
Susceptibility genes for gentamicin-induced vestibular
dysfunction

Stephen M. Rotha,b,*, Scott M. Williamsc, Lan Jiangc, Kalapurakkal S. Menona, and John J.
Jekaa,b

aDepartment ofKinesiology, School of Public Health, University of Maryland, College Park, MD 20742, USA

bNeuroscience and Cognitive Science Program, University of Maryland, College Park, MD 20742, USA

cCenter for Human Genetics Research, Vanderbilt University, Nashville, TN 37240, USA

Abstract
Background: Approximately 5% of patients administered gentamicin (GM), an aminoglycoside
antibiotic, experience vestibular ototoxicity resulting in balance dysfunction. In the present study,
we sought to identify susceptibility genes associated with GM-induced vestibular dysfunction using
a case/control design.

Methods: White cases (n = 137; 55 men, 82 women) were recruited based on physician-confirmed
unilateral or bilateral vestibular dysfunction attributed to GM administration. Controls (n = 126; 54
men, 72 women) were healthy, age-matched individuals without vestibular dysfunction or balance
impairment. Buccal cell samples were obtained from all subjects and DNA was genotyped for 15
polymorphisms in 9 genes. Candidate genes were identified primarily for their roles in oxidative
stress based on predicted mechanisms of gentamicin-induced ototoxicity. Statistical analyses
included the multi-dimensionality reduction (MDR) method for identifying gene × gene interactions
across multiple candidate genes.

Results: Both single gene and MDR analyses revealed the NOS3 (ENOS) p.Glu298Asp
polymorphism as significantly associated with GM-induced vestibular dysfunction (both p ≤ 0.03).
MDR analysis revealed a three-gene combination, consisting of NOS3 (p.Glu298Asp), GSTZ1
(p.Lys32Glu), and GSTP1 (p.Ile105Val), that provided the highest predictive model for GM-induced
vestibular dysfunction (64% accuracy; p = 0.009).

Conclusions: The results indicate that carriers of risk alleles at three oxidative stress-related genes
have increased susceptibility to GM-induced vestibular dysfunction.
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1. Introduction
The irreparable ototoxic potential of chemotherapy agents and aminoglycoside antibiotics,
such as gentamicin (GM), is well known [23]. A significant fraction (6–16%) of individuals
who receive treatment with such drugs every year experience hearing loss or vestibular
dysfunction do not also experience hearing loss, indicating different susceptibilities [9,15,
20]. For example, of 53 patients with bilateral vestibular failure, nine were the result of drug-
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induced ototoxicity, but only one patient presented with hearing impairment resulting from
ototoxicity [20]. Similarly, Lerner et al. [15] observed auditory dysfunction in three of 33 GM-
treated patients and vestibular dysfunction in three different patients, with no patients
exhibiting both deficits. Moreover, intra-tympanic administration of GM is used specifically
for the treatment of vertigo for Meniere's disease, and hearing loss, although not unexpected,
does not occur in some patients following this treatment [8,24].

While specific genetic susceptibility has not been observed for drug-induced vestibular
dysfunction, genetic susceptibility to hearing loss associated with drug-induced ototoxicity has
been established [3]. The maternal heritability of hearing loss in response to various
aminoglycoside antibiotics has been established in multiple families, including the
identification of mutations in the mitochondrially encoded 12S RNA (MTRNR1) gene [9]. The
m. 1555A>G mutation in the 12S rRNA gene has been shown to explain up to 30% of hearing
loss cases in relation to drug therapy [9]. Remarkably, this same mutation is not associated
with loss of vestibular function [6], although it has not been examined in a large cohort.
Importantly, the only specific environmental risk factors known to contribute to GM-induced
ototoxicity are age (i.e., higher risk for infants and children) and dose/duration of treatment
[2].

GM and other aminoglycosides are not metabolized by the body, so all effects resulting from
GM are specific to the drug itself [2], rather than to a drug metabolite. Following drug entry
into the inner ear, several studies now show that the production of nitric oxide (NO) and related
reactive oxygen species (ROS) is an important factor in GM-related ototoxicity [23,28,31,
39]. The presence of ROS scavengers and NO synthase inhibitors has been shown to reduce
GM toxicity [26,28,30]. Moreover, the use of neurotrophic factors (important for cell survival
and regeneration in the inner ear) alone [16,41] and in combination with ROS scavengers
[28,30] also reduces GM-related ototoxicity. Based on this large body of evidence, Takumida
et al. [28] and others [1] have proposed a model of GM-induced ototoxicity centered on NO
and ROS. Most recently, isosorbide was shown to delay GM-induced vestibular hair cell death
by inhibiting NO and ROS production [29].

In the present case/control study, we sought to identify genetic variants that contribute to
susceptibility to GM-induced vestibular dysfunction. Candidate genes were primarily selected
based on the proposed oxidative stress model of GM-induced ototoxicity (e.g., brain-derived
neurotrophic factor; endothelial nitric oxide synthase; glutathione S-transferases). We also
examined myosins VI, VIIA and XVA as candidate genes, as they have all been indicated as
candidate genes for vestibular dysfunction given their importance for hair cell structure and
function [10,17] and myosin VIIA has been shown to be required for GM accumulation in
mouse hair cells [19]. Thus, polymorphisms in each of these three myosin genes were included
in the present study. The complete list of candidate genes is shown in Table 1.

2. Methods
2.1. Subjects

Subjects were recruited for participation in a case/control study. Cases were recruited from
various vestibular dysfunction support groups through advertisements and direct mailings.
Cases were included if they could document profound unilateral or bilateral vestibular loss due
specifically to GM administration after the age of 18 yr. Approximately age-matched control
subjects were included if they did not have vestibular dysfunction, with or without previous
GM therapy. Normal vestibular function was determined with the use of a clinical balance
function questionnaire and medical history information. There are no apparent sex or racial
differences in susceptibility to GM-induced vestibular dysfunction, so no inclusion limitations
were made on those parameters, although the vast majority of recruited subjects were white.
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Because allele frequenties for many polymorphisms differ by race and only 10 non-white
subjects completed the study, all results are presented for the 263 white participants. Children
have higher risk for GM-induced ototoxicity, so only individuals > 18 yr. and who were > 18
yr. at the time of GM therapy were included. All subjects provided written informed consent
and all procedures were approved by the University of Maryland Institutional Review Board.

2.2. Procedures
Potential subjects completed medical history and balance function questionnaires, and patients
specifically provided medical record release authorizations. The questionnaires addressed the
date of GM therapy (age of administration), reason for GM therapy, onset of vestibular
symptoms following GM therapy, changes in vestibular function over time, and family history
of vestibular dysfunction regardless of origin. Vestibular loss was confirmed through medical
records obtained from each patient's physician, particularly focusing on vestibulo-ocular reflex
(VOR) gains less than 3 standard deviations below the mean and abnormal phase and time
constants in pseudorandom sum of sines rotation from 0.01–1.5 Hz., or electronystagmographic
verification of absent responses to caloric irrigation. GM must have been indicated as the most
likely cause of the vestibular dysfunction, according to the medical records, for inclusion in
the study. Controls completed a similar medical history questionnaire and were specifically
asked about GM administration.

2.3. Genotyping
DNA was collected using the Epicentre BuccalAmp DNA Extraction Kit, which relies on
buccal swabs. Extraction was performed following the manufacturer's instructions and DNA
was refrigerated. When extractions failed, new DNA samples were collected where possible
and the extraction was repeated. All subjects were genotyped for the candidate polymorphisms
shown in Table 1, with genotyping performed randomly on case and control samples and
blinded to group status. Restriction-digest and gel electrophoresis methods were used for all
polymorphisms, relying either on previously published methods or on de novo designs.
Primers, annealing temperatures and specific enzymes are provided in Table 2. Multiple
sequence-verified control samples were used in all genotyping assays to verify accuracy of the
genotyping results. Uncertain genotypes were repeated with sequence verified control samples.
Sequence confirmation was performed for 20 samples across all polymorphisms with 99%
consistency.

2.4. Statistics
T-tests and chi square tests were performed to compare demographic and clinical
measurements between cases and controls using SAS software. Allele frequency differences
were compared between cases and controls, using the software PowerMarker
(www.powermarker.net [40]). Hardy-Weinberg equilibrium (HWE) was tested in both cases
and controls using Powermarker and the inbreeding coefficients were calculated for the two
groups independently. In addition, the Armitage trend test was used to compare genotype
distributions between cases and controls as this test is not dependent on assumptions about
HWE [22]. Haplotype frequencies in cases and controls were also estimated with
PowerMarker. The haplotype trend analysis in Power Marker was performed to test for
haplotype frequency differences between cases and controls. The relative effects of specific
haplotypes were tested using the estimated haplotype frequencies from PowerMarker and
calculating the number of chromo-somes of each type and comparing their distributions relative
to all other haplotypes in cases and controls. An odds ratio was calculated using the generated
2 × 2 tables using SAS. As this was the first analysis of these genes for vestibular ototoxicity
susceptibility, correction for multiple testing (e.g., Bonferroni, etc.) was not performed;
however, all analyses that were performed are presented in the results section.
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Multilocus analysis was performed using the multifactor dimensionality reduction (MDR)
method (http://sourceforge.net/projects/mdr/ [21]). Briefly, MDR is nonparametric and model
free, making it a unique tool for identifying gene × gene interactions. MDR collapses all of the
genetic data into two categories, high and low risk, by comparing all single locus and all
multilocus combinations and then categorizing each genotype into either high risk or low risk
on the basis of the ratio of cases to controls who have that genotype. MDR ultimately selects
one genetic model, either single or multilocus, that most successfully predicts phenotype or
disease status. The prediction error of the model is estimated using 10-fold cross validation.
The 10-fold cross validation is repeated 10 times to ensure that results are not due to chance
divisions of the data. The average number of times that the same best model comes up is given
as the cross-validation consistency and is represented as a continuous value from 1–10. Cross
validation consistency and prediction error minimization are both used to choose the single
best model. Statistical significance is determined empirically by permuting the case and control
labels 1,000 times. Generating the p values using permutations eliminates the problem of
multiple testing.

Multilocus models generatedby MDR were subjected to dendrogram analysis as described by
Moore et al. [18]. The dendrograms allow visualization of the nature of the interactions between
variables and to assess the statistical nature of the relationship between markers (i.e., redundant,
additive, or synergistic). The determination of the nature of the interactions is based on the
information gain associated with variable (genotype) interactions, using the algorithm of
Jakulin and colleagues [13], as implemented in Moore et al. [18]. Interaction dendrograms
were created using the MDR software.

3. Results
A total of 383 subjects were initially recruited for the study, with 273 subjects successfully
matching all inclusion criteria. Of the 110 excluded subjects, 45 were excluded due to lack of
qualifying evidence of GM-induced ototoxicity, while all other subjects failed to complete
various aspects of the study. Subject characteristics for the 263 white subjects are shown in
Table 3. More women than men were recruited for both the case and control groups, and the
cases (both men and women) were significantly older than controls. Cases had significantly
higher rates of hearing and renal complications, which were attributed to their GM therapy.

Analysis of genotype frequencies for deviations from HWE was performed independently in
cases and controls. In cases, 4 of the 15 SNPs deviated from HWE (GSTP1 p.Ala114Val,
GSTZ1 p.Lys32Glu, MTRNR1 m.l555A>G, MY07A p.Ser16Leu) with p values between 0.001
and 0.046. In controls 6 of the 15 SNPs deviated from HWE (GSTM3 c.468+21_2insAGG,
GSTP1 p.Alal 14Val, GSTZ1 p.Lys32Glu, NOS3 p.Glu298Asp, MY07A p.Ser16Leu, MY06 c.
2417-87A>C) with p values ranging from 0.001 to 0.013) with the exception of GSTZ1
p.Lys32Glu with p < 0.0001. Repeat genotyping of these SNPs was performed in the entire
sample and showed 97% replication.

Statistical analysis first proceeded by examining each polymorphism individually in relation
to case/control status. The first set of analyses examined allele frequency with GM-induced
vestibular dysfunction and revealed three genes significantly associated (NOS3 p.Glu298Asp,
p = 0.03; GSTZ1 p.Arg42Gly, p = 0.02; GSTM3 c.468+21_2insAGG, p=0.03). Analysis of
genotype frequency with the Armitage trend test revealed that the NOS3 p.Glu298Asp
polymorphism was significantly associated with GM-induced vestibular dysfunction (p = 0.03)
as was GSTZ1 p.Arg42Gly (p = 0.03). GSTM3 was marginally significant for the trend test
(p = 0.055). The minor allele frequency for NOS3 p.Glu298Asp (Asp allele) was 37% in cases
compared to 27% in controls.
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Haplotype analyses were performed for polymorphisms within particular genes or biological
systems (i.e., a pseudo-haplotype across related genes). The pseudo-haplotype analysis was
used to determine whether inherited variants in different genes that may have similar or related
functions cluster differently in cases vs. controls. For the three polymorphisms within the
NOS3 gene, no haplotype association was identified(p = 0.51). Similarly, a pseudo-haplotype
analysis of all polymorphisms within the myosin genes did not reveal a significant association
(p = 0.31). Pseudo-haplotype analysis of the five polymorphisms across all glutathione S-
transferase (GST) genes revealed a significant association (p = 0.002). Across the 9 pseudo-
haplotypes identified as being present in at least 5% of cases or controls, three haplotypes (G-
G-A-A-T, G-A-A-G-C and A-A-A-A-C) were significantly more prevalent in cases compared
to controls (Table 4; all p ≤ 0.012).

Finally, MDR analysis was performed across all 15 polymorphisms in the nine candidate genes.
The best model for each number of variants is shown in Table 5. Similar to the single-gene
analysis, the single-gene MDR model with highest prediction accuracy (57%; p = 0.011)
consisted of the NOS3 p.Glu298Asp polymorphism. Across all of the MDR models (containing
up to 5 loei), the most accurate predictor was the three-genotype model that included NOS3
p.Glu298Asp, GSTZ1 p.Lys32Glu, and GSTP1 p.Ile105Val, which predicted case/control
status with 64% accuracy (p = 0.009). As shown in Fig. 1, specific allelic combinations of these
three polymorphisms were identified as high and low risk (dark shading indicates higher risk).
In particular, combinations including NOS3 p.Glu298Asp Glu-allele (G) homozygotes tended
to have the lowest risk.

Figure 2 shows a dendrogram of the interaction analysis of the 3-locus model, which shows a
strong synergistic interaction between NOS3 p.Glu298Asp and GSTZ1 p.Lys32Glu, while
GSTP1 p.Ile105Val appears to have an additive effect with the other two polymorphisms.

4. Discussion
The present study is the first to report susceptibility genes for gentamicin-induced vestibular
dysfunction. The NOS3 (ENOS) p.Glu298Asp polymorphism (Asp allele) was independently
associated with risk for GM-induced vestibular dysfunction, while the three-gene combination
of NOS3 (p.Glu298Asp), GSTZ1 (p.Lys32Glu), and GSTP1 (p.Ile105Val) had 64% accuracy
in distinguishing cases from controls. While additional work will be needed to verify these
results, the importance of these genes to oxidative stress, known to be a key factor in the
mechanism of GM-induced hair cell damage, make them important contributors toward a
potential screening tool useful for limiting the occurrence of GM-induced vestibular
dysfunction [4].

In the present study, we have focused specifically on GM because of its particularly high
vestibulotoxicity, common use, and the fact that GM is not metabolized, but simply excreted
by the kidney [2], so any genetic infiuence on GM-related ototoxicity is hypothesized to occur
at the level of the vestibular system specifically. As outlined above, NO and related ROS are
important for the onset of hair cell degradation in response to GM-related compounds.
Aminoglycosides are proposed to influence mitochondrial protein synthesis, resulting in NO
and ROS generation and JNK activation, which then leads to apoptosis of hair cells and
degradation of inner ear function [39]. Both scavenging of ROS and blockade of NO production
have been shown to reduce ototoxic damage resulting from aminoglycosides [28-31,34,39]. In
the present study, missense polymorphisms in three genes, NOS3, GSTZ1, and GSTP1 were
associated with GM-induced vestibular dysfunction; all three genes are related to NO
production and ROS in-activation.
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The NOS3 p.Glu298Asp polymorphism has been shown to be related to NO production, with
the 298Asp allele having lower levels of NO production in several studies [25,32,33]. Our data
are not consistent with these previous findings in that we observed a higher proportion of
298Asp alleles in cases compared to controls; higher NO levels associated with ototoxicity
would be expected of the 298Glu allele rather than the Asp allele. One possible explanation is
that the p.Glu298Asp polymorphism is acting as a marker for other variants within the NOS3
gene region. Dendrogram analyses performed within the present study for 4-locus models were
consistent with this, as the analyses showed a synergistic interaction between the NOS3
p.Glu298Asp and c.-813T>C (also known as T-786C) polymorphisms (data not shown). This
can be better understood when these two NOS3 variants are combined as a new composite
variable in an MDR analysis as discussed by Moore et al. [18]. When the data were analyzed
this way for the present study, the constructed variable (p.Glu298Asp + c.-813T>C) was the
best single variable predictor, with almost the same accuracy as the three-locus MDR model
presented in Table 4 (analyses not shown). Previous studies have shown significant linkage
disequilibrium between these two NOS3 polymorphisms [7,11], in addition to a third intron 4
tandem repeat polymorphism [11,14]. In fact, Hassan et al. [11] showed no influence of the
p.Glu298Asp polymorphism alone on plasma NO levels, but haplotypes encompassing the
c.-813T>C and intron 4 [c.582+250N27(4_5)] variants were related to NO levels. Thus,
additional work is necessary to clarify the direct or indirect role of the p.Glu298Asp variant in
NOS3 in GM-induced vestibular ototoxicity susceptibility in relation to the full haplotype
structure of this gene region.

The glutathione S-transferase (GST) supergene family encodes a number of enzymes that
catalyze the detoxification of various cytotoxic drugs and protect against DNA damage,
possibly through direct ROS inactivation [12]. In fact, the activity of GST Pi, an endogenous
inhibitor of JNK, has been shown to correlate with ototoxic sensitivity [37]. Ylikoski et al.
[39] postulate that JNK activation is the critical step to hair cell degradation in response to
ototoxic drugs, so the activity of GSTs, especially GST Pi, would be predicted to influence
hair cell apoptosis. In the present study, both GSTZ1 p.Lys32Glu and GSTP1 p.Ile105Val were
present in the final three-gene MDR predictive model, and both of these polymorphisms have
been shown to be functional [5,35,42]. Specifically, the GSTZ1 p.Lys32Glu has been shown
to affect enzyme activity in combination with the nearby Arg42Gly variant [5] and the
GSTP1 105Val allele has been associated with lower enzyme activity [35,42]. Though the
p.Arg42Gly polymorphism was not present in the final three-gene MDR model, it was present
in the four- and five-locus MDR models and in the single gene allele association analyses. How
these specific polymorphisms interact to increase susceptibility to GM-induced ototoxicity
cannot be determined from the present study, though the MDR analysis suggests that
interactions among the genes are important.

Several of the candidate genes selected for the present study did not demonstrate a significant
association, either individually or in combination with other genes. For example, none of the
myosin genes were found to be associated, despite their apparent importance to hair cell
structure and function [35]. Similarly, although the mitochondrially encoded 12S RNA
(MTRNR1) gene has been associated with aminoglycoside-induced hearing loss [9], that gene
was not associated with GM-induced vestibular dysfunction in the current study or in a previous
investigation [6]. Because several studies now indicate different susceptibilities for GM-
induced hearing loss compared to GM-induced vestibulotoxicity, this result is not unexpected.
Finally, BDNF limits ototoxic damage when provided simultaneously with GM [16] and
reduced GM-related ototoxicity has been demonstrated with the combination of a NOS
inhibitor with BDNF [28,30]; however, BDNF genotype was not associated with GM-induced
vestibulotoxicity in the present study. That said, BDNF was present in the five-locus MDR
model and had a tendency toward significance in the Armitage trend test (p = 0.09), so the
possibility that BDNF acts as a modifying factor cannot be completely discounted.
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The basis for the deviation from HWE in some of the polymorphisms is unclear. While we
cannot completely eliminate the possibility of genotyping error, all quality control measures
used in the present study demonstrated accurate and replicable genotype data. In addition, the
fact that the direction of deviation from HWE differed in cases (inbreeding coefficient f =
−0.11) and controls (inbreeding coefficient f = 0.28) for one of the significant single locus
associations (NOS3 p.Glu298Asp) further supports the conclusion that the deviations were
unlikely to be from genotyping error. As shown by Wittke-Thompson et al. [38] inbreeding
coefficients in opposite directions are indicative of genetic association, and it is unlikely for
the sign of the inbreeding coefficients to be opposite in cases and controls if genotyping
analyses were done without respect to phenotype. In contrast, the GSTZ1 p.Lys32Glu analysis
does not necessarily fit expected patterns of true association based on the pattern of deviations
from HWE [38], suggesting caution in interpreting the findings for this variant. As emphasized
previously, these results will require additional validation in an independent sample; however,
the totality of the evidence provides considerable rationale for continued study of NOS3 as a
susceptibility gene for GM-induced vestibulotoxicity, possibly in combination with GST
genes.

The present study is not without limitations. Within the questionnaire data, dosages of GM
were not known for the vast majority of subjects, so that information could not be included in
the analysis. The population-based control sample was generally not exposed to gentamicin,
which would have provided the most powerful contrast to the cases, as GM exposure without
vestibulotoxicity would have eliminated susceptible individuals from the control group. Thus,
a small number of individuals in the control population is expected to be susceptible; however,
the inclusion of a small number of susceptible controls results in a reduction of power making
the study design and results more conservative. Population structure, which was not tested in
the present study, represents a possible limitation, though it is unlikely based on recent data
from an extensive study performed in > 16,000 individuals of heterogeneous European descent
[36]. The results showed that only a small fraction (n = 13) of > 465,000 polymorphisms
demonstrated evidence of strong geographical variation, and the authors concluded that
populations structure was minimal in the population [36]. Finally, we recognize that other
candidate genes could be envisioned for this study. In particular, genotyping assays for
polymorphisms in NOS1 (nNOS) and NOS2A (iNOS), both NO synthase genes important to
NO production in the vestibular system [27], could not be optimized with the buccal cell
samples in the present study. Nonetheless, we focused our initial candidate gene list on what
we viewed as the most important targets of investigation and have identified an important
combination of genes predicting 64% of responses to GM with respect to vestibular dysfunction
from which more sophisticated future investigations can be initiated.
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Fig. 1.
A graphical representation of the three-gene MDR model with 64% prediction accuracy. Each
cell shows the number of cases (left side of each cell; hatched bars) and controls (right side of
each cell; solid bars) carrying that combination of the three genotypes from the GSTZ1
p.Lys32Glu, GSTP1 p.Ile105Val, and NOS3 p.Glu298Asp polymorphisms. Shaded cells (also
denoted with the † symbol) are higher-risk, based on the proportion of cases vs. controls
carrying that particular genotype combination.
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Fig. 2.
Interaction dendrogram showing strong redundancy between GSTZ1 p.Lys32Glu and NOS3
p.Glu298Asp, with a synergistic or additive interaction with GSTP1 p.Ile105Val, consistent
with the best fitting 3-locus MDR model. The nature of the interaction is depicted in the legend.
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Table 2
Primers, annealing temperatures and enzymes used in the genotyping assays for each of the candidate single nucleotide
polymorphisms (SNPs)

Gene Reference SNP
number (rs#)

Forward primer
Reverse primer

Annealing
temp (°C)

Enzyme

MT-RNR1 — 5′ GGGTCGAAGGTGGATTTAGC 3′ 54 BsmAI
3′ ACTCTGGTTCGTCCAAGTGC 5′

MYO6 rs13211391 5′ GGGAGCAAGCTTTATTCGTT 3′ 49 SspI
3′ CTATGTTGCCCAGGCTGACT 5′

MYO7A rs948962 5′ TCTTTCCTGAGAAGGAGCAG 3′ 57 EcoO109I
3′ ATGGGCCGAGCTTTCTTTAT 5′

rs1052030 5′ CTTCTCTTCCCCCTTGTGTG 3′ 51 DpnII
3′ CAGAGTCGCAGAGCTTCACC 5′

MYO15 rs854777 5′ CACTCCCCAACCTGACATCT 3′ 57 SfoI
3′ GCTCAGCTCCTAGAGGGACA 5′

BDNF rs6265 5′ GAGGCTTGACATCATTGGCT 3′ 60 Eco72I
3′ CGTGTACAAGTCTGCGTCCT 5′

NOS3 rs1799983 5′GACCCTGGAGATGAAGGCAGGAG3′ 60 BanII
3′ACCTCCAGGATGTTCTAGCGGTGA5′

rs10952298 5′ CCAGGCCCACCCCAACCTTAT 3′ 53 MspI
3′ TCATTCAGTGACGCACGCTT 5′

Intron 4 5′ CCTGGTTATCAGGCCCTATG 3′ 59 N/A
VNTR 3′ AGGCTGCTCCTGCTACTGAC 5′

GSTP1 rs1695 5′CTCTATGGGAAGGACCAGCAGGA3′ 65 Alw26I
3′ CAAGCCACCTGAGGGGTAAGG 5′

rs1138272 5′ TTGACAGGATTTGGTACTAGCC 3′ 52 AciI
3′ TGGTCTCCCACAATGAAGGT 5′

GSTM3 rs1799735 5′ CCTCAGTACTTGGAAGAGCT 3′ 52 MnlI
3′ CACATGAAAGCCTTCAGGTT 5′

GSTZ1 rs7972 5′ TGACCACCCAGAAGTGGTAG 3′ 52 FokI
3′ AGTCCACAAGACACAGGTTC 5′

rs3177427 5′ TGACCACCCAGAAGTGGTAG 3′ 52 Alw26I
3′ AGTCCACAAGACACAGGTTC 5′
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Table 3
Subject characteristics

Cases Controls

N men, N women 55, 82 54, 72
Age, yr. (SD) 61.4 (12.7) 56.1 (13.4)*
Age of GM admin, yr. (SD) 55.9 (12.9) NA**
N Unilateral, N Bilateral 70, 67 NA
Hearing complicationsa, N (%) 47 (34%) 4 (3%)*
Renal complications, N (%) 20 (14%) 0*
Family history of vertigo, N (%) 20 (15%) 11 (9%)
Family history of balance problems, N (%) 12 (9%) 16 (13%)

*
P <0.05 vs. cases.

**
Two controls received GM therapy.

a
Does not distinguish between hearing loss, tinnitus, or other GM-related hearing complications.
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