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Abstract Excess exposure to both essential and non-

essential heavy metals can lead to a variety of adverse

clinical conditions which selectively affect a variety of

organs and cells in the body. The diverse, but highly

specific nature of the symptoms produced by each metal

indicates that they can interact with a restricted population

of cellular targets ultimately resulting in unique clinical

manifestations. The symptoms, which can be reversible or

irreversible, often present with different patterns and out-

comes depending on the net accumulated dose of any given

metal. There are some common pathological conditions

that result from excess exposure to heavy metals which

unfortunately have not received widespread recognition

and thus, have not been extensively investigated. For

example, chronic exposure to several heavy metals such as

Co, Mn, Cd, Pb, and Hg has the potential to affect hearing

in humans and experimental animals based on previous

studies including case reports and ex vivo studies. Under-

standing exactly how these metals induce hearing deficits is

complicated by the fact that the inner ear is an extremely

complex system that composed of a diverse collection of

sensory, neural, and supporting cells which must act in

synchrony to produce a neurophysiological signal termi-

nating in the central auditory system. This review will

focus on the anatomical, cellular, and functional changes

that occur in the cochlea, the sensory organ for hearing, due

to excessive exposure to manganese, cadmium, cobalt,

lead, and mercury.
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Introduction

Excess exposure to both essential and non-essential heavy

metals can lead to a variety of adverse clinical conditions

which selectively affect different organs and cells in the

body. In general, the symptoms are independent of the

source of exposure (accidental, environmental, or occupa-

tional) but highly dependent on exposure dose and duration

which affect the total accumulation of the metal. The

highly specific nature of the symptoms suggests that each

metal may selectively accumulate in and damage specific

cells in the body. Research involving heavy metal toxicity

has generally focused on the severe and debilitating dis-

orders affecting major organs such as the heart, lungs, liver,

and kidney, while considerably less attention has been

given to specialized sensory systems such as the auditory

system which plays a critical role in speech and language

communication and detecting warning sounds in the envi-

ronment. Chronic exposure to a number of heavy metals

can lead to severe hearing impairment. To appreciate how

heavy metals cause hearing loss, it important to understand

how they enter the blood stream and then cross the blood–

labyrinth barrier (Schmutzhard et al. 2012) to gain access

to the sensory hair cells, supporting cells, and auditory

neurons in the cochlea, the sensory end organ responsible

for converting sound-evoked mechanical vibrations into

neural activity that is transmitted to the central auditory

system through the auditory nerve (AN). This review will
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focus on the ototoxic effects of lead, manganese, cadmium,

cobalt, and mercury, heavy metals that damage different

structural elements of the cochlea resulting in sensorineural

hearing loss.

Anatomy and Function of the Inner Ear

To understand how metals can enter and damage the

cochlea and result in hearing loss, it is necessary to briefly

review the basic anatomy of the cochlea, which contains

the sensory cells responsible for converting sound-induced

mechanical vibrations into neural activity. The cochlea is

located in a spiral, snail-shaped bony canal located in the

temporal bone (Fig. 1a) (Salvi et al. 2009). A cross section

taken through bony canal shows the three fluid-filled

compartments within, namely scala vestibuli, scala tym-

pani, and scala media (Fig. 1b). These three fluid-filled

chambers within the canal spiral around the modiolus, a

central bony column; the canal which spirals around the

modiolus, extends from the base of the snail-shaped

cochlea towards the apex (Fig. 1a). Scala vestibuli and

scala tympani are filled with perilymph, a fluid whose ionic

composition is similar to cerebrospinal fluid (CSF), i.e., a

high concentration of sodium and low concentration of

potassium. The fluids within scala tympani and scala ves-

tibuli are connected to one another through the heli-

cotrema, a small opening located near the apex of the

cochlea (Fig. 1a). Scala media, which lies between scala

vestibuli and scala tympani is bounded by Reissner’s

membrane and the reticular lamina, the upper surface of the

organ of Corti which rests on the basilar membrane. Scala

media is filled with endolymph, which has a high con-

centration of potassium and a low concentration of sodium,

similar to intracellular fluid. Importantly, the electrical

potential of the endolymph is ?80 mV providing an elec-

tromotive force that helps to drive the positively charged

potassium ions in the endolymph into the hair cells which

have a resting potential of approximately -60 mV; this

results in roughly a 140 mV gradient across the apical pole

of the hair cells.

The sensory epithelium comprised sensory hair cells and

a variety of supporting cells forms the organ of Corti which

rests on the basilar membrane (Fig. 1b, c). The basilar

membrane stretches medially from a bony ledge on the

modiolus outward towards the spiral limbus located on the

lateral bony wall of the cochlea. Within the canal, the

basilar membrane spirals around the modiolus from the

base to apex. Sounds impinging on the tympanic membrane

(ear drum) are transmitted through the three middle ear

ossicles, the malleus, incus, and stapes (Fig. 1a). The

footplate of the stapes attaches via a flexible ligament into

the oval window in scala vestibuli. The inward and outward

motion of the stapes causes a pressure disturbance that

propagates almost instantaneously through the fluids

causing the basilar membrane to vibrate. Due to the mass

and stiffness gradient along the length of the basilar

membrane, the incoming sounds are spectrally filtered such

that high-frequency sounds induce maximum displacement

of the basilar membrane near the base of the cochlea. As

frequency decreases, the point of maximum displacement

shifts from the base toward the apex setting up a tonotopic

gradient reminiscent of a piano keyboard. The spectrally

filtered vibrations of the basilar membrane stimulate the

sensory hair cells located on the basilar membrane. Three

parallel rows of outer hair cells (OHCs) and one row of

inner hair cells (IHCs) are located on the basilar membrane

of the organ of Corti (Fig. 1b, c). The IHCs are located

medial to the inner pillar cells near the modiolus while the

OHCs lie lateral to the outer pillar cells closer to the lateral

wall of the cochlea. The inner and outer pillar cells form

the arch of Corti which lies between the IHCs and OHCs.

Projecting from the apical surface of each hair cells is a

stereocilia bundle; the stereocilia are graded in height

forming a staircase with the shortest row of stereocilia

located nearest to the modiolus and the tallest row located

more laterally. Deflection of the stereocilia bundle in the

direction of the tallest row of stereocilia results in depo-

larization and excitation of the hair cells.

The hair cells in the organ of Corti are innervated by

roughly 50,000 spiral ganglion neurons (SGN). The cell

bodies of the SGN neurons lie within the central core of the

modiolus. As implied by its name, the cell bodies of the

SGN spirals around the modiolus from base to apex.

Approximately 90–95 % of SGN are classified as type I;

the remaining 5–10 % are classified as type II (Fig. 1d).

The peripheral processes of the type I neurons extend out

radially and make contact with a single IHC; roughly

10–20 type I neurons innervate a single IHC. In contrast,

the peripheral processes of the type II neurons extend out

radially crossing the tunnel of Corti and then spiral basal-

ward several millimeters contacting multiple OHC. The

axons of type I and type II neurons form a bundle within

the central core of the modiolus that extends medial to

form a bundle that becomes the AN portion of the 8th

cranial nerve that project into the cochlear nucleus (CN) in

the brainstem (Fig. 1d).

The lateral wall of the cochlea contains the stria vas-

cularis, a highly vascularized tissue that forms the blood–

cochlear barrier (Qi et al. 2014). The marginal, interme-

diate, and basal cell layers of the stria vascularis, adjacent

to the endolymph contains numerous pumps and ion

channels that regulate the flow of fluids and ions into and

out of the endolymph. The toxic effects of various heavy

metals on the cochlea are critically dependent on the

blood–cochlear barrier, ion channels, and transporters
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located in the stria vascularis; these structures tightly reg-

ulate the flow of metal ions from the blood into the fluid

spaces within the cochlea. After entering the fluid spaces

within the cochlea, each heavy metal must be actively or

passively transported from the extracellular space through

the cell’s plasma membrane and into the cytoplasm or

intracellular organelles.

The following sections describe some of toxic effects of

several widely used heavy metals, their main source of

contamination in the environment, and their deleterious

effects on the structure and function of the cochlea and

hearing.

Cadmium (Cd)

Cadmium (Cd), a non-essential heavy metal, is widely used

in the production of batteries, solar panels, pigments, and

plastic stabilizers (Banci et al. 2006; Basinger et al. 1987;

Herber 1992; Huff et al. 2007). Cd typically enters the

Fig. 1 Schematic of the cochlea. a External view of the spiral-shaped

cochlea; cochlea partially unwound to its overall organization. The

stapes of the middle ear ossicles inserts into the oval widow which

faces the fluids in scala vestibuli. The fluids in perilymph commu-

nicate with those in the scala tympani through the helicotrema, a

small opening at the apical end of scala vestibuli. Low-frequency

sounds produce maximum vibration in the apex of the cochlea, mid-

frequency sounds produce maximum vibration in the middle of the

cochlea, and high-frequency sounds produce maximum vibration in

the base. Radial section (dashed line) through the cochlea shows the

fluid-filled compartments and structures within each cochlear turn.

b Radial cross section showing key structures in the lateral wall (stria

vascularis and spiral ligament), the three fluid-filled compartments

(scala vestibuli, scala media, and scala tympani), Reissner’s mem-

brane, the organ of Corti (dashed circle) resting on the basilar

membrane, the inner sulcus region, the osseous spiral lamina

containing the spiral ganglion neurons, the AN fibers exiting the

cochlea and terminating in the cochlear nucleus in the brainstem.

c Expanded view of the organ of Corti showing the outer hair cells,

inner hair cells, tunnel of Corti, inner pillar cells, outer pillar cells,

Deiters’ cells, Hensen cells, type I and type II nerve fibers passing

through the habenula perforata on their way to the hair cells. Dashed

line shows the reticular lamina, a series of tight cell junctions that

form the fluid boundary separating scala medial from scala tympani.

d Surface view of the organ of Corti showing the three parallel rows

of outer hair cells and single row of inner hair cells extending from

the base toward the apex. The spiral ganglion neurons (SGN) are

composed of type I (90–95 %) and type II (5–10 %) neurons. The

peripheral process of each spiral ganglion neurons extends out

radially to contact the hair cells while the central process projects

medially to form the AN. The AN fibers terminate in the cochlear

nucleus (CN) in the brainstem. The peripheral process of each type I

neurons contact a single inner hair cell; approximately 10–20 type I

fibers contact a single inner hair cell. The peripheral process of type II

neurons project out radially, crosses the organ of Corti, and then turns

and runs towards the base of the cochlea for a few mm making

synaptic contact with multiple outer hair cells

270 Neurotox Res (2016) 30:268–282

123



body from contaminated food and water as well as

through inhalation of polluted air and cigarette smoke.

Environmental pollution of Cd typically results from

excessive industrial emissions during the smelting and

refining of metals as well as in the production of bat-

teries, alloys, and pigments. Of the 189 hazardous air

pollutants in the Environmental Protection Agency (EPA)

National Emission Standards for Hazardous Air Pollu-

tants (NESHAP), Cd is ranked number 33 in terms of

threat to public health in urban areas. Interestingly,

chronic exposure to Cd results in protracted accumulation

in the body as the biological half-life is estimated to be

between 6 and 38 years (U.S. Department of Health and

Human Services Agency for Toxic Substances and Dis-

ease Registry).

The normal daily intake of Cd through food varies

greatly in different regions. Daily consumption varies

between 8 and 30 lg though in some highly contaminated

areas intake can be substantially greater. Over exposure has

been linked to a wide range of adverse medical conditions

including cancer, nephrotoxicity, bone disease, and hepa-

totoxicity. Humans as well as laboratory animals can also

develop a severe and irreversible neurological disorder due

to excess intake of Cd. Cd-induced neurotoxicity affects

both the central and peripheral nervous system in humans,

with greatest neurotoxicity occurring in the developing

brain (Antonini 2003; Rigon et al. 2008; Viaene et al.,

1999, 2000). The American Conference of Governmental

Industrial Hygienists (ACGIH) Threshold Limit Value

(TLV) for Cd dust and salts is 50 lg/m3 for an 8-h time-

weighted average, with a 15-min short-term exposure limit

of 200 lg/m3.

The components controlling Cd toxicity are the rate of

cellular uptake, exposure duration, and overall accumula-

tion which directly and indirectly impacts biochemical

reactions within cells. Absorption of Cd is affected by iron

and other divalent metals, as these metals share common

transmembrane transport proteins such as divalent metal

transporter 1 (DMT1), ZIP8 and ZIP14 (Garrick et al.

2006; Illing et al. 2012; Pinilla-Tenas et al. 2011; Wang

et al. 2012). DMT1 is composed of four distinct isoforms

which differ in their C and N terminals all of which are

transcribed from a common gene (Garrick et al. 2012; Roth

2006). The four isoforms differ in their cellular and sub-

cellular location but essentially have the same affinities for

the different divalent metals. Both ZIP8 and 14 are divalent

cation/HCO3
- symporters with the transmembrane HCO3

-

gradient acting as the driving force for divalent metal

transport. Both are members of the solute carrier families

39 (SLC39) which are capable of transporting a variety of

endogenous and exogenous divalent cations. All three

transporters are present within different cells of the cochlea

(Ding et al. 2014a, b).

Mechanism of Cd Toxicity

The mechanisms of Cd-induced toxicity are not fully

understood due to the fact that Cd can influence a multitude

of cellular processes including cell proliferation and dif-

ferentiation, cell cycle progression, DNA synthesis and

methylation, ubiquitination, apoptosis, and other cellular

activities all of which potentially can lead to cell death

(Aimola et al. 2012). Therefore, the mechanisms respon-

sible for Cd toxicity are likely multifaceted and may vary

within different cells and organelles. Upon absorption into

the body, Cd is capable of displacing several different

protein-bound essential divalent metals including Zn, Fe,

Mg, Mn, Ca, and Se (Sarkar et al. 2015) by interfering with

covalent and ionic bonds to sulfur, oxygen, and hydrogen,

This likely promotes significant disruption of protein

activity required for homeostasis (Bertin and Averbeck

2006). Therefore, Cd toxicity may be caused by differences

in specific protein binding sites created by developmental

or epigenetic variation in the intracellular composition of

cells and interfere with a diverse array of cell signaling

pathways thereby influencing the activity of receptors,

second messengers, and transcription factors.

The main target organelle of Cd is thought to be mito-

chondria (Choong et al. 2014; Koizumi et al. 1996). Cd can

enter mitochondria through calcium channels resulting in

structural changes in membrane proteins via binding to

thiol groups which impedes oxidative phosphorylation and

ATP production as well as disrupting the permeability

transition pore with the eventual leakage of cytochrome c.

The net effect is decreased energy for maintenance of

cellular function and increased production of reactive

oxygen species (ROS) followed by the ensuing oxidative

stress promoting activation of various downstream signals

related to apoptotic cell death. Although the general con-

sensus is that Cd-induced cell death is typically mediated

by apoptosis, necrosis has also been proposed (Prozialeck

et al. 2009). Necrosis, can also induce an inflammatory

response that exacerbates oxidative stress (Messner et al.

2015). Cd may also promote autophagy (Wang et al. 2008)

which allows for the digestion of dysfunctional organelles

within lysosomal–autophagic vacuoles.

Cd Ototoxicity

Although research on the ototoxic effects of Cd is sparse,

there is substantive evidence demonstrating that Cd can

damage the cochlea leading to significant hearing loss

(Agirdir et al. 2002; Kim et al. 2008, 2009). There is,

however, a lack of information regarding the mechanism

by which Cd induces hearing loss and the specific

anatomical structures which are damaged. Several studies

have suggested that cellular elements within the inner ear
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behave much like the kidney given the fact that many drugs

that are nephrotoxic are also ototoxic (Humes 1999). This

is important as the highest concentrations of Cd are

observed in the kidney, which is considered to be one of

the major organs for Cd-related toxicities (Hamada et al.

1997; Nogawa et al. 1983). Indeed, Cd accumulates in the

cochlea when rats are treated for 30 days with CdCl2
(15 ppm) in drinking water; the animals not only display

significant nephrotoxicity but hearing loss as well (Ozca-

glar et al. 2001). Cd treatment leads to a reduction in

otoacoustic emissions, indicative of damage to OHC and/or

the stria vascularis (Ozcaglar et al. 2001). The latency of

wave I of the auditory brainstem response (ABR), which

originates from the AN, was also greatly delayed, sug-

gesting possible damage to the SGN as well. Surprisingly,

the latencies of waves III and V, which emanate from the

auditory brainstem, did not change significantly, suggesting

that the cochlea is more vulnerable to the toxic effects of

Cd than neurons in the auditory brainstem though direct

evidence for this is lacking.

In another study, Cd toxicity was assessed in explants of

the organ of Corti as well as an organ of Corti-derived cell

line, HEI-OC1, which shares characteristics of hair cell

progenitors (Kim et al. 2009). Cd exposure caused cell

death, ROS generation, matrix metalloproteinase loss,

release of cytochrome c, activation of caspases and ERK,

and apoptotic cell death. Cd also interfered with inhibitors

of cell signaling pathways, including ERK and c-jun

N-terminal kinase. The antioxidants N-acetyl-L-cysteine

and ebselen conferred significant protection against Cd

ototoxicity implying that cell death was likely caused by

oxidative stress. In addition, rats exposed to high doses

(150 ppm) of Cd for 30 days in drinking developed an

ABR threshold shift at 32 kHz which was partially pre-

vented by the antioxidant, N-acetylcysteine further sug-

gesting that oxidative stress is involved in Cd toxicity.

Using postnatal cochlear organotypic cultures, our lab-

oratory demonstrated Cd-induced damage to hair cells, AN

fibers and SGN; the damage was dose and duration

dependent (Liu et al. 2014). Exposure to Cd concentrations

as low as 10 lM for 24 and 48 h resulted in IHC and OHC

loss in the basal third of the cochlea. Treatment with

100 lM Cd for 48 h resulted in substantial hair cell loss

over the entire cochlea as well as extensive damage to AN

fibers and SGN. Hair cell loss began at the base of the

cochlea and progressed towards the apex with increased

dose and duration of treatment similar to other ototoxic

drugs and toxic reagents (Ding et al. 2007, 2011; Ding and

Gong 2004; Li et al. 2011; Qi et al. 2008). These in vitro

data are remarkably consistent with cochlear hair cell loss

in animal models (Agirdir et al. 2002; Ozcaglar et al. 2001;

Prasher 2009; Whitworth et al. 1999). Mechanistically, Cd-

induced degenerations in hair cells and SGNs was

associated with TUNEL staining and nuclear condensation

and fragmentation indicative of cell death mediated by

apoptosis (Chabicovsky et al. 2004; Chao and Yang 2001;

Chatterjee et al. 2009; Coutant et al. 2006; Lasfer et al.

2008; Xu et al. 1996).

Manganese (Mn)

Mn was recognized over 85 years ago as an essential

nutrient necessary for regulating reproduction, formation of

connective tissue and bone, carbohydrate and lipid meta-

bolism, and brain function (Bourre 2006; Keen et al. 1999;

Kemmerer et al. 1931; Orent and McCollum 1931).

Because of the abundant supply in our normal diet, Mn

deficiency in adults is essentially nonexistent though defi-

ciency during fetal development results in neurological and

behavioral deficits as well as abnormal growth of a variety

of systems (Hurley 1981; Strause et al. 1986). In contrast,

overexposure to Mn produces a severe and debilitating

disorder known as manganism (Krieger et al. 1995;

Pomier-Layrargues et al. 1995). The most prominent,

irreversible symptom associated with chronic Mn exposure

is a distinct extra-pyramidal syndrome which partially

resembles the dystonic movements associated with

Parkinson’s disease (Huang et al. 1993; Olanow et al.

1996; Pal et al. 1999). Manganism is most often seen in

individuals with protracted exposure to high atmospheric

levels of Mn such as welders, Mn miners, and ferroalloy

workers. The permissible exposure level (PEL) for Mn

fume levels established by Occupational Safety and Health

Administration (OSHA) is 5 mg/m3 and the TLV is 0.2 mg

Mn/m3 for elemental Mn whereas the National Institute for

Occupational Safety and Health (NIOSH) recommended

exposure limit (REL) is 1 mg/m3 (U.S. Department of

Labor; OSHA). Acceptable levels in drinking water are set

at 0.05 mg/l. Individuals with chronic hepatic failure also

display elevated serum and brain levels of Mn and exhibit

many of the behavioral deficits and neurodegenerative

features observed in occupationally exposed workers pri-

marily because the liver is the major organ responsible for

its elimination from the body (Burkhard et al. 2003; Hauser

and Zesiewicz 1996; Hauser et al. 1994; Krieger et al.

1995; Pomier-Layrargues et al. 1995).

The classical symptoms of manganism were initially

describes almost 180 years ago by Couper (Couper 1837;

Lucchini et al. 2009; Santamaria and Sulsky 2010) in men

using a grinding wheel composed of the black oxides of

manganese. Although sporadic reports of Mn toxicity

appeared in the literature in the early 1990s, its definitive

association with the metal has only been acknowledged in

the last several decades as a result of significant progress in

understanding its cytotoxicity.
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Because of the severe and irreversible consequences of

Mn overexposure to the CNS, most research has focused on

the critical mechanisms leading to manganism. Less well

recognized is that chronic exposure to Mn also has harmful

consequences to other organs such as the respiratory and

auditory systems. For example, chronic exposure to Mn can

lead to increased propensity to develop pulmonary infec-

tions including pneumonia and bronchitis (Antonini et al.

2009; Bencko and Cikrt 1984; Bowler et al. 2007; Saric

and Piasek 2000). Welding fumes with the highest content

of Mn were also reported to have the greatest propensity to

cause lung inflammation, injury, and to produce inflam-

matory cytokines and chemokines (Antonini et al. 2012).

Mechanism of Mn Toxicity

Considerable progress has been made in the past few

decades in understanding Mn-induced cell death. Both

apoptosis and necrosis have been implicated in Mn-in-

duced cell degeneration. Mn has been shown to activate

many of the signaling pathways associated with programed

cell death as reflected in elevated TUNEL staining, inter-

nucleosomal DNA cleavage, cytochrome c release, and

activation of the JNK, p38 kinase, and caspase pathways

(Chun et al. 2001; Desole et al. 1997; Hirata et al. 1998;

Kitazawa et al. 2005; Roth 2006; Roth et al. 2000; Schrantz

et al. 1999). Loss of mitochondrial function results in the

production of ROS triggering an oxidative stress-signaling

cascade leading to apoptotic cell death. Mn, which is taken

up into mitochondria via the Ca2? uniporter, induces

mitochondrial membrane transients promoting disruption

of mitochondrial function (Gavin et al. 1990, 1999; Mar-

tinez-Finley et al. 2013). Opening of the mitochondrial

permeability transition pore (PTP) caused by increased

levels of Ca2? in the mitochondria due to Mn inhibition of

the sodium-dependent and sodium-independent Ca2?

exporter. Mn also interferes with oxidative phosphorylation

by inhibiting mitochondrial F1-ATPase and complex I,

causing a depletion of ATP (Chen and Liao 2002; Roth

et al. 2000, 2002). Loss of ATP is consistent with necrosis-

induced cell death.

Similar to several other divalent heavy metals such as

Fe, Cd, and Co, Mn is transported into cells via DMT1,

ZIP8, and ZIP14 (Roth et al. 2013). All three carrier-me-

diated transporters have a relatively high affinity for Mn.

Mn is also taken up into cells by the voltage-gated Ca

channels (Anderson 1983) as well as ionotropic glutamate

channels (Kannurpatti et al. 2000). Although DMT1 has

generally been accepted as the major membrane carrier of

Mn, there is increasing evidence that the ZIP proteins play

a significant role as well (Ding et al. 2014b; Fujishiro et al.

2012; Jenkitkasemwong et al. 2012). The zinc membrane

carrier, SLC30A10, has recently been identified as the

major exporter of Mn and mutations in this gene lead to Mn

accumulation and the characteristic symptoms of man-

ganism (Quadri et al. 2012; Tuschl et al. 2012).

Mn Ototoxicity

Several case reports in the literature suggest that Mn may

cause or contribute to hearing loss in workers chronically

exposed to high levels of the metal (Bouchard et al. 2008;

Da Silva et al. 2007; Josephs et al. 2005; Khalkova and

Kostadinova 1986; Korczynski 2000; Nikolov 1974; Park

et al. 2006). Hearing deficits have been reported in

welders chronically exposed to fumes with high levels of

Mn and in workers exposed to noise and Mn. Unfortu-

nately, these clinical findings are limited and largely

inconclusive to the role of Mn due multiple confounding

factor such as noise, aging, and smoking. Recent labo-

ratory studies have shown that Mn accumulates in the

inner ear of rats (Ma et al. 2008) raising the possibility

that it may damage hair cells, neurons, or supporting cells

in the cochlea. In studies using cochlear organotypic

cultures from postnatal day 3 rats, Mn damaged cochlear

hair cells, AN fibers, and SGN in a dose- and duration-

dependent manner with the nerve fibers being most vul-

nerable (Ding et al. 2011). Surprisingly, IHC were more

sensitive than OHC to Mn damage. Based on these

in vitro findings, it is possible that excess exposure to Mn

has the potential to induce hearing loss in humans and

experimental animals.

Cobalt (Co)

Co, a required divalent metal ubiquitously expressed in the

environment, is used extensively in the production of bat-

teries, metal alloys, and blue pigment. Co being part of the

vitamin B12 complex is essential for human health because

it plays a key role in the formation of red blood cells,

synthesis of DNA and regulation of fatty acid and amino

acid metabolism (Yamada 2013). The Center for Food

Safety and Applied Nutrition recommends a daily intake of

Co, as vitamin B12, of 6 lg per day for adults and children

4 years or older although, normal daily intake often

exceeds this amount. Gastrointestinal absorption is rela-

tively low, varying from 5 to 45 % depending on the sol-

ubility of the Co species ingested. Absorption is affected by

iron and other divalent metals as these metals share com-

mon transmembrane proteins including DMT1, ZIP8, and

Zip14. Since Co is also transported into cells through

glutamate receptors (Malva et al. 2003), it is conceivable

that these receptors contribute to Co-induced neurotoxicity

in the brain or cochlea (Kuriyama et al. 1994; Ruel et al.

1999).
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The concentration of free-ionized Co in serum is func-

tionally distinct from that of Co present within the corrin

ring of Vitamin B12, as the ingested divalent species

cannot be incorporated into cobalamin. The majority of the

ionized Co in plasma is bound to serum albumin and other

serum proteins, but approximately 5–12 % of the total is in

its free fraction which can readily be eliminated in urine

(Simonsen et al. 2012). The divalent species of Co accu-

mulates primarily in the liver, kidney, pancreas, and heart,

with increasing amounts accumulating over time in skele-

ton and skeletal muscles. The half-life of Co in the body

ranges from approximately 5 days to 4 years depending on

the compound, route of exposure, and biochemical com-

position within any organ (OSHA).

More than a million US workers are exposed to excess

Co with the greatest exposure occurring in mining, pro-

duction of Co powder, tungsten carbide, other alloys, and

manufacturing and processing of hard metals. Excess

exposure to Co can lead to severe sensory disturbances

including hearing loss (Apostoli et al. 2013; Bradberry

et al. 2014; Ikeda et al. 2010). The Department of Defense

compared CoCl2 toxicity to other known toxins and iden-

tified it as potentially the most toxic chemical among other

substances in a class of 36 pure elements and metals used

in industrial applications (Permenter et al. 2013; Sutto

2011). The lethal dose, 50 % (LD50) value, for soluble Co

salts in rats has been estimated to be between 150 and

500 mg/kg (Donaldson and Beyersmann 2005). Humans

are typically exposed to Co through air and diet, but in

some cases dermatological exposure occurs through soil or

water. Acute and chronic exposure to high levels of Co by

inhalation in industrial settings can result in respiratory

dysfunction caused by congestion and edema along with

increases in asthma, pneumonia, and fibrosis (Rehfisch

et al. 2012; Simonsen et al. 2012; Swennen et al. 1993).

Additional deleterious consequences from chronic expo-

sure also include impaired functioning of heart, liver,

kidney, conjunctiva, thyroid, immune system, vision, and

hearing. One notable toxic consequence of Co overexpo-

sure is a severe and often lethal cardiomyopathy (Seghizzi

et al. 1994). There is also evidence that Co may increase

the risk of pheochromocytomas, adrenal gland tumors, and

other cancers, however, the EPA has not classified it as a

cancer-inducing agent.

Mechanism of Co Toxicity

The mechanisms by which Co induces cell loss is not fully

understood but likely is initiated by mitochondrial dys-

function. The divalent species of Co has been reported to

induce the formation of ROS and alters the mitochondrial

permeability transition pore leading to mitochondrial

swelling and electrical membrane potential collapse

(Battaglia et al. 2009). Co also acts as a putative inhibitor

of Ca channels and Ca signaling as well as competing with

Ca for intracellular Ca-binding proteins (Simonsen et al.

2011, 2012). One of the most critical actions of both the

monovalent and divalent forms of Co is in its role in

supporting the Fenton’s reaction resulting from the pro-

duction of hydrogen peroxide that is converted to the

highly toxic hydroxyl radical (Leonard et al. 1998; Scharf

et al. 2014). Excess intracellular Co leads to the release of

cytochrome c and activation of caspase and MAPK (Kim

et al. 2003; Petit et al. 2004) all of which promote apop-

tosis. Co is also a hypoxia-mimetic agent capable of

switching cell metabolism from aerobic respiration to

anaerobic glycolysis leading to the production of HIF-1a
expression (Karovic et al. 2007). HIFa is critical to the

action of Co as it can have opposing effects inducing both

pro-apoptotic and anti-apoptotic signaling pathways. Co

can also decrease the expression of extracellular superox-

ide dismutase which scavenges the highly toxic superoxide

anion leading to the activation of caspase-3 and DNA

fragmentation (Adachi et al. 2011). In addition, Co intox-

ication can activate a stress response program, proteasome

activity, and a NF-kB mediated proinflammatory response

supporting necrotic cell death (Rovetta et al. 2013).

Co Ototoxicity

Several case reports have suggested that excess exposure to

Co from metal implants or occupational inhalation can

cause severe hearing loss in univariate analyses (Bradberry

et al. 2014; Ikeda et al. 2010; Pizon et al. 2013). This was

highlighted by the observation that patients with malfunc-

tioning hip implants had serum Co concentrations up to

100-fold greater than normal with almost all subjects dis-

playing severe hearing loss (Oldenburg et al. 2009; Pel-

clova et al. 2012; Pizon et al. 2013). Interestingly, removal

of the Co-containing implant in some cases resulted in

partial recovery of some of the neurological symptoms

with the exception of hearing loss which persisted over the

time of the study (Pelclova et al. 2012). Hearing impair-

ment induced by Co is also a prominent feature often seen

in occupations where exposure is a daily occurrence

(Paustenbach et al. 2013).

There is a paucity of animal studies of Co-induced

ototoxicity which could help clarify our understanding of

the physiological and biochemical basis for the hearing

deficits seen in humans. One recent histological study of

rabbits given high intravenous injections of Co for up to

18 days suggested that Co was capable of inducing

degeneration of both the IHC and OHC however, its effect

on the stria vascularis, an important site of drug entry into

the cochlea was not described (Apostoli et al. 2013). Since

there was no functional assessment of hearing in the
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rabbits, it is unclear how much hearing loss Co induced and

what frequencies were affected.

Although hearing loss has been reported in individuals

exposed to excess Co, the exact nature of the

histopathologies and mechanisms responsible for cell death

within the cochlea is poorly understood. Although some

studies have suggested that Co preferentially damages the

sensory hair cells, more recent studies in our laboratory (Li

et al. 2015) using an in vitro cochlear culture model sug-

gest that SGN may be equally or slightly more sensitive

than hair cells to the toxic actions of Co. It is important to

note that if Co preferentially damaged SGN, the ensuing

damage might go undetected by the conventionally pure

tone audiogram which is insensitive to the damage to SGN

and type I AN fibers (Lobarinas et al. 2013). In this case,

selective damage to SGN or IHC results in ‘‘hidden hearing

loss’’ with the functional hearing impairment only

detectable by measuring the compound action potential

(CAP) or wave I of the ABR.

Lead (Pb)

Pb exposure continues to be a major public health problem

particularly in urban areas in the US and in developing

nations. OSHA estimates that approximately 804,000

workers in general industry and an additional 838,000

workers in construction are potentially exposed to noxious

levels of Pb. Of all the heavy metals, Pb is probably one of

the most recognized toxic agents known to the general

public because of the adverse publicity it has received

concerning its detrimental health effects in children. Pb

ranks second among 275 chemicals on the ATSDR/EPA

Priority List of Hazardous Substances. Pb causes a wide

range of neurotoxic effects in both adults and children,

including cognitive dysfunction (Counter et al. 2009a, b;

Huang et al. 2012; Mason et al. 2014; Weisskopf et al.

2007), oxidative stress (Lopes et al. 2016), and disruption

of the permeability barrier of brain (Shi and Zheng 2007).

Prior studies have indicated that Pb exposure is a high risk

factor to the auditory system (Counter and Buchanan 2002;

Dietrich et al. 1992; Jones et al. 2008; Osman et al. 1999;

Otto and Fox 1993; Staudinger and Roth 1998; Yamamura

et al. 1989).

Recognition of these health risks has, appropriately,

brought about its reduction in use not only as a paint pig-

ment and as an additive in gasoline (Needleman 2000) but

also in industrial products such as solder and pipes.

Although Pb salts are often present in small concentrations

in food, water, and air; such exposures exceed the EPA

maximum contaminant-level goal (MLCG) of 0 indicative

of the highly toxic nature of this metal. In the workplace,

the established permissible exposure limit (PEL) is

50 lg/m3 of Pb over an 8-h time-weighted average though

levels of 30 lg/m3 requires employers to begin specific

compliance activities (OSHA). Adverse health effects

produced by Pb exposure include intellectual and behav-

ioral deficits in children, including hyperactivity as well as

deficits in fine motor control, hand-eye coordination, and

reaction time (Sanders et al. 2009). Recent findings

revealed other adverse effects such as hypertension and

cardiovascular and renal diseases (Vaziri and Gonick

2008). Chronic Pb exposure in adults can also promote

decreased fertility (Sallmen 2001), cataracts (Schaumberg

et al. 2004), nerve disorders, muscle and joint pain, and

memory and concentration problems. Extreme exposure to

Pb can provoke convulsions and even coma. Most impor-

tantly, Pb has been recognized as a developmental neuro-

toxicant that can affect the developing fetal brain leading to

its functional impairment. The inability of the humans to

eliminate Pb efficiently results in its accumulation in the

body. The half-life of Pb in blood is around 28–36 days but

almost 2 years in brain whereas in bone it can persist for

decades (Lidsky and Schneider 2003).

Mechanism of Pb Toxicity

Although the clinical manifestations from overexposure to

Pb have been exhaustively studied, the precise mechanism

for its toxic actions is not well understood. The reason for

the ambiguity partially stems from the fact that Pb can bind

indiscriminately to sulfhydryl groups and can adversely

mimic protein binding of several different required metals

with the net effect of influencing a variety of homeostatic

systems within cells (Lopes et al. 2016). Similar to other

heavy metals, toxicity is multifaceted, dose dependent, and

contingent on the unique structural and biochemical com-

position of the cell. Also similar to other divalent metals,

lead is transported by DMT1 (Bressler et al. 2004; Wang

et al. 2011).

The influence of Pb on mitochondrial activity has been

proposed to be a major mechanism leading to cell demise,

similar to several other divalent cations (Sousa and Soares

2014; Watrach 1964). Pb can inhibit mitochondrial calcium

uptake and potentiate calcium release, both of which

results in the opening of the mitochondrial permeability

transition pore causing release of cytochrome c. The

ensuing oxidative stress arises from two different pathways

which include increased generation of ROS (Hsu et al.

1997) as well as the additive effect of reduction of

antioxidant reserves (Ahamed and Siddiqui 2007) which

promote apoptosis. The reduction of antioxidant reserves is

significant as the antioxidant defenses largely quench the

deleterious actions of free radicals preventing much of the

oxidative stress imposed on the degenerating cell. One of

the most important antioxidants found in cells is reduced
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glutathione. Pb binding to the sulfhydryl group in reduced

glutathione results in its inactivation which abolishes its

antioxidant activity. Pb is also capable of inactivating

glutathione reductase, glutathione peroxidase, and glu-

tathione S-transferase all which further reduce glutathione

levels (Ahamed and Siddiqui 2007). Other prominent

antioxidant enzymes which are inactivated by Pb include

superoxide dismutase and catalase (Agrawal et al. 2014). In

addition, Pb can also replace the Zn and Ca ions that

function as important co-factors for these antioxidant

enzymes and further promote their inactivation (Flora

2002; Garza et al. 2006; Pande and Flora 2002).

Pb Ototoxicity

Pb is toxic to nearly all organs of the body; therefore, it is

not surprising that hearing deficits have been reported due

to excess Pb exposure. Although the literature describing

Pb ototoxicity is limited, the data clearly establishes that

blood levels of Pb directly correlate with hearing loss in

humans and laboratory animals. A comprehensive study

(Schwartz and Otto 1987) using over 4000 subjects aged

4–19 indicated a high correlation between blood levels of

Pb and elevated hearing threshold at 500, 1000, 2000,

4000 Hz using NHANES II audiometry data. In a labora-

tory study in which PbAC2 was administrated daily to rats

for 8 weeks at a dose of 300 ppm and to guinea pigs at a

dose of 50 mg/kg twice a week for 8 weeks, ABR hearing

threshold increased substantially in both rats and guinea

pigs. Hearing impairment was correlated with the loss of

OHC (Liu et al. 2013). Pb also disrupted the tight junctions

between the endothelial cells and the border cells sug-

gesting that Pb may increase the permeability of the blood–

cochlea barrier allowing other toxicants to invade the inner

ear, and thereby further contribute to the impairment of

auditory function. Other results (Liu et al. 2011) show that

Pb did not alter the interpeak latencies of waves I–III, III–

V, and I–V, indicating that Pb-induced hearing loss is

mainly due to cochlear damage rather demyelination of the

auditory brainstem.

To determine whether Pb can directly affect the com-

ponents of the cochlea, in vitro studies were performed in

which postnatal rat cochlear organotypic cultures were

treated for 24 and 72 h with various doses of Pb acetate

(Xue-wen et al. 2011). Little damage was noted at 24 h at

any of the doses used; however, treatment for 72 h with

high Pb concentrations exceeding 2 mM resulted in severe

damage to the peripheral AN fibers and SGN. Many SGNs

appeared condensed or shrunken and displayed positive

TUNEL staining indicative of apoptotic cell death. These

results support the prior investigation suggesting that Pb

primarily damages cochlear nerve fibers and SGN as

opposed to hair cells.

In summary, these findings support the model whereby

Pb can directly cause hearing loss by damaging the cochlea

with the majority of the studies indicating that neurons in

the cochlea are more sensitive than hair cells to Pb damage

suggesting that these cells may be the major target

responsible for the hearing deficits observed.

Mercury (Hg)

Hg occurs in a variety of physical and chemical states

which influence its toxic actions. The principal species in

the earth’s atmosphere is a monatomic gaseous vapor

which is stable at room temperatures. It is estimated that

approximately half the total Hg present in the atmosphere

correlates with a variety of industrial applications such as

burning of fossil fuels, smelting metal ores, mercury min-

ing, and waste incinerators (Clarkson 1993; Rice et al.

2014; Syversen and Kaur 2012). Hg in the atmosphere is

normally converted to water-soluble species, presumably

by oxidation to divalent inorganic Hg2?, which is depos-

ited back to the earth’s surface in rain water. It is important

to recognize that Hg which also settles in the sediment of

rivers and lakes readily undergoes methylation by

microorganisms. Both Hg and its organic derivatives, such

as dimethylmercury and methylmercury, are extremely

toxic with the organic forms being particularly hazardous

because of their increased lipid solubility facilitating their

absorption through the skin and mucous membranes.

In the past, Hg compounds in the environment primarily

resulted from their use in fungicides or as byproducts of Hg

salts in the chemical industry. Because of its publicized

toxicity, Hg exposure from industrial application has

decrease considerably over the past several decades. The

principal source now appears to be the organic species of

Hg which has bioaccumulated in marine sediments ulti-

mately entering the aquatic food chain in edible tissues of

fish living in both fresh and ocean waters.

The organic forms of Hg being highly lipid soluble are

readily taken up in the intestines and cross the blood–brain

barrier where its principal neurological effects are seen. In

contrast, the divalent species is transported like other heavy

metals by DMT1 (Vazquez et al. 2015). The biological

half-life of methylmercury in humans is around 50 days

and it is mainly eliminated in the feces as inorganic Hg.

Once absorbed into blood, mercury enters erythrocytes

where the majority is bound to form a ternary mixed ligand

complex between glutathione (GSH)–Hg2?–hemoglobin

whereas lesser amounts are attached to other plasma pro-

teins (Rabenstein and Isab 1982). Approximately 10 % of

the body burden of methylmercury is presumed to be

associated with brain where it readily undergoes

demethylation to inorganic Hg. Toxic manifestations
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include damage to specific anatomical sites within the brain

such as the visual cortex and granule layer of the cere-

bellum though these lesions may necessitate extended time

to appear. Symptoms may include paresthesia, ataxia,

constriction of the visual fields, and hearing loss.

OSHA has set the legal airborne Hg permissible exposure

limit (PEL) at 0.1 mg/m3; the NIOSH recommended air-

borne exposure limit (REL) is 0.05 mg/m3 as Hg vapor

averaged over an 8-hworkday and 0.1 mg/m3which is not to

be exceeded at any time. American Conference of Govern-

mental Industrial Hygienists (ACGIH) has set the TLV as

0.025 mg/m3 averaged over an 8-h workday while EPA has

set a limit of 2 parts of mercury per billion parts of drinking

water. Inhaling HgCl2 has been reported to cause irritation to

the respiratory system including nose, throat, and lungs

resulting in coughing, wheezing, and shortness of breath.

Mechanism of Hg Toxicity

The precise mechanism by which Hg induces cell death is

unclear as exposure to Hg interacts with a diverse array of

intracellular targets. In general, the toxic actions of Hg

primarily result from binding to free sulfhydryl groups

leading to enzyme inhibition and a more generalized

adverse condition. Hg is also capable of interacting with

phosphoryl, carboxyl, amide, and amine groups, which

leads to protein inactivity (Rafati-Rahimzadeh et al. 2014).

Chronic exposure also results in ultrastructural changes

within the mitochondria as well as inhibition of several

mitochondrial enzymes causing depolarization of the

mitochondria membrane, a reduction of ATP production

and generation of ROS (Vergilio et al. 2015). Other modes

of toxicity have been proposed for Hg-induced cell death

including irreversible inhibition of selenoenzymes (Branco

et al. 2012) and demyelination (Chu et al. 1998). Thus, the

cellular effects of exposure to Hg are diverse and cell

damage likely occurs by more than one mechanism, the

effects of which may be additive or synergistic.

Hg Ototoxicity

Since most of the organic species of Hg absorbed are ulti-

mately converted to the divalent cation in vivo, this review

will focus on the available data regarding the deleterious

actions of Hg2? promoting cellular degeneration in the

inner ear. A recent review comprehensively assessed the

ototoxic effects of Hg (Hoshino et al. 2012). A total of 108

published studies were identified of which only 28 met the

inclusion criteria set by the authors. All the articles

reviewed revealed that exposure to Hg can produce hearing

loss resulting from both peripheral and/or central damage.

The basis for labeling deficits as mediated by the central

auditory system were based on changes in the ABR and

behavioral measures of central auditory processing whereas

peripheral dysfunction was based on high-frequency

audiometry. Unfortunately, few studies have actually

attempted to directly assess the effects of Hg on the cochlea.

In one study, inward and outward K? currents were mea-

sured in OHC using the whole-cell patch clamp technique

(Liang et al. 2003); Hg was shown to affect K? currents in a

voltage- and dose-dependent manner. Based on the fact that

Hg is also a known inhibitor of the group I monovalent

potassium cation pore-forming channels, the investigators

examined whether high concentrations of Hg could affect

the resting membrane potential. The results demonstrated

that Hg at 1.0 – 100 mM is capable of depolarizing the

resting membrane potential with a more pronounced effect

on onset peak current than on steady-state end current.

These findings suggest that Hg may lead to auditory

transduction problems and hearing loss; however, it should

be noted that the concentrations of Hg used greatly excee-

ded Hg levels seen in vivo. Another anatomical study noted

that the earliest and most severe changes occurred in the

sensory epithelium in the apex of the cochlea while the base

was seldom damaged (Anniko and Sarkady 1978). Acute

intoxication with Hg mostly affected both afferent and

efferent nerve terminals and hair cells while chronic

exposure also damaged the stria vascularis.

Histochemical examination of methylmercury poisoned

rats (4 mg/kg/day for 16 days) demonstrated Hg deposits

in the cerebellum and in parts of the vestibular nerves,

cochlear nerves, spiral ganglion, and stria vascularis

(Igarashi et al. 1992). In the vestibule, a small amount of

Hg was seen in the acoustic maculae and in the cochlea and

in only one instance was Hg detected in the organ of Corti.

Based on the fact that there were no changes in the neu-

rotransmitter levels of substance P in the inner ear as well

as no other changes in pathology, it was concluded that

methylmercury had little effect on inner ear function in

contrast to the divalent species of Hg.

In summary, the majority of the clinical evidence supports

the notion that excessHg can lead to hearing impairment. This

is not totally surprising given the very broad and nonspecific

nature of the toxicological actions of the metal. Nevertheless,

the actions of Hg are selective in regard to its deleterious

behavior in the cochlea but, clearly, in order to establish the

discriminating biochemical processes and the initial

anatomical sites within the cochlea which are actually

responsible for hearing loss requires additional study.

Summary

The cumulative findings based on the studies described

above indicate that excess exposure to a variety of heavy

metals can cause minor to severe hearing loss. Though this
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can be regarded as only an inconsequential clinical deficit,

it nevertheless does affect the quality of life for impaired

individuals. Although overexposure is most often related to

excess occupational contact, there are numerous instances

where human error has led to major environmental catas-

trophes resulting in significant neurotoxic events.

The hearing impairment and lesions produced by heavy

metals appear to be relatively selective as individual

components within the cochlea are targeted by the different

metals. Factors regulating selective cellular toxicity by the

ionic forms of the heavy metals most likely include dif-

ference in transport processes by specific cell membrane

carriers as well as the variations in the intracellular targets

to which metals can interact. As noted in this review, the

cellular binding sites for each of the metals responsible for

initiating the selective cellular injury are unique, yet there

are common downstream events that appear to be respon-

sible for cell death. One of the most common end product

responsible for cellular damage appears to be mitochondria

dysfunction leading to increased oxidative stress. The ini-

tiating event provoking mitochondrial dysfunction may be

direct via binding to essential mitochondrial components or

as an indirect consequence of metal binding to other cel-

lular constituents necessary for normal mitochondrial

activity. Nevertheless, toxicity is highly selective though

the consequential process most often manifests in apoptotic

cell death.

In most cases, hearing loss induced by heavy metals is

irreversible. Treatment, which includes removal from the

noxious stimuli, at best only prevents subsequent damage

to the auditory system especially since the half-lives of

many of the metals are prolonged due to tight binding to

intracellular sites. Chelation therapies, if exposure is

caught early before damage to the inner ear has occurred,

may be affective treatment but this has not been adequately

examined.
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