
Potentiation of Chemical Ototoxicity by Noise

Peter S. Steyger, Ph.D.1
1 Oregon Hearing Research Center, Oregon Health, Sciences University, Portland, Oregon

Abstract
High-intensity and/or prolonged exposure to noise causes temporary or permanent threshold shifts
in auditory perception. Occupational exposure to solvents or administration of clinically important
drugs, such as aminoglycoside antibiotics and cisplatin, also can induce permanent hearing loss. The
mechanisms by which these ototoxic insults cause auditory dysfunction are still being unraveled, yet
they share common sequelae, particularly generation of reactive oxygen species, that ultimately lead
to hearing loss and deafness. Individuals are frequently exposed to ototoxic chemical contaminants
(e.g., fuel) and noise simultaneously in a variety of work and recreational environments. Does
simultaneous exposure to chemical ototoxins and noise potentiate auditory dysfunction? Exposure
to solvent vapor in noisy environments potentiates the permanent threshold shifts induced by noise
alone. Moderate noise levels potentiate both aminoglycoside- and cisplatin-induced ototoxicity in
both rate of onset and in severity of auditory dysfunction. Thus, simultaneous exposure to chemical
ototoxins and moderate levels of noise can potentiate auditory dysfunction. Preventing the ototoxic
synergy of noise and chemical ototoxins requires removing exposure to ototoxins and/or attenuating
noise exposure levels when chemical ototoxins are present.
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Congenital hearing loss occurs in ~3 of every 1000 live births1–3 and is the most common
sensory deficit in newborns.4 In the general population, 1 in 10 individuals experiences varying
degrees of hearing loss, rising to more than 1 in 3 individuals over the age 65 years.5,6 The
acquisition of hearing loss and deafness over our lifetimes comes from a variety of sources,
including congenital and genetic deafness, noise trauma, exposure to ototoxins (including
organic solvents), infections, and aging.

Toxic noise is present in a variety of environments, including occupational (e.g., construction
and military), or recreational (rock concerts, personal stereo-players), and comes in two major
forms. First, blast/impulse noise from explosions or gunshots that produce high-intensity sound
that physically damages hair cell stereocilia and produces discrete lesions in the sensory
epithelia of the cochlea. Second, chronic exposure to noise generated at rock concerts, on
commercial and military jet planes, and at heavy industrial plants generates toxic levels of
reactive oxygen species (ROS) and physiologic changes in the blood-labyrinth barrier that
culminate in temporary auditory dysfunction and often permanent hearing loss.7–11
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Chemical ototoxins are present in a variety of situations, including occupational (e.g., paint
solvents, gas stations), recreational abuse of organic solvent-based propellants (e.g., spray
adhesives), and as essential lifesaving drugs (e.g., antineoplastic cisplatin and bactericidal
aminoglycoside antibiotics). These chemical ototoxins also generate ROS and may interfere
with numerous physiologic and biochemical processes; for example, dysfunction of the blood-
labyrinth barrier, ion regulation (loop diuretics) blockade of ion channels (aminoglycosides),
and DNA damage (cisplatin and derivatives).12–14

Exposure to any of these insults is rarely a singular event, and several may occur
simultaneously; for example, loud noise and solvent inhalation by dockyard workers.15 Thus,
it is important to understand whether these insults can synergistically enhance their ototoxic
impact. A review of the published literature not only reveals that chemical ototoxicity is
potentiated by noise exposure but also that there appear to be two types of synergism between
noise and chemical ototoxicity.

SYNERGISM BETWEEN NOISE AND ORGANIC SOLVENTS
Organic solvents are ubiquitously present in our environment, as alcohol, in paints and
adhesives, and perhaps most significantly as heating (propane, kerosene) and automotive
(diesel, gasoline) fuels, although they generally do not impair auditory perception by
themselves. Toxic exposure to many of these organic solvents leads to severe physiologic
dysfunction before directly affecting hearing, including pulmonary edema after exposure to
solvent vapor, dysfunction of peripheral and central neural systems, cell lysis, carcinogenesis,
and renal and hepatic failure.

However, exposure to organic solvents in noisy environments, particularly for personnel in
military and chemical plant environments, carries significant risks for auditory dysfunction.
Jet fuel (JP-8) is the primary contaminant of U.S. and NATO military personnel and is closely
related to Jet A fuel used for U.S. domestic aviation.16 Jet fuel contains a variety of ototoxic
aromatic hydrocarbons including toluene, styrene, ethyl benzene, and a variety of xylenes,
which when present in other work-places, including pathology laboratories, also have been
shown to be ototoxic (see Fechter et al16 for complete list of references).

On aircraft carriers, exposure to jet fuel occurs in extremely noisy environments, where fighter
jet take-off reaches noise levels of 140 dBA (E. Berger, personal Communication, 2008).
Fechter and colleagues16 investigated the possible synergism between jet fuel and noise. Jet
fuel alone (1000 mg/m3 for 4 hours) generally had little or no effect on DPOAEs and hair cell
survival. If animals received a single exposure to 4 hours of 105 dB SPL broadband noise
(centered at 8 kHz), a 10 dB permanent threshold shift in DPOAEs was observed 4 weeks after
treatment (Fig. 1A). However, after serial exposure to jet fuel vapor and then noise (4 hours
each), 20 dB permanent threshold shifts in DPOAE amplitudes were observed 4 weeks after
treatment (Fig. 1A, B).

The synergistic effect of noise and organic solvents is more compelling after repeated exposure
at lower exposure levels. Control animals and animals that received jet fuel vapor alone for 5
days (4 hours each day) showed little or no change in DPOAE thresholds. Animals that received
102 dB SPL broadband noise for 1 hour a day (one-half sound intensity of 105 dB SPL for
one-quarter of the time used in the above experiments) for 5 days showed a narrow range of
temporary threshold shifts (between 6 and 16 kHz), with a maximum shift of 10 to 15 dB 1
week after exposure. After 4 weeks, DPOAE thresholds recovered slightly at some frequencies,
resulting in a permanent threshold shift of 8 to 10 dB (Fig. 1C). When animals were serially
exposed to both jet fuel (for 4 hours) and noise (102 dB for 1 hour/day) for 5 days, animals
experienced a 20 dB loss of DPOAE sensitivity across a broad frequency range (6 and 60 kHz)
3 days after treatment (Fig. 1D). After 4 weeks, some recovery of DPOAE thresholds occurred
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at the lower frequencies, but permanent threshold shifts of 10 to 12 dB over a wide frequency
range was still present.16 Thus, although repeated noise exposure can induce permanent
threshold shifts, exposure to JP-8 jet fuel and noise potentiates the breadth and severity of these
permanent threshold shifts, particularly as JP-8 alone did not induce hair cell loss or temporary
threshold shifts.

Because jet fuel is composed of a complex mix of aromatic hydrocarbons, this same research
group went on to investigate two known ototoxins, toluene and ethyl benzene. When animals
were exposed to the vapor of these solvents (4000 mg/m3) alone for 5 days, no change in
DPOAEs from control, nonexposed animals were observed. When animals were exposed to
broadband noise exposure at 93 dB SPL (lower than that for experiments described above) for
5 days, only temporary threshold shifts of ~20 dB were observed between 8 and 20 kHz 3 days
after cessation of treatment. After 4 weeks, the DPOAE threshold had recovered to baseline
values. However, when vapor inhalation was followed by broadband noise exposure at 93 dB
SPL (for 5 days), greater temporary threshold shifts (~25 to 30 dB) were observed 3 days after
treatment, with only partial recovery of DPOAE thresholds, resulting in permanent threshold
shifts of 10 to 15 dB 4 weeks after cessation of treatment.17 The permanency of these threshold
shifts was confirmed by the greater number and extent of missing outer hair cells in the solvent/
noise group compared with that in the noise alone, solvent alone, or control groups.

Solvent-induced ototoxicity display a preferential loss of outer hair cells in the outermost rows.
18,19 Exposure to jet fuel or toluene/ethyl benzene together with noise, however, enhanced the
loss of the innermost (first) row of outer hair cells, suggesting that these solvents potentiate
the mechanisms involved in noise-induced hearing loss, rather than initiate additional cytotoxic
mechanisms. Similar solvent-potentiation of permanent threshold shifts and outer hair cells
loss that characterize noise-induced hearing loss (NIHL) occurs during exposure to
acrylonitrile (vinyl cyanide), an important component of the plastic, butyl rubber, and textile
industries,20,21 and during exposure to styrenes, an important component in the plastics
industry.22–24 These data demonstrate the importance of reducing noise exposure levels in
solvent-rich environments to prevent solvent-enhanced potentiation of NIHL. This can be
achieved by removing sources of noise generation, or adding efficient external ear hearing
protection (e.g., ear plugs or muffs), and preferentially with respiratory protection as well.

SYNERGISM BETWEEN NOISE AND CLINICAL DRUGS
A variety of clinical drugs, including aminoglycoside antibiotics, cisplatin, quinines, and loop
diuretics, are ototoxic and cause varying degrees of temporary and permanent hearing loss.
Loop diuretics are well known for inducing transient hearing loss, due to blockade of potassium
recycling, loss of endolymphatic potential (EP), and edema in the stria vascularis.25–27

However, noise has not been shown to potentiate this effect.28,29

Potentiation of aminoglycoside-induced ototoxicity by simultaneous exposure to noise has
been occasionally investigated since it was first described by Gannon and Tso in 1969 and
confirmed in subsequent animal studies.30–38 Interestingly, noise exposure followed by
aminoglycoside treatment also induced enhanced auditory dysfunction, but this was not
observed for aminoglycoside treatment followed by noise exposure.31,32,35 These studies are
clinically relevant because aminoglycosides are systemically administered for prophylaxis to
casualties with blast and gunshot wounds during medical evacuation from battlefields and
relocation to major medical centers. Medical evacuation typically occurs in armored personnel
carriers or aircraft, where noise levels frequently exceed 90 dBA (E. Berger, personal
Communication, 2008), and systemic aminoglycoside administration often occurs during
transportation or shortly afterwards. Exposure to moderate or intense noise during battle
followed by injury and subsequent aminoglycoside treatment increases the risk of sustaining
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noise-enhanced aminoglycoside-induced hearing loss. The impact of acquired hearing loss in
adults has been estimated to economic costs of approximately $297,000 (in year 2000 dollars),
due to loss of economic earning power, reduced work productivity, decreased career
advancement prospects, combined with increased expenditure for rehabilitation, education,
and accessibility. 39

Aminoglycoside treatment is also frequently mandated in the neonatal intensive care unit
(NICU), where the infant is placed in a mechanical ventilator, surrounded by various monitors,
each of which generate mechanical noise, or have high-intensity alarms. At least 600,000
infants pass through the NICU in the United States each year, and a large number of them
receive aminoglycosides for suspected bacterial sepsis for at least 48 hours, or until a negative
bacteriologic assay is reported.40,41 The impact of congenital or prelingually acquired severe
to profound deafness has been estimated to have economic costs greater than $1 million (in
year 2000 dollars), due to loss of economic earning power, reduced work productivity,
decreased career advancement prospects, combined with increased expenditure for
rehabilitation, education, and accessibility.39 Thus there is considerable socioeconomic
pressure to determine if noise, or other potential insults, can synergistically enhance the
ototoxicity of aminoglycosides.

Although many pediatricians (mistakenly) consider aminoglycosides administered during the
neonatal period to be less ototoxic compared with administration in adults, Bernard
demonstrated that the auditory brain-stem responses (ABRs) of neonates (mean gestational age
= 34.6 weeks) treated with a minoglycosides had significantly altered auditory responses.42

This hypothesis has been reexamined recently by Rees43 in a study that also documented noise
levels generated by monitors within the NICU.

The rate of hearing loss among full-term babies is between 0.1% and 0.3% and is usually of
congenital origin.1–3 Among the NICU population, the rate of hearing loss increases to between
2 % and 15%, that is, up to 90,000 individuals in the United States per year, the majority with
no known etiology.44–46 The mean noise levels of ventilators and monitors in the room with
these preterm infants is ~65 dBA, and for the alarms it is greater than 80 dBA. Infants who did
not receive aminoglycosides passed their hearing screenings (automated auditory brain-stem
response) at the same rate as the baseline, regardless of gestational age or noise exposure.
However, infants who received aminoglycosides for 7 days (without mechanical ventilation)
were 15% more likely to fail their hearing screenings. Infants who received aminoglycosides
for 7 days, with more than 4 days of mechanical ventilation and experienced noise above 80
dB, were 30% more likely to fail their hearing tests. Significantly, infants who received
aminoglycosides and mechanical ventilation with occasional noise exposure above 80 dB for
just 4 days had nearly the same rate of failed hearing screening as did the infants that received
aminoglycosides without noise for 7 days. Thus, short-term exposure to moderate levels of
noise (i.e., >80 dBA) potentiates the ototoxic effects of aminoglycosides, and this potentiation
is greater than additive,43 corroborating conclusions derived from a variety of animal studies
that noise potentiates aminoglycoside-induced ototoxicity.30–38 In contrast, exposure to noise
in the absence of aminoglycosides did not generally cause hearing loss, unless noise levels
themselves were ototoxic.

Cisplatin ototoxicity also is potentiated by moderate levels of noise exposure in animal studies.
47,48 Interestingly, animals with previous noise exposure also show potentiation of subsequent
cisplatin ototoxicity, as for aminoglycosides.31,32,35,49 Potentiation of cisplatin ototoxicity by
previous noise exposure also has been reported in clinical cases.50 Thus, noise potentiates drug-
induced auditory dysfunction, in contrast with solvent enhancement of NIHL.
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PREVENTING SYNERGISTICALLY ACQUIRED HEARING LOSS
Because subtoxic levels of organic solvents potentiate NIHL during simultaneous exposure, it
is necessary to remove exposure to one or both noxious phenomena. This is dependent on the
environmental context, and it is important that refueling personnel on aircraft carriers and paint
sprayers use hearing (and respiratory) protection that reduces noise levels to a greater extent
than that required for individuals exposed to the same noise levels in the absence of solvent
vapors. Once organic solvents have entered the body, their lipophilic nature enables them to
diffuse across cellular membranes and therefore cross epithelial blood-brain and blood-
labyrinth barriers with ease. Therefore, preventing both inhalation of solvent vapors and
exposure to low-level noise is critical to prevent solvent-potentiation of NIHL.

The ototoxic effect of aminoglycosides is potentiated by simultaneous exposure to noise at
dose levels that induce little or no auditory dysfunction when either insult is given separately.
Prior noise exposure also potentiates the ototoxic effect of aminoglycosides given weeks later.
32,51 Therefore, it is important to remove sources of toxic noise prior to and during critical,
lifesaving systemic aminoglycoside administration for treating bacterial sepsis, meningitis, and
during prophylaxis. Because it is not possible to remove prior exposure to noise in many cases
requiring aminoglycoside treatment (e.g., military casualties), it becomes increasingly
necessary to understand how aminoglycosides cross the blood-labyrinth barrier (similar to the
blood-brain barrier) into the cochlear fluids where they are taken up by hair cells (i) via apical
endocytosis in vivo and (ii) through their mechanosensitive transduction channels at the tips
of their stereocilia 52,53 (i.e., from endolymph bathing the apical surfaces of hair cells).

Unlike organic solvents, which can diffuse across lipid membranes, aminoglycosides are highly
hydrophilic cationic molecules, and their trafficking from the vasculature into the cochlea
fluids during systemic administration remains poorly understood. The preferential loading of
marginal cells in the stria vascularis by aminoglycosides suggests that systemically
administered aminoglycosides cross the strial blood-labyrinth barrier and are trafficked into
marginal cells and from there into endolymph directly.54–56 Once in endolymph, the cationic
aminoglycosides would be electrophoretically driven into negatively polarized hair cells to
exert their cytotoxic effect, disrupting auditory function.

Although it is not yet known how noise can potentiate aminoglycoside ototoxicity, several
mechanisms have been proposed: (i) by increasing strial blood-labyrinth barrier permeability,
9–11 which could enable greater cochlear fluid and hair cell uptake of a minoglycosides; (ii)
by increasing the open probability of aminoglycoside-permissive mechanosensitive
transduction channel (from 0.1 to 0.5) during sound stimulation, which could enhance inner
hair cell uptake of aminoglycosides and subsequent toxicity52,57,58; (iii) increased
aminoglycoside entry via a noise-induced, ATP-activated short circuit through P2X2channels,
which are permissive to large organic molecules59–62; or (iv) summation of noise-induced
generation of ROS and that generated by aminoglycosides. 12,14 Because removing noise to
prevent potentiation of aminoglycoside ototoxicity is not always possible, the most effective
strategies will be dependent on identifying and then preventing the mechanisms of
aminoglycoside uptake and trafficking within the stria vascularis, as well a preventing
aminoglycoside toxicity within cochlear hair cells using antioxidant therapy. 63–65

The mechanisms by which cisplatin (and its derivatives) enter the cochlea and hair cells remain
unknown. Noise potentiation of cisplatin ototoxicity47,48 could theoretically follow similar
trafficking mechanisms as for aminoglycosides described above, because cisplatin is also a
cationic molecule, albeit of a different chemical structure, and generates toxic ROS.14
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CONCLUSION
Moderate levels of noise (>80 dBA) potentiate drug-induced ototoxicity, including a greater
degree of permanent threshold shifts. In contrast, subtoxic levels of solvents potentiate NIHL,
including solvent-induced permanent threshold shifts at noise levels that induce little or no
auditory dysfunction when given alone. Prevention synergism between noise and potential
ototoxins is best and most easily achieved by removing exposure to chemical ototoxins, noise
sources, and/or damping the levels of noise perceived. Further research is required to
understand (1) the mechanisms of how solvents potentiate NIHL; (2) how noise enhances drug-
induced auditory dysfunction, and (3) the underlying mechanisms of ototoxicity induced by
solvents and clinical drugs themselves.
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Figure 1.
DPOAE amplitude shifts from a baseline (preexposure) in animals treated with noise or JP-8
and noise. (A) Rats exposed to 4 hours of 105 dB broadband noise displayed a 10 dB permanent
threshold shift in DPOAEs across a wide range of frequencies 4 weeks after treatment (darker
shaded area). (B) After serial exposure to jet fuel vapor (4 hours, 1000 mg/m3) and then noise
(105 dB for 4 hours), 20 dB permanent threshold shifts in the DPOAEs were observed over a
similar, wide frequency range 4 weeks after treatment. (C) Rats that received repeated exposure
to noise (102 dB broadband noise for 1 hour/day) for 5 days had a narrow range of temporary
threshold shifts (between 6 and 16 kHz), with a maximum shift of ~10 to 15 dB 1 week after
exposure. After 4 weeks, DPOAE thresholds recovered slightly at some frequencies, resulting
in a permanent threshold shift of ~10 dB (darker shaded area). (D) Rats exposed to both jet
fuel (1000 mg/m3 for 4 hours) and noise (102 dB for 1 hour/day) for 5 days had temporary
threshold shifts in DPOAE amplitudes over a wide range of frequencies (between 6 and 60
kHz) of ~20 dB. After 4 weeks, some recovery in thresholds can be observed, but permanent
threshold shifts (darker shaded areas) of ~15 dB over a wide frequency range occurred
compared with noise-only treated animals. In all experiments, untreated animals and animals
that received jet fuel vapor alone showed little or no change in DPOAE thresholds (data not
shown). (Adapted from Fechter LD, Gearhart C, Fulton S, et al. JP-8 jet fuel can promote
auditory impairment resulting from subsequent noise exposure in rats. Toxicol Sci
2007;98:510–525.)
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