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Abstract Despite the risk of permanent ototoxic effects, aminoglycosides remain commonly uti-

lized antibiotics worldwide due to low cost and efficiency in treating severe infections. Over the last

two decades, mitochondrial mutations have been shown to enhance the likelihood of ototoxic

injury. In particular the 1555A>Gmutation in the mitochondrial geneMTRNR1 has been strongly

associated with the onset of aminoglycoside-induced deafness; though pinning down the exact

mechanism of action has thus far been elusive. Clinically aminoglycoside-induced deafness has been

characterized by variation in the degree of hearing loss, which has prompted an investigation into

genetic modifiers. To date, several putative mutations have been categorized as contributing factors

to the onset of deafness with no single variation being sufficient to bring about hearing loss. Mean-

while current methods to mitigate the risk of ototoxic injury are in various stages of development.

Efforts to alter the molecular structure of aminoglycosides have shown a potential path to reducing

ototoxicity while preserving antibacterial properties, but these drugs are not clinically available. On

the other hand, application of preemptive audiometry provides the most readily available method to

both monitor and reduce the extent of aminoglycoside-induced deafness.
� 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hereditary hearing loss is the most common sensory problem,

affecting 1 and 1000 newborns [1]. While around half of con-
genital deafness is explained genetically, hearing loss has also
been linked to environmental factors such as in utero contrac-

tion of cytomegalovirus and antibiotics [2]. Originally devel-
oped in the 1940’s aminoglycosides (AG) have been effective
in treating gram-negative bacterial infections [3]. Unfortu-

nately though, systemic administration of AGs can lead to
both nephrotoxicity and ototoxicity [4,5]. In populations
where AGs were commonly prescribed familial inheritance of
ototoxicity became evident. Matrilineal inheritance of

aminoglycoside-induced deafness (AID) was a defining charac-
teristic in several of these families, which suggested mitochon-
drial involvement [6].

Currently the genetic mutations most strongly associated
with AID are 1555A>G and 1494C>T in the mitochondrial
geneMTRNR1, which codes for the mitochondrial 12S riboso-

mal subunit [7,8]. These mitochondrial positions map to the
corresponding 1409–1491 base pairing in bacteria, which are
the AG binding sites on the 16S ribosome subunit [9]. Several

additional variations in mitochondrial tRNA genes have been
associated with AID and non-syndromic hearing loss [10–12],
though biochemical analysis of these variations suggests many
are not sufficient to generate the hearing loss phenotype. While

the effect of systemic AG administration in individuals carrying
a mitochondrial tRNA gene mutation is not well established, it
is clear that genetic defects in the mitochondrialMTRNR1 gene

at positions 1555 and 1494 facilitate AG-induced deafness [13].
Modifiers in the nuclear genome may provide an explana-

tion for familial cases of non-syndromic deafness involving

the 1555A>G mitochondrial mutation and absence of AG
treatment. The nuclear gene TRMU has been identified as
one such modifier, as a missense mutation in TRMU was

shown to compromise tRNA metabolism. Reduction of tRNA
metabolism in combination with the reduction of accurate pro-
tein synthesis caused by the 1555A>G mutation may be suffi-
cient to cause the hearing loss phenotype, though this is yet to

be fully elucidated [14].
As AGs continue to be prescribed to treat common infec-

tions around the world, reducing or removing the potential

for ototoxicity holds significant clinical value. While concomi-
tant treatment of AGs and antioxidants yields moderate pro-
tective properties, recent research on structurally unique AGs

shows promise in reducing ototoxicity [15–18]. Increasing the
size of AGs prohibits entry to the cytosol of cochlear hair cells
while maintaining its potent antibacterial properties. As the
physical properties of the cationic channels of hair cells are fur-

ther characterized, these data may lead to improvements in AG
alteration, potentially removing the concern of ototoxicity.

2. Mechanism of aminoglycoside ototoxicity

Localization of aminoglycosides to hair cells begins by cross-
ing the blood-endolymph barrier [19]. Once in the endolymph
AGs transverse the apical membrane of hair cells via the
mechanoelectrical transducer (MET) channel or other cationic

channels [20–23]. AG entrance through the MET channel was
initially proposed after the detection of AGs at the tip of the
stereocilia prior to observing AG in the cytosol of hair cells

[24]. Further investigation revealed the opening of the channel
measures 1.25 nm in diameter which is sufficient for the pas-
sage of AGs [25]. Alharazneh et al. has also shown that AGs
reduce the transduction current pointing to the involvement

of the MET channel [21]. Moreover, various concomitant fac-
tors have been shown to potentiate AID. Noise induces the
open state of the MET channel leading to an increased concen-

tration of AGs in the hair cell cytosol [26]. Hirose et al. reports
the combined administration of aminoglycosides with loop
diuretics exacerbates ototoxic injury in mice when compared

with controls and mice injected only with aminoglycosides
[27]. Cochlear uptake of aminoglycosides is also increased by
endotoxemia-induced inflammation [28]. The unidirectional
MET channel compounds the effect of these additional poten-

tiating factors, as AGs are unable to move back to the endo-
lymph leading to higher concentration in the hair cell cytosol
[23].

Once in hair cell cytosol AGs interact with mitochondrial
12S ribosomal subunit causing inaccurate translation of mito-
chondrial proteins. The downstream implication of faulty pro-

tein synthesis is eventual cell death either through caspase-
mediated or non-caspase-mediated apoptosis [22]. Addition-
ally, AG interaction with iron species has been shown to pro-

duce reactive oxygen species (ROS), which also leads to cell
death through apoptosis [29]. Previous in vitro experiments
have shown an alteration in antioxidant defense system in mel-
anocytes induced by aminoglycosides, which may be an addi-

tional contributing factor in the onset of ototoxicity [30].
Rizzi et al. has also shown a clear progression of hair cell death
originating at the basal turn and moving toward apical turn of

the cochlea [31]. This progression moves in line with the onset
of deafness, as high frequency loss is observed before the loss
of lower frequencies.
3. Increased susceptibility to aminoglycoside ototoxicity due to

mitochondrial mutations

The baseline incidence of cochleotoxic effects following the
administration of systemic AGs has previously been reported
between 2% and 25%, and has been known to fluctuate

depending on the drug administered [31,32]. Amikacin, Gen-
tamicin, and Tobramycin produce ototoxic effects at a rate
of 5%, 8%, and 14% respectively [32]. The incidence of AID
increases to 17–33% in cases involving genetic variations

[22]. In particular the 1555A>G and 1494C>T mutations in
the MTRNR1 gene have been shown to facilitate the binding
of AGs to the 12S ribosomal subunit [13].

Prezant et al. initially sequenced the mitochondrial genome
in three families with maternally inherited AID revealing the
1555A>G variation in the mitochondrial MTRNR1 gene [7].

Over the last two decades 1555A>G has been identified as



Table 1 1555A>G frequencies found during mitochondrial screening of hearing impaired people in various different populations.

Country City or

Province

1555A>G/Families Screened Controls AID cases in

Cohort

Homoplasmy Type of

Deafness

Reference

European

Cohort

– 18/9371 (0.19%) 1/520

population level

– – – – [50]

China Xiamen 6/155 (3.87%) 0/– 4 Homoplasmic NSHL [51]

Finland – 1/103 (0.97%) –/– – – SHL and

NSHL

[52]

China – 10/538 (1.85%) 0/256 10 Homoplasmic NSHL [53]

China – 36/301 (12%) –/– – – Familial

NSHL

[54]

China Hubei 95/813 (11.68%) 0/126 78 Homoplasmic HL [55]

Taiwan Zhongzheng 1/1017 (0.09%) –/– – Homoplasmic Newborn

screening

[56]

Greece – 2/513 (0.38%) –/– – – Various [57]

Morocco – 3/84 (3.57%) 0/100 0 Homoplasmic NSHL [58]

Turkey – 3/168 (1.8%) – – – NSHL [59]

China – 5/284 (1.76%) 0/200 5 – NSHL [60]

Poland – 1/250 (0.4%) –/– – – Unknown [61]

Belgium – 2/466 (0.42%) 0/400 1 Homoplasmic NSHL [62]

Korea – 2/227 (0.88%) 0/217 – Heteroplasmic/

Homoplasmic

NSHL [63]

Italy – 9/167 (5.38%) –/– 9 Homoplasmic NSHL [64]

China Gansu 44/514 (8.56%) 0/117 23 – NSHL [65]

United

States

– 7/41 (17%) – – – NSHL [66]

Taiwan – 10/315 (3.17%) –/120 2 Homoplasmic NSHL [67]

China – 8/60 (13.33%) 0/354 60 Homoplasmic AID [68]

Spain – 69/443 (15.57%) –/100 24 – NSHL [69]

Tunisia – 1/100 (1%) 0/100 0 – NSHL [70]

Brazil – 5/204 (2.45%) 0/300 1 – Various

NSHL

[71]

Spain – 42/209 (20%) 0/200 – – NSHL [72]

United

Kingdom

– 2/80 (2.5%) –/– – – NSHL [73]

United

States

Cincinnati 1/164 (0.6%) –/226 0 Homoplasmic NSHL [74]

Spain – 105/648 (16.2%) –/– 2 Various NSHL [75]

Indonesia Sulawesi 4/75 (5.33%) 0/100 – Homoplasmic NSHL [76]

Denmark – 2/85 (2.4%) – – – NSHL [77]

Finland – 2/117 (1.7%) – – – NSHL [78]

Germany – 1/139 (0.7%) 0/160 – – NSHL [79]

Poland – 3/125 (2.4%) 0/89 – – NSHL [79]

Mongolia – 37/480 (7.7%) 0/389 – – NSHL [80]

Poland – 9/250 (3.6%) 0/250 7 Homoplasmic NSHL/AID [81]
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the most frequent mutation associated with AID (Table 1).
This base-pair change maps to a conserved position within

the A-site of the 12S small ribosomal subunit, which is the
homologous decoding region AGs bind to on the bacterial
16S ribosomal subunit [9]. The aberrant C–G base-pairing

alters the secondary structure of the mitochondrial 12S small
rRNA causing it to take on more of the bacterial 16S small
rRNA characteristic [9]. Moreover, these structural changes

have been shown to result in a higher affinity for AGs in E.coli
carrying the corresponding mutation at the 1491 position when
compared with controls [33].

The 1494C>T mutation has been shown to cause both

non-syndromic hearing loss and AID, but the occurrence of
this mutation has thus far been limited to the Chinese and
Spanish populations and is characterized by phenotypic varia-

tion [8,34]. Nonetheless, the 1494C>T change occurs at the
same conserved base pairing as 1555A>G in the mitochon-
drial 12S ribosomal subunit. Lymphoblastoid cell lines derived

from a patient who carried this particular mutation showed
reduced oxygen consumption and growth when exposed to
AGs [8].

Outside of the MTRNR1 gene, several reports show muta-
tions occurring in mitochondrial tRNA genes [35]. While a
strong causative link between mutations in mitochondria

tRNA genes and hearing loss has yet to be established due
to inconsistency in mutation segregation and penetrance, pre-
viously conducted in vitro experiments show reduced metabo-
lism of mitochondrial tRNA in cell lines carrying certain

mutations. Lymphoblastoid cell lines derived from patients
with 7445A>C, 7511T>C or 7505T>C have shown a clear
reduction in steady-state tRNA [36–38]. Given the multifacto-

rial nature of mitochondrial disease, concomitant occurrence
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of several genetic defects such as these tRNA mutations and
the more common 1555A>G mutation may produce sufficient
stress to result in the observed hearing loss phenotype.

Identification of additional mitochondrial variations that
increase sensitivity to AGs holds clinical value, as it will allow
for the development of effective screening panels. A recent

comprehensive meta-analysis found a significant association
of 10 previously reported variations not including 1555A>G
and hearing loss [39]. These include 839A>G, 961delTinsC

(2_7) (Significant only in European subpopulation),
988G>A, 1009C>T, 1095T>C, 1107T>C, 1382A>C,
1494C>T, 1557A>C and 15927G>A. When considering
AG exposure only five of these variations were significantly

associated with AID: 839A>G, 1095T>C, 1107T>C,
1494C>T, 1555A>G.
4. Genetic modifiers

Variation in the degree of hearing loss in patients with
1555A>G or 1494T>C points to the involvement of addi-

tional environmental factors or genetic modifiers [9]. Previous
reports have proposed a >50% decrease in mitochondria pro-
tein synthesis will decrease cellular respiration and growth [40].

The 1555A>G and 1494C>T mutations have been shown to
reduce protein synthesis by �34% and �40% in cybrid cell
lines; a model that controls for nuclear modifiers by combining

the nuclear material from a wild-type cell with the mitochon-
dria isolated from patients carrying a mutation [41,42]. Both
1555A>G and 1494C>T mutations alone are not sufficient
to meet the 50% reduction threshold, and therefore subsequent

respiration and growth stress are unlikely to generate the hear-
ing loss phenotype [41]. While administration of AGs in a
patient with 1555A>G or 1494C>T mutation leads to hear-

ing loss, the combination of nuclear variation and either
1555A>G or 1494C>T may yet prove to be pathogenic.

Guan et al. identified TRMU as a modulating gene in sev-

eral families carrying the 1555A>G mutation [14]. TRMU
codes for the protein 5-methylaminomethyl-2-thiouridylate-m
ethyltransferase, which plays a role in the modification of

tRNAs. A missense mutation at position c.28G>T leads to
the amino acid change p.A10S, which is a highly conserved
region of the protein. This mutation co-segregated with hear-
ing loss in one branch of a large Arab-Israeli family and six

Spanish families who also have 1555A>G. The c.28G>T
mutation occurs with high frequency in both Chinese and
Spanish populations, which indicated that the mutation is unli-

kely to cause hearing loss alone. Further functional analysis of
the c.28G>T mutation revealed loss of enzymatic activity, and
subsequent reduction in tRNA metabolism. Therefore, combi-

nation of reduced tRNA metabolism and the loss of function-
ality at A-site of the small 12S rRNA resulted in a protein
synthesis rate less than 50%, which suggests that high
energy-consuming cochlear hair cells may be damaged. How-

ever, complete co-segregation of the TRMU variation and
the 1555A>G in patients with hearing loss was absent from
this study.

GJB2 is the most common cause of congenital profound
hearing loss in many populations [43]. GJB2 codes for the pro-
tein connexin 26 a gap junction protein, which regulates ion

concentration in the endolymph and subsequently allows for
normal hearing [43]. Reduced production of ATP caused by
the 1555A>G mutation has been suggestively linked with cel-
lular inability to efficiently turnover the gap-junction protein
coded for by GJB2 [44]. However, a previous report investigat-

ing the two common GJB2 mutations c.35delG and c.235delC
in association with 1555A>G revealed no strong correlation
between genotype and phenotype [45].

Additionally, comparison of 10 Chinese haplogroups con-
taining the 1555A>G mutation has also revealed a significant
difference in penetrance when certain haplogroups were com-

pared to the average of the collective [46]. This provides addi-
tional evidence that the mitochondrial genetic environment
plays a role in the eventual phenotypic presentation.

A limited number of studies have characterized variations

in the nuclear genome that co-segregate with the 1555A>G
mutation, and no study has utilized next-generation sequenc-
ing to elucidate the involvement of nuclear background to

date. Given that both 1555A>G and 1494C>T do not reduce
the mitochondria protein synthesis below the 50% threshold to
compromise cellular respiration, uncovering a potential modi-

fication role nuclear genes play provides an interesting topic
for future study. In particular screening the nuclear genome
in future studies may provide mechanistic insights for rare

cases in which patients carrying a homoplasmic 1555A>G
mutation and has been repeatedly treated with aminoglyco-
sides, but experiences no deafness [47].

5. Current methods of reducing ototoxicity

Increased concentration of ROS within hair cells following sys-
temic administration of AGs has led to investigating antioxi-

dants as means to mitigate ototoxicity. While studies have
shown reduction of ototoxicity in vitro, complete protection
from ototoxic injury has not been achieved in humans [22].

Although other mitigating agents such as Aspirin have been
successful in reducing the ototoxicity, serious side-effects
including higher incidence of gastrointestinal bleeding offset

the benefits [48]. Huth et al. has directly altered the size of
AGs, leveraging the 1.25 nm pore size of the MET channel
[15]. Increasing the size the AG molecule precludes entrance

to the hair cell cytosol, while preserving the intended antibac-
terial properties. The clear advantage to this approach is
administration of a single high-efficacy compound, as opposed
to supplementing a previously derived AG with antioxidants.

Proactive utilization of both audiometry and genetic screen-
ing prior to AG administration will allow for early detection
and quicker clinical response. As the basal turn of the cochlea

is more susceptible to ototoxic injury, early and regular screen-
ing of high-frequency deafness will allow physicians to stop
treatment and exercise other treatment options [49]. Prior to

administering AGs family history of deafness should be evalu-
ated. If a matrilineal inheritance pattern is uncovered the mito-
chondrial genome should be screened for the presence of
mutations associated with AID. Finally, newborn screening

for the DNA variants associated with AID, would determine
individuals at risk before they get exposed to AGs.

6. Conclusion

As aminoglycosides continue to be utilized for the treatment of
gram-negative bacterial infections, consideration of preexisting

genetic defects may prove to be clinically valuable. To date,



Aminoglycoside induced ototoxicity associated with mitochondrial DNA mutations 291
hypersensitivity to AGs is facilitated by the 1555A>G and
1494C>T mitochondrial mutations. While several additional
mitochondrial variations may eventually prove to play an inte-

gral role in the onset of hearing loss, the underlying biochem-
ical basis has yet to be fully elucidated. Nonetheless, the
current characterization of the MET channel has already led

to research on altering the structure of AGs, which may pro-
vide a method to alleviate concern for potential ototoxicity.
Meanwhile, clinicians should continue to consider the

increased susceptibility that comes from genetic defect, as the
combination of AGs and genetic defect could result in suffi-
cient mitochondrial stress to cause hearing loss.
Conflict of interest

None.

Acknowledgements

This study was supported by National Institutes of Health
Grant R01DC009645 to M.T.

References

[1] Kemper AR, Downs SM. A cost-effectiveness analysis of newborn

hearing screening strategies. Arch Pediatr Adolesc Med 2000;154

(5):484–8.

[2] Smith RJ, Bale Jr JF, White KR. Sensorineural hearing loss in

children. Lancet 2005;365(9462):879–90.

[3] Avent ML et al. Current use of aminoglycosides: indications,

pharmacokinetics and monitoring for toxicity. Int Med J 2011;41

(6):441–9.

[4] Hettig RA, Adcock JD. Studies on the toxicity of streptomycin for

man: a preliminary report. Science 1946;103(2673):355–7.

[5] Caminero JA et al. Best drug treatment for multidrug-resistant

and extensively drug-resistant tuberculosis. Lancet Infect Dis

2010;10(9):621–9.

[6] Hu DN et al. Genetic aspects of antibiotic induced deafness:

mitochondrial inheritance. J Med Genet 1991;28(2):79–83.

[7] Prezant TR et al. Mitochondrial ribosomal RNA mutation

associated with both antibiotic-induced and non-syndromic deaf-

ness. Nat Genet 1993;4(3):289–94.

[8] Zhao H et al. Maternally inherited aminoglycoside-induced and

nonsyndromic deafness is associated with the novel C1494T

mutation in the mitochondrial 12S rRNA gene in a large Chinese

family. Am J Hum Genet 2004;74(1):139–52.

[9] Guan MX. Mitochondrial 12S rRNA mutations associated with

aminoglycoside ototoxicity. Mitochondrion 2011;11(2):237–45.

[10] Sue CM et al. Maternally inherited hearing loss in a large kindred

with a novel T7511C mutation in the mitochondrial DNA tRNA

(Ser(UCN)) gene. Neurology 1999;52(9):1905–8.

[11] Hutchin TP et al. A novel mutation in the mitochondrial tRNA

(Ser(UCN)) gene in a family with non-syndromic sensorineural

hearing impairment. J Med Genet 2000;37(9):692–4.

[12] Reid FM, Vernham GA, Jacobs HT. A novel mitochondrial point

mutation in a maternal pedigree with sensorineural deafness. Hum

Mutat 1994;3(3):243–7.

[13] Hobbie SN et al. Genetic analysis of interactions with eukaryotic

rRNA identify the mitoribosome as target in aminoglycoside

ototoxicity. Proc Natl Acad Sci USA 2008;105(52):20888–93.

[14] Guan MX et al. Mutation in TRMU related to transfer RNA

modification modulates the phenotypic expression of the deafness-

associated mitochondrial 12S ribosomal RNA mutations. Am J

Hum Genet 2006;79(2):291–302.
[15] Huth ME et al. Designer aminoglycosides prevent cochlear hair

cell loss and hearing loss. J Clin Invest 2015;125(2):583–92.

[16] Matt T et al. Dissociation of antibacterial activity and aminogly-

coside ototoxicity in the 4-monosubstituted 2-deoxystreptamine

apramycin. Proc Natl Acad Sci USA 2012;109(27):10984–9.

[17] Sha SH, Schacht J. Antioxidants attenuate gentamicin-induced

free radical formation in vitro and ototoxicity in vivo: D-

methionine is a potential protectant. Hear Res 2000;142(1–

2):34–40.

[18] Campbell KC et al. Prevention of noise- and drug-induced hearing

loss with D-methionine. Hear Res 2007;226(1–2):92–103.

[19] Li H, Steyger PS. Systemic aminoglycosides are trafficked via

endolymph into cochlear hair cells. Sci Rep 2011;1:159.

[20] Kroese AB, Das A, Hudspeth AJ. Blockage of the transduction

channels of hair cells in the bullfrog’s sacculus by aminoglycoside

antibiotics. Hear Res 1989;37(3):203–17.

[21] Alharazneh A et al. Functional hair cell mechanotransducer

channels are required for aminoglycoside ototoxicity. PLoS ONE

2011;6(7):e22347.

[22] Huth ME, Ricci AJ, Cheng AG. Mechanisms of aminoglycoside

ototoxicity and targets of hair cell protection. Int J Otolaryngol

2011;2011:937861.

[23] Marcotti W, van Netten SM, Kros CJ. The aminoglycoside

antibiotic dihydrostreptomycin rapidly enters mouse outer hair

cells through the mechano-electrical transducer channels. J

Physiol 2005;567(Pt 2):505–21.

[24] Wang Q, Steyger PS. Trafficking of systemic fluorescent gentam-

icin into the cochlea and hair cells. J Assoc Res Otolaryngol

2009;10(2):205–19.

[25] Farris HE et al. Probing the pore of the auditory hair cell

mechanotransducer channel in turtle. J Physiol 2004;558(Pt

3):769–92.

[26] Hayashida T et al. Dynamic changes following combined treat-

ment with gentamicin and ethacrynic acid with and without

acoustic stimulation. Cellular uptake and functional correlates.

Acta Otolaryngol 1989;108(5–6):404–13.

[27] Hirose K, Sato E. Comparative analysis of combination

kanamycin-furosemide versus kanamycin alone in the mouse

cochlea. Hear Res 2011;272(1–2):108–16.

[28] Koo JW et al. Endotoxemia-mediated inflammation potentiates

aminoglycoside-induced ototoxicity. Sci Transl Med 2015;7

(298):298ra118.

[29] Priuska EM, Schacht J. Formation of free radicals by gentamicin

and iron and evidence for an iron/gentamicin complex. Biochem

Pharmacol 1995;50(11):1749–52.

[30] Wrzesniok D et al. Modulation of melanogenesis and antioxidant

defense system in melanocytes by amikacin. Toxicol In Vitro

2013;27(3):1102–8.

[31] Rizzi MD, Hirose K. Aminoglycoside ototoxicity. Curr Opin

Otolaryngol Head Neck Surg 2007;15(5):352–7.

[32] Roland PS. Characteristics of systemic and topical agents

implicated in toxicity of the middle and inner ear. Ear Nose

Throat J 2003;82(Suppl 1):3–8.

[33] Hamasaki K, Rando RR. Specific binding of aminoglycosides to a

human rRNA construct based on a DNA polymorphism which

causes aminoglycoside-induced deafness. Biochemistry 1997;36

(40):12323–8.

[34] Rodriguez-Ballesteros M et al. Molecular and clinical character-

isation of three Spanish families with maternally inherited non-

syndromic hearing loss caused by the 1494C->T mutation in the

mitochondrial 12S rRNA gene. J Med Genet 2006;43(11):e54.

[35] Tang X et al. Mitochondrial tRNA(Ser(UCN)) variants in 2651

Han Chinese subjects with hearing loss. Mitochondrion

2015;23:17–24.

[36] Li X et al. Biochemical characterization of the mitochondrial

tRNASer(UCN) T7511C mutation associated with nonsyndromic

deafness. Nucleic Acids Res 2004;32(3):867–77.

http://refhub.elsevier.com/S1110-8630(16)30032-5/h0005
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0005
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0005
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0010
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0010
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0015
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0015
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0015
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0020
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0020
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0025
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0025
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0025
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0030
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0030
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0035
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0035
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0035
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0040
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0040
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0040
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0040
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0045
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0045
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0050
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0050
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0050
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0055
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0055
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0055
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0060
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0060
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0060
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0065
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0065
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0065
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0070
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0070
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0070
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0070
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0075
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0075
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0080
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0080
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0080
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0085
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0085
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0085
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0085
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0090
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0090
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0090
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0090
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0095
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0095
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0100
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0100
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0100
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0105
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0105
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0105
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0110
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0110
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0110
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0115
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0115
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0115
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0115
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0120
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0120
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0120
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0125
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0125
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0125
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0130
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0130
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0130
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0130
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0135
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0135
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0135
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0140
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0140
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0140
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0145
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0145
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0145
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0150
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0150
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0150
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0155
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0155
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0160
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0160
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0160
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0165
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0165
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0165
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0165
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0170
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0170
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0170
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0170
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0175
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0175
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0175
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0180
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0180
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0180


292 J. Foster, M. Tekin
[37] Tang X et al. Maternally inherited hearing loss is associated with

the novel mitochondrial tRNA Ser(UCN) 7505T>C mutation in

a Han Chinese family. Mol Genet Metab 2010;100(1):57–64.

[38] Guan MX et al. The deafness-associated mitochondrial DNA

mutation at position 7445, which affects tRNASer(UCN)

precursor processing, has long-range effects on NADH dehydro-

genase subunit ND6 gene expression. Mol Cell Biol 1998;18

(10):5868–79.

[39] Jing W et al. Mitochondrial mutations associated with aminogly-

coside ototoxicity and hearing loss susceptibility identified by

meta-analysis. J Med Genet 2015;52(2):95–103.

[40] Guan MX, Fischel-Ghodsian N, Attardi G. Biochemical evidence

for nuclear gene involvement in phenotype of non-syndromic

deafness associated with mitochondrial 12S rRNA mutation.

Hum Mol Genet 1996;5(7):963–71.

[41] Guan MX, Fischel-Ghodsian N, Attardi G. Nuclear background

determines biochemical phenotype in the deafness-associated

mitochondrial 12S rRNA mutation. Hum Mol Genet 2001;10

(6):573–80.

[42] Zhao H et al. Functional characterization of the mitochondrial

12S rRNA C1494T mutation associated with aminoglycoside-

induced and non-syndromic hearing loss. Nucleic Acids Res

2005;33(3):1132–9.

[43] Petersen MB, Willems PJ. Non-syndromic, autosomal-recessive

deafness. Clin Genet 2006;69(5):371–92.

[44] Abe S et al. Connexin 26 gene (GJB2) mutation modulates the

severity of hearing loss associated with the 1555A–>G mito-

chondrial mutation. Am J Med Genet 2001;103(4):334–8.

[45] Kokotas H et al. Are GJB2 mutations an aggravating factor in the

phenotypic expression of mitochondrial non-syndromic deafness?

J Hum Genet 2010;55(5):265–9.

[46] Lu JX et al. Mitochondrial haplotypes may modulate the

phenotypic manifestation of the deafness-associated 12S rRNA

1555A>G mutation. Mitochondrion 2010;10(1):69–81.

[47] Al-Malky G et al. Normal hearing in a child with the

m.1555A>G mutation despite repeated exposure to aminoglyco-

sides. Has the penetrance of this pharmacogenetic interaction

been overestimated? Int J Pediatr Otorhinolaryngol 2014;78

(6):969–73.

[48] Chen Y et al. Aspirin attenuates gentamicin ototoxicity: from the

laboratory to the clinic. Hear Res 2007;226(1–2):178–82.

[49] Al-Malky G et al. Aminoglycoside antibiotics cochleotoxicity in

paediatric cystic fibrosis (CF) patients: a study using extended

high-frequency audiometry and distortion product otoacoustic

emissions. Int J Audiol 2011;50(2):112–22.

[50] Bitner-Glindzicz M et al. Prevalence of mitochondrial 1555A–>G

mutation in European children. N Engl J Med 2009;360(6):640–2.

[51] Jiang Y et al. Mutation spectrum of common deafness-causing

genes in patients with non-syndromic deafness in the Xiamen area,

China. PLoS ONE 2015;10(8):e0135088.

[52] Hakli S et al. Mutations in the two ribosomal RNA genes in

mitochondrial DNA among Finnish children with hearing impair-

ment. BMC Med Genet 2015;16:3.

[53] DuW et al. A rapid method for simultaneous multi-gene mutation

screening in children with nonsyndromic hearing loss. Genomics

2014;104(4):264–70.

[54] Li Q et al. Comparative study of mutation spectrums of MT-

RNR1 m.1555A>G, GJB2, and SLC26A4 between familial and

sporadic patients with nonsyndromic sensorineural hearing loss in

Chinese Han. Chin Med J (Engl) 2014;127(18):3233–7.

[55] Chen G et al. GJB2 and mitochondrial DNA 1555A>G

mutations in students with hearing loss in the Hubei Province of

China. Int J Pediatr Otorhinolaryngol 2011;75(9):1156–9.

[56] Wu CC et al. Newborn genetic screening for hearing impairment:

a preliminary study at a tertiary center. PLoS ONE 2011;6(7):

e22314.

[57] Kokotas H et al. Detection of deafness-causing mutations in the

Greek mitochondrial genome. Dis Markers 2011;30(6):283–9.
[58] Nahili H et al. Prevalence of the mitochondrial A 1555G mutation

in Moroccan patients with non-syndromic hearing loss. Int J

Pediatr Otorhinolaryngol 2010;74(9):1071–4.

[59] Tekin M et al. Frequency of mtDNA A1555G and A7445G

mutations among children with prelingual deafness in Turkey. Eur

J Pediatr 2003;162(3):154–8.

[60] Yuan Y et al. Comprehensive molecular etiology analysis of

nonsyndromic hearing impairment from typical areas in China. J

Transl Med 2009;7:79.

[61] Rydzanicz M et al. Screening of the general Polish population for

deafness-associated mutations in mitochondrial 12S rRNA and

tRNA Ser(UCN) genes. Genet Test Mol Biomarkers 2009;13

(2):167–72.

[62] Konings A et al. Mutation analysis of mitochondrial DNA

12SrRNA and tRNASer(UCN) genes in non-syndromic hearing

loss patients. Mitochondrion 2008;8(5–6):377–82.

[63] Bae JW et al. Molecular analysis of mitochondrial gene mutations

in Korean patients with nonsyndromic hearing loss. Int J Mol

Med 2008;22(2):175–80.

[64] Berrettini S et al. Mitochondrial non-syndromic sensorineural

hearing loss: a clinical, audiological and pathological study from

Italy, and revision of the literature. Biosci Rep 2008;28(1):49–59.

[65] Guo YF et al. GJB2, SLC26A4 and mitochondrial DNA A1555G

mutations in prelingual deafness in Northern Chinese subjects.

Acta Otolaryngol 2008;128(3):297–303.

[66] FischelGhodsian N et al. Mitochondrial gene mutation is a

significant predisposing factor in aminoglycoside ototoxicity. Am

J Otolaryngol 1997;18(3):173–8.

[67] Wu CC et al. Prevalence and clinical features of the mitochondrial

m.1555A>G mutation in Taiwanese patients with idiopathic

sensorineural hearing loss and association of haplogroup F with

low penetrance in three families. Ear Hear 2007;28(3):332–42.

[68] Li Z et al. Mutational analysis of the mitochondrial 12S rRNA

gene in Chinese pediatric subjects with aminoglycoside-induced

and non-syndromic hearing loss. Hum Genet 2005;117(1):9–15.

[69] Ballana E et al. Mitochondrial 12S rRNA gene mutations affect

RNA secondary structure and lead to variable penetrance in

hearing impairment. Biochem Biophys Res Commun 2006;341

(4):950–7.

[70] Mkaouar-Rebai E et al. Mutational analysis of the mitochondrial

12S rRNA and tRNASer(UCN) genes in Tunisian patients with

nonsyndromic hearing loss. Biochem Biophys Res Commun

2006;340(4):1251–8.

[71] Abreu-Silva RS et al. Prevalence of the A1555G (12S rRNA) and

tRNASer(UCN) mitochondrial mutations in hearing-impaired

Brazilian patients. Braz J Med Biol Res 2006;39(2):219–26.

[72] Estivill X et al. Familial progressive sensorineural deafness is

mainly due to the mtDNA A1555G mutation and is enhanced by

treatment of aminoglycosides. Am J Hum Genet 1998;62

(1):27–35.

[73] Jacobs HT et al. Mitochondrial DNA mutations in patients with

postlingual, nonsyndromic hearing impairment. Eur J Hum Genet

2005;13(1):26–33.

[74] Li R et al. Molecular analysis of the mitochondrial 12S rRNA and

tRNASer(UCN) genes in paediatric subjects with non-syndromic

hearing loss. J Med Genet 2004;41(8):615–20.

[75] del Castillo FJ et al. Heteroplasmy for the 1555A>G mutation in

the mitochondrial 12S rRNA gene in six Spanish families with

non-syndromic hearing loss. J Med Genet 2003;40(8):632–6.

[76] Malik SG et al. Prevalence of the mitochondrial DNA A1555G

mutation in sensorineural deafness patients in island Southeast

Asia. J Hum Genet 2003;48(9):480–3.

[77] ØStergaard E et al. The A1555G mtDNA mutation in Danish

hearing-impaired patients: frequency and clinical signs. Clin

Genet 2002;62(4):303–5.

[78] Lehtonen MS et al. Frequency of mitochondrial DNA point

mutations among patients with familial sensorineural hearing

impairment. Eur J Hum Genet 2000;8(4):315–8.

http://refhub.elsevier.com/S1110-8630(16)30032-5/h0185
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0185
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0185
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0190
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0190
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0190
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0190
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0190
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0195
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0195
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0195
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0200
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0200
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0200
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0200
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0205
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0205
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0205
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0205
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0210
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0210
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0210
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0210
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0215
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0215
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0220
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0220
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0220
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0225
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0225
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0225
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0230
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0230
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0230
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0235
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0235
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0235
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0235
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0235
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0240
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0240
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0245
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0245
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0245
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0245
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0250
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0250
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0255
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0255
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0255
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0260
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0260
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0260
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0265
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0265
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0265
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0270
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0270
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0270
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0270
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0275
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0275
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0275
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0280
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0280
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0280
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0285
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0285
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0290
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0290
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0290
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0295
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0295
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0295
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0300
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0300
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0300
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0305
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0305
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0305
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0305
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0310
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0310
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0310
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0315
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0315
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0315
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0320
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0320
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0320
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0325
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0325
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0325
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0330
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0330
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0330
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0335
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0335
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0335
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0335
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0340
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0340
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0340
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0345
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0345
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0345
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0345
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0350
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0350
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0350
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0350
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0355
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0355
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0355
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0360
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0360
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0360
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0360
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0365
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0365
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0365
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0370
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0370
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0370
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0375
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0375
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0375
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0380
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0380
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0380
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0385
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0385
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0385
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0390
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0390
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0390


Aminoglycoside induced ototoxicity associated with mitochondrial DNA mutations 293
[79] Kupka S et al. Mutation A1555G in the 12S rRNA gene and its

epidemiological importance in German, Hungarian, and Polish

patients. Hum Mutat 2002;19(3):308–9.

[80] Pandya A et al. Heterogenous point mutations in the mitochon-

drial tRNA Ser(UCN) precursor coexisting with the A1555G

mutation in deaf students from Mongolia. Am J Hum Genet

1999;65(6):1803–6.
[81] Rydzanicz M et al. Mutation analysis of mitochondrial 12S rRNA

gene in Polish patients with non-syndromic and aminoglycoside-

induced hearing loss. Biochem Biophys Res Commun 2010;395

(1):116–21.

http://refhub.elsevier.com/S1110-8630(16)30032-5/h0395
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0395
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0395
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0400
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0400
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0400
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0400
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0405
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0405
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0405
http://refhub.elsevier.com/S1110-8630(16)30032-5/h0405

	Aminoglycoside induced ototoxicity associated �with mitochondrial DNA mutations
	1 Introduction
	2 Mechanism of aminoglycoside ototoxicity
	3 Increased susceptibility to aminoglycoside ototoxicity due to mitochondrial mutations
	4 Genetic modifiers
	5 Current methods of reducing ototoxicity
	6 Conclusion
	Conflict of interest
	Acknowledgements
	References


