinical trials are in progress for several dif-
ferent investigational agents (for review, see Le Prell and
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Lobarinas, 2015). Because any list provided here would be
quickly outdated, interested readers are pointed to the
National Institutes of Health Online Clinical Trials Registry
(http//clinicaltrials.gov/) for up-to-date information. With
confirmation of protection of the human inner ear and ap-
proval of label claims by the FDA, there may one day be
agents available for protecting the ear against NIHL that
occurs despite use of HPDs or when HPDs are not an option.
Although some of the active agents of interest are available
inthe form of dietary supplements, audiologists and others
involved in hearing conservation education should stress
to patients and other clients that there are no FDA-ap-
proved products for the protection of human hearing. With
respect to dietary supplements marketed in the absence of
demonstrated clinical benefit, the authors of this chapter
do not advocate specific supplements. Instead, we advo-
cate dietary nutrient intake that meets the U.S. Institute
of Medicine RDA (Institute of Medicine, 2004a, 2004b) but
does not exceed U.S. Institute of Medicine Tolerable Upper
Intake Levels (UL) (Institute of Medicine, 2004¢, 2004d). We
advocate that recommended nutrient intake be achieved
via healthy diets rather than supplements whenever pos-
sible for several key reasons. First, it is unlikely that sup-
plements can “replace” a healthy diet given the variety of
different vitamins, minerals, and macronutrients that need
to come from dietary sources. Second, choosing foods that
are high in sugar, fats, or filler is not healthy, even with a
dietary supplement. There are data that indicate high-fat
and/or high-cholesterol diets may have negative conse-
quences for hearing function. Third, nutrients derived from
food sources contain the full spectrum of nutrients and
phytochemicals associated with that specific food, where-
as supplements do not. For example, Vitamin E has eight
iso-forms, but most daily multivitamins include only one
of these forms: alpha-tocopherol. Fourth, there are implica-
tions for how food is digested and metabolized compared
to a capsule, with nutrients that are consumed with food
potentially having better bioavailability.

KEY CONCEPTS: Several determinants of health (age,
diet, fitness, chronic diseases and related medica-
tions, smoking and drinking habits) and exposures
outside the workplace can impact hearing. Achieving
the goal of hearing loss prevention requires taking
someofthefactorsintoconsideration.Evidenceshows
that several chemicals commonly found in the work-
place can damage hearing. These chemicals include
solvents, paint thinners, degreasers, fuels, exhausts,
metals, and pesticides. In addition, some of these
toxicants interact with noise in exacerbating hearing
loss. Monitoring strategies must include assessment
of all hazardous agents (not restricted to noise) and
control of exposures; inclusion of workers exposed
to ototoxic chemicals in hearing loss prevention
programs; and careful analysis of audiometric results

and referral of cases of hearing loss that do not seem
to be exclusively related to the noise exposure.

Some of the mechanisms of lesion are common
for noise and chemicals. They involve reactive oxy-
gen species, also called free radicals. Some of the
research confirming these findings has used antioxi-
dants to reduce noise-induced hearing loss. Factors
that protect our hearing against noise insult also
reduce or prevent hearing loss after ototoxic drugs.
Data are limited with respect to attenuation of chem-
ical ototoxicity and neurotoxicity, but protection
against chemical ototoxicity appears to be feasible.

In light of this evidence, otoprotective drugs
that reduce oxidative stress may provide a novel
approach to more effectively prevent hearing loss
in the workplace; however, human data are needed.
Health promotion programs and information dissem-
ination on hearing loss prevention could have an im-
pact on hearing status. In addition, growing evidence
suggests that certain medications/nutrition supple-
ments can facilitate otorescue and promote otopro-
tection. Nutrient intake that meets the U.S. Institute
of Medicine RDA (Institute of Medicine, 2004a, 2004b)
but does not exceed U.S. Institute of Medicine Toler-
able Upper Intake Levels (UL) (Institute of Medicine,
2004¢, 2004d) merits consideration.
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