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BACKGROUND: This study was designed to assess if thiol-disulfide homeostasis could be used as diagnostic biomarker in noise-induced hearing
loss (NIHL) in a laboratory animal model.

METHODS: The study was carried out with a total of 28 female albino rats in 4 groups: group 1 (control group) included rats that were not
exposed to noise or any study treatment; in group 2, following noise exposure, rats received 2 mg of dexamethasone per kilogram of body
weight via the intramuscular route for 5 days; in Group 3, rats were exposed to noise and received a saline solution for 5 days, in a volume (0.15 cc)
matched to that of dexamethasone administered in group 2; and in group 4, rats were exposed to noise, and blood samples were collected dur-
ing the early phase to assess thiol-disulfide homeostasis without administering any treatment. Rats in groups 2, 3, and 4 were exposed to 120 dB
noise in the 4 kHz octave band for 4 hours. The auditory brainstem response (ABR) test was performed in all groups on day 1 after noise exposure
and was repeated in groups 1, 2, and 3 on day 5. Auditory brainstem response thresholds were recorded at 8, 12, 16, 20, and 32 kHz frequencies.
Groups 1, 2, and 3 rats were sacrificed on day 5, and group 4 rats were sacrificed by exsanguination on day 1 after noise exposure. Venous blood
samples collected from the caudal vena cava were centrifuged and sent to the corresponding laboratory for thiol-disulfide homeostasis studies.
After sacrificing the rats, the right and left temporal bones of each rat were removed and stained with hematoxylin eosin for histological studies
to explore any pyknotic changes in spiral ganglion cells.

RESULTS: Intergroup comparisons by frequency on day 5 of noise exposure showed statistically significantly lower responses in ABR measure-
ments at 8 kHz, 12 kHz, and 16 kHz in group 2 compared to group 3 (P = .003, P=.006, and P=.002). Improvements were observed with dexa-
methasone administered for therapeutic purposes, particularly if the hearing loss was induced by low-frequency noise. In the assessment of the
parameters of thiol-disulfide homeostasis, disulfide/native thiol and disulfide/total thiol ratios and ischemia-modified albumin (IMA) levels were
higher in group 4 than in other groups, although only the differences between group 1 and group 4 reached statistical significance.

CONCLUSION: According to this study, thiol-disulfide homeostasis and IMA can be shown as diagnostic biomarkers in NIHL, especially in the
early period. The results from our study suggest that these markers may be used as adjunctive diagnostic tools in NIHL, in addition to audiological
studies. However, this issue can be clarified with further clinical studies.
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INTRODUCTION

Noise is characterized by unwanted and disturbing sound elevations that may be harmful to health."? Noise-induced hearing loss
(NIHL) occurs as a result of exposure to noise of varying duration and intensity. Reports from industrialized countries indicate an
increasing incidence of NIHL.2> Occupational NIHL is a common cause of hearing loss today.**
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The inner ear is directly affected by mechanical damage and histo-
logical changes associated with noise exposure occur in the inner
ear.58 The outer and inner hair cell degeneration (gaps, disorganiza-
tion, and disruptions) and cell loss may occur in the organ of Corti
due to mechanical damage.’ Another mechanism that may lead to
NIHL is the apoptosis and necrosis induced by oxidative stress that
results from increased free radicals. This mechanism leads to the dys-
function of the outer hair cells, which are sensitive to high-frequency
sounds, and increased hearing thresholds make it difficult to hear,
especially in noisy environments.®"" In living organisms, noise-
induced oxidative damage is known to trigger antioxidant defense
mechanisms.’>" Thiol is an organosulfur compound and plays a role
in stabilizing oxidative stress. Thiol groups provide this compensa-
tion by reacting with reactive oxygen species (ROS) that occur after
oxidative stress. Disulfide bonds are converted to thiol groups over
time, and this reaction continues in both directions, ensuring thiol-
disulfide homeostasis. Thiol-disulfide homeostasis can be demon-
strated with high precision in the laboratory by measuring thiol and
disulfide levels in serum."

Vascular changes in the inner ear may occur due to noise. As a result
of these vascular changes in the inner ear, cochlear ischemia may
occur.'® Ischemia-modified albumin (IMA) levels may be expected to
increase in response to oxidative stress and acidosis resulting from
this ischemia in the inner ear. Ischemia-modified albumin is caused
by changes in the molecular structure of albumin as a result of
ischemia."”

In the medical literature, thiol-disulfide homeostasis has been sug-
gested as a biomarker in sudden hearing loss.’® A study evaluating
IMA in hearing loss has not yet been conducted. Considering these
reports, thiol-disulfide homeostasis and IMA may also be used as bio-
markers in ototoxic or noise-induced cochlear damage associated
with oxidative stress.

This study aimed to determine if thiol-disulfide homeostasis and IMA
could be used as diagnostic biomarkers in an experimental animal
model of NIHL.

METHODS

The study was initiated with the approval of the Dokuz Eylul
University Animal Experiments Local Ethics Committee (Protocol No.
49/2021). The study was conducted with 28 female outbred albino
Wistar rats (young adults) weighing approximately 300 g.

All rats were examined otoscopically, earwax was removed, and the
study was continued after the eardrums were judged to be normal.
Four groups of 7 rats each were randomized.

MAIN POINTS

. Thiol-disulfide homeostasis is a marker of oxidative stress.

. Noise causes hearing loss by creating oxidative stress in the inner
ear.

. Thiol disulfide-homeostasis can be used as a biomarker in noise-
induced hearing loss.
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Group 1 (control group): Rats not exposed to noise or any study
treatment were included.

Group 2: Rats received 2 mg of dexamethasone per kilogram of body
weight via the intramuscular route for 5 days after noise exposure.

Group 3: Rats were exposed to noise and received a saline solution in
a volume (0.15 cc) matched to that of dexamethasone administered
to group 2 for 5 days.

Group 4: Rats were exposed to noise, and blood samples were col-
lected to assess thiol-disulfide homeostasis without administering
any treatment.

Audiological Examinations

Following intraperitoneal general anesthesia, an auditory brainstem
response (ABR) test was performed in all groups to determine hear-
ing thresholds. Rats in the experimental groups were kept in a cage
with 4 kHz octave band noise at 120 dB sound pressure level for 4
hours. They were given free access to food and water in this cage.
The ABR test was repeated 1 day after the noise exposure in all study
groups and 5 days after the noise exposure in groups 1, 2, and 3.
During the ABR test, hearing thresholds were analyzed at frequen-
cies of 8,12, 16, 20, and 32 kHz.

Biochemical Tests

Blood samples were collected from the caudal caval vein on day 5
after noise exposure in groups 1, 2, and 3, and in day 1 after noise
exposure in group 4. Blood samples were centrifuged, and collected
sera were sent to the corresponding laboratory for thiol-disulfide
homeostasis studies in Eppendorf tubes in —20°C cold chain. Sera
were analyzed for biochemical parameters in the corresponding
laboratory.

Histological Exams

Groups 1, 2, and 3 rats were sacrificed on day 5, and group 4 rats were
sacrificed by exsanguination on day 1 after noise exposure. Then, the
right and left temporal bones of each rat were dissected and removed
and stored in a 10% formalin solution with a volume 10 times higher
than the temporal bone. The bones were fixed using a solution called
formalin at ambient temperature for 48 hours. Tissue samples were
decalcified in a 5% glacial acetic acid solution for 5 days. Following
decalcification, cross-sections were obtained, checked, and washed
under tap water for 1 hour. The samples were then placed in cas-
settes, and paraffin blocks were formed. Sections taken from paraffin
blocks were stained with hematoxylin-eosin stain for histopathologi-
cal evaluations. Any pyknotic changes in spiral ganglion cells were
evaluated in each group.

Statistical Analysis

All ABR data were summarized descriptively using means + SD.
Measurable data were compared using Kruskal-Wallis analysis of
variance. The determination of the group causing the difference was
made by Mann-Whitney U-test with Bonferroni correction. Within-
group comparisons were made by Wilcoxon signed-rank test with
Bonferroni correction. The normality of the distribution of quantita-
tive data for thiol-disulfide homeostasis, IMA, and histologic studies
was checked by the Shapiro-Wilk test. Variables were compared with
1-way ANOVA test (Bonferroni test for pairwise comparisons) if they
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fit the normal distribution, and with Kruskal-Wallis test (Dunn test
for pairwise comparisons) if they do not fit the normal distribution.

RESULTS

Auditory Brainstem Response Findings

Hearing thresholds at baseline hearing evaluations were within
normal limits in all rats (P > .05). Auditory brainstem response mea-
surements made on the day after the noise exposure showed that
the noise caused severe hearing loss (P=.0000). Auditory brainstem
response measurements made on the day following the noise did
not show any difference in the noise groups (P > .05). Day 5 measure-
ments were performed in all groups except group 4, in a total of 21
rats. On day 5 ABR measurements, hearing thresholds were statisti-
cally significantly higher in the noise-treated groups compared to
the non-noise-treated group (P=.0000). When the comparison was
made according to frequencies, it was observed that the threshold
values at frequencies of 8 kHz, 12 kHz, and 16 kHz in group 2 were
statistically significantly lower than the threshold values in group 3
(P=.003, P =.006, and P = .002). However, there was no significant
difference between groups 2 and 3 in threshold values at 20 kHz and
32 kHz (P=.164 and P=.150) (Table 1). Improvements were observed
with dexamethasone administered for therapeutic purposes, partic-
ularly in low-frequency hearing.

Intragroup comparisons revealed that no significant differences were
found among baseline, day 1 and day 5 measurements of group 1,
regardless of the frequency of the sound (P > .05). In group 2, hearing
thresholds were significantly higher on day 1 and day 5 after noise
exposure compared to baseline measurements at all frequencies;
however, day 5 measurements were significantly lower and improve-
ments were observed compared to day 1 measurements after noise
exposure.

(Table 2). In group 3, hearing thresholds were significantly higher on
days 1 and 5 after noise exposure compared to baseline measure-
ments at all frequencies. Measurements at 8 kHz and 12 kHz did not
differ significantly between day 1 and day 5 (P=.317, P=.075, respec-
tively). Day 5 measurements are statistically significantly lower than
day 1 measurements at 16 kHz, 20 kHz, and 32 kHz (P=.013, P=.003,
P =.005) (Table 3). Group 4 had significantly higher hearing thresh-
olds at all frequencies compared to baseline measurements made
the day after noise exposure.

Table 1. Day 5 Auditory Brainstem Response Measurements (ms) + SD and
P-Values for Group 2 and Group 3 after Noise Exposure

Frequency (kHz) Group 2 Group 3 PP<.05
8 69.64 + 12.92 (40-85)  82.86 +8.01 (70-95) .003
12 61.07 £ 13.75(20-75)  75.00 £ 10.56 (60-95) .006
16 56.43 +12.92 (20-70) 70.71 £ 10.35 (55-95) .002
20 58.57 £10.08 (30-75)  65.00 + 14.67 (40-85)  .164
32 50.36 +12.92 (30-70)  62.50 +24.07 (25-95)  .150

Biochemical Findings

As a result of intergroup comparisons of disulfide, total thiol, and
native thiol levels, it was observed that native thiol levels were lower in
group 2 (162.17 £ 11.14), group 3 (179.39 £ 13.20), and group 4 (162.87
+ 42.82) compared to group 1 (195.73 £ 27.49) without statistical sig-
nificance (P > .05). In parallel with native thiol levels, total thiol levels
were lower in group 2 (195.79 + 13.06), group 3 (216.56 + 15.61), and
group 4(199.87 £48.61) compared to group 1(231.81 + 31.34) without
statistical significance (P >. 05). When the measured disulfide values
were analyzed, it was found that the noise did not cause a significant
change in the disulfide levels (P> .05). When the disulfide/native thiol
ratio was analyzed, it showed an increase in group 4, i.e., on day 1 after
the noise, but this increase only reached significance against group 1
(P> .05) (Figure 1). When the disulfide/total thiol ratio was analyzed, a
statistically significant increase was found in group 4 as a result of the
decrease in total thiol compared to group 1 (Figure 2). Native thiol/
total thiol ratio was found to be low in group 4 and this low ratio was
statistically significant only when compared with group 1.

When IMA levels were analyzed, they were found to be higher in
Group 4, but this increase was significant only when compared with
Group 1 (P=.006) (Figure 3).

Histological Findings

Pyknotic changes in spiral ganglion cells were more common in
group 3 compared to other groups. While there were significantly
more pyknotic changes in group 3 compared to group 1 and group
4 (P=.000, P=.001), no difference was found between group 3 and
group 2 (P=.129).

DISCUSSION
Reactive oxygen species are endogenous substances released as a
result of various biochemical reactions in oxygen metabolism in the

Table 2. Changes in Day 1 and Day 5 Hearing Thresholds After Noise Exposure Compared to the Baseline by Statistical Significance in Group 2 ('P < .05)

8 kHz (P)P<.05 12 kHz (P)P<.05 16 kHz (P)P<.05 20 kHz (P)P<.05 32 kHz (P)P<.05
Baseline vs. day 1 .001 .001 .001 .001 .001
Baseline vs. day 5 .001 .001 .001 .001 .001
Day 1vs.day 5 .001 .001 .001 .001 .001

Table 3. Changes in Day 1 and Day 5 Hearing Thresholds After Noise Exposure Compared to the Baseline by Statistical Significance in Group 3 (*P < .05)

8 kHz (P)P<.05 12 kHz (P)P<.05 16 kHz (P)P<.05 20 kHz (P)P<.05 32 kHz (P)P<.05
Baseline vs. day 1 .001 .001 .001 .001 .001
Baseline vs. day 5 .001 .001 .001 .001 .001
Day 1 vs.day 5 317 .075 .013 .003 .005
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Figure 1. Disulfide/native thiol ratios: Candlestick chart representation of
disulfide/native thiol ratios according to groups. The disulfide/native thiol
ratio was the highest in group 4, but only the difference between group 4 and
group 1 reached statistical significance (P> .05).

body. ROS may be produced and released into the medium by key
cells involved in host defense (monocytes and macrophages) that are
attracted to sites of inflammation or ischemia for purposes of dam-
age repair. However, excessive ROS release may lead to further tissue
damage. Based on studies investigating ROS in hearing loss, ROS are
thought to result from apoptosis and necrosis caused by damage to
hearing cells. Increased potent oxidants have been reported to cause
endothelial damage in the inner ear.””

The presence of ROS induces antioxidant molecules, and increased
antioxidant molecules play a role in cell renewal and apoptosis and
regulate cellular enzymatic activity. Thiol-based compounds are
important representatives of antioxidants and show activity in oxida-
tive stress situations. Increased free oxygen radicals lead to the oxida-
tion of thiol-based compounds and the formation of disulfide bonds.
This process is reversible, and thiol compounds form again from disul-
fide bonds. This process is known as thiol-disulfide homeostasis. Thiol-
disulfideimbalance has been reported in acute and chronic conditions.
Itis known that thiol levels may decrease and indirectly disulfide levels
may increase in various systemic diseases and malignancies.?

In a study, it was found that thiol levels decreased in response to
increased oxidative stress in sudden hearing loss.?' Temiz et al®

(DisulfidelTotal thiol)*100

Group 1

Group 2 Group 3 Group 4
Groups,

Figure 2. Disulfide/total thiol ratios: Candlestick chart representation of

disulfide/total thiol ratios according to groups. The disulfide/native thiol ratio

was higher in group 4 compared to other groups, but only the difference

between group 4 and group 1 was statistically significant.
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|
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Figure 3. IMA values: Candlestick chart representation of IMA values
according to groups. Ischemia-modified albumin (IMA) levels were
significantly higher in group 4 compared to group 1 (P=.006) while no
significant differences were observed between group 4 and group 2 or group
3 (P>.05).

evaluated thiol-disulfide homeostasis in chronic otitis media and
found that the balance changed in favor of disulfide in chronic otitis
media.

In this study, the ratios of disulfide values to total thiol and native thiol
values were found to be statistically significantly higher in group 4,
where measurements were made on day 1 after noise exposure, com-
pared to group 1, where no study procedure was performed. These
findings suggest that antioxidant mechanisms are activated during
the early phase after oxidative stress. Statistically non-significant
results in group 2 or group 3 vs. the control group may be attributed
to the length of the time interval after noise exposure. In a study that
assessed thiol-disulfide homeostasis parameters after cardiopulmo-
nary bypass surgery, changes in thiol-disulfide homeostasis param-
eters were found to occur 6 hours after surgery and continue up to
24 hours after the surgery.® These findings were in parallel with our
study data and provided further support to our assumption on the
effect of the length of the time interval after noise exposure in group
2 and group 3. Despite years of investigation, the etiology underly-
ing NIHL remains unclear. Any disorder of cochlear blood flow may
explain temporary or permanent threshold shifts induced by noise.
Several studies have demonstrated that a decreased cochlear blood
flow (vasoconstriction and cochlear hypoxia), leukocytic infiltration,
and increases in adhesion molecules after noise exposure might
cause oxidative stress leading to albumin modifications.””**? This
modified albumin form has been referred to as IMA.*¢

There are studies showing that IMA can be used as a biomarker,
especially in diseases such as myocardial infarction due to ischemia,
cerebrovascular infarction, and metabolic diseases such as diabetes,
renal failure, hypothyroidism, and hyperthyroidism. Studies have
observed significant changes in IMA values in the early period.?*°In a
study, IMA was used as a biomarker in acute ischemic stroke. In acute
ischemic stroke, IMA has been shown to increase in the early stage of
stroke and decrease within a week.>' Only in group 4, IMA levels were
higher than the control group in our study. The detection of signifi-
cantly higher IMA levels exclusively during the early phase in group
4 suggests that IMA may be an early and reversible biomarker. In the
literature, there are no studies investigating IMA levels following hear-
ing loss, and this makes our study the first in this area of investigation.
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To date, the therapeutic efficacy of various pharmacological agents in
NIHL has been investigated in animal models and clinical trials. These
therapeutic options were selected to target various phases of the
formation mechanism of NIHL, with the most used being steroids.*
Dexamethasone and methylprednisolone have been the most used
steroids mainly to act by suppressing inflammatory responses. Wang
et al** showed the therapeutic efficacy of intraperitoneal dexametha-
sone in an animal model of NIHL, while Takemura et al** showed the
therapeutic efficacy of intratympanic dexamethasone injections also
in an animal model of NIHL. However, in another NIHL model gener-
ated by exposing study rats to noise at 120 dB Sound Pressure Level
(SPL), investigators failed to demonstrate any otoprotective effect
of dexamethasone.® Another clinical study demonstrated the oto-
protective effects of intratympanically administered dexamethasone
in addition to oral steroids in patients presenting with NIHL.*¢ In our
study, group 2 rats that received dexamethasone after noise expo-
sure showed improvements at low frequencies compared to group
3 rats that received a saline solution. In our study, serum was used to
evaluate thiol-disulfide homeostasis and IMA in NIHL.

Both thiol-disulfide homeostasis and IMA are biomarkers affected by
various systemic changes that are not specific to the inner ear.?%?”
30 By designing our study as an animal experiment, we aimed to
minimize the problems arising from this situation. There are animal
experiments in the literature using cochlea tissue to reveal inner
ear damage in NIHL.>” Within the current possibilities, thiol-disulfide
homeostasis and IMA can only be analyzed with serum. To correlate
changes in biomarkers with damage to the inner ear, samples taken
directly from the inner ear or from a fluid in contact with the inner ear
may provide more reliable results. Although sampling from inner ear
fluids provides more reliable results, it is not an easy method to apply
clinically.®3? Collection of serum samples is a common, non-invasive
diagnostic tool that is easy to implement in clinical practice. There are
studies showing that inner ear-specific biomarkers such as otolin-1,
prestin, and matrilin-1 can be detected in serum.**#' Considering that
the biomarkers we studied are not specific to the inner ear, this can
be considered a shortcoming of our study. Thiol-disulfide homeosta-
sis and IMA are directly related to oxidative stress and ischemia in
the body and may be important biomarkers in elucidating the patho-
physiology of NIHL and providing treatment options.

CONCLUSION

Based on the results of our study, thiol-disulfide homeostasis and IMA
represent early biochemical markers of NIHL. We believe that these
markers, in addition to audiological studies, may aid in the diagnosis
of NIHL and shed light on the pathogenesis of NIHL. More extensive
clinical studies are needed to clarify this issue.
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