
Introduction

 Vestibular hair cells are susceptible to dam-
age from various stimuli, such as infections,1,2 
ischemia,3,4 and certain therapeutic drugs, in-
cluding aminoglycoside antibiotics5 and the 
antineoplastic agent cisplatin.6,7 Once vestibu-
lar hair cells are damaged, the disorder be-
comes permanent. Therefore, the protection 
of hair cells is important. Various studies 
based on morphological and molecular indi-
cators demonstrated that ototoxic drug-in-
duced hair cell death is caused by apoptosis.8-10 
The best evidence supporting this conclusion 
is that both cisplatin- and aminoglycoside-in-
duced hair cell death are considerably inhib-
ited by broad caspase inhibitors.8,10 Ototoxic 
drugs such as aminoglycoside antibiotics and 
the antineoplastic drug cisplatin cause inner 
ear damage by increasing reactive oxygen 

species (ROS) and free radicals.11,12 Our group 
has focused on the hair cell-protective effects 
of antioxidant substances.13-17

 Citrus fruits contain ascorbic acid and 
other compounds with antioxidant proper-
ties.18,19 Shikuwasa (C. depressa), a citrus 
fruit, contains high levels of nobiletin (NOB) 
(5,6,7,8,3′,4′-hexamethyoxflavone).20 NOB has 
various pharmacological properties, including 
anti-inflammatory, antitumor, and antioxi-
dant effects, and improves brain function.21,22 
In this study, we evaluated the antioxidant 
potential of NOB and validated its antioxi-
dant activity. Therefore, the primary aim of 
this study was to examine the protective ef-
fects of NOB on neomycin (NEO)-induced hair 
cell death in adult mouse utricles in vitro. We 
also examined the correlation between the in-
hibition of NEO-induced hair cell death and 
NOB concentration.
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Materials and methods

Animal use and care
 CBA/N mice were obtained from Japan SLC 
(Hamamatsu, Shizuoka, Japan). All mice (4-6 
weeks old) were male and had normal Preyer 
reflexes. All experimental protocols were 
reviewed and approved by the Yamaguchi 
University Animal Use Committee (Animal 
Experiment Protocol number: 43-004), and 
the animals were properly maintained at the 
Science Research Center, Institute of Life 
Science and Medicine, Yamaguchi University.

Determination of the antioxidant capacity of 
NOB and NEO using an OXY adsorption test 
analyzer
 The antioxidant capacities of NOB 
(Fujifilm Wako Pure Chemical, Osaka City, 
Osaka, Japan) and NEO (Sigma-Aldrich 
Japan, Meguro, Tokyo) were determined by 
performing OXY adsorption tests using a 
FREE Carrio Duo (Wismerll, Bunkyo, Tokyo, 
Japan). Saline solution was used as a con-
trol. Samples were treated by mixing 10 µL 
of the samples in a tube containing 1 mL of 
distilled water (1:100 dilution). Then, 10 µL 
of the diluted sample was added to 1 mL of 
HClO, mixed, and incubated at 37 ℃ for 10 
min. HClO acts as an oxidant and its adsorp-
tion depends on the sampleʼs antioxidant ca-
pacity. Next, 10 µL of chromogen (aromatic 
compound) was added, mixed, and the absor-
bance was measured using a photometer. The 
oxidative adsorption capacity of the samples 
was quantified based on the comparative dif-
ference in absorbance, and the antioxidant 
capacity was evaluated. The results are ex-
pressed as the amount of HClO eliminated 
per mL (µM HClO/mL). The normal value for 
antioxidant capacity was stated in the OXY 
adsorption test instructions as 350 µM/mL 

or higher.23 Two samples were prepared for 
NOB, NEO, and saline and the average values 
were calculated.

Organ culture of utricles and induction of 
hair cell death
 All the animals were euthanized by cervi-
cal dislocation and immediately decapitated. 
The temporal bone was quickly removed 
under aseptic manipulation, and individual 
vestibular organs were dissociated in Eagleʼs 
medium (Invitrogen, Carlsbad, CA, USA) 
supplemented with Earleʼs balanced salt so-
lution (Invitrogen) (2:1, v/v). The utricles 
were immediately transferred to a culture 
medium supplemented with 5% fetal bovine 
serum (Cosmo Bio, Koto, Tokyo). The utricles 
were assigned to eight groups (n=6 utricles 
in each group) according to the dose of NOB 
and administration or not of NEO: control 
group (no NOB and NEO), NOB group (three 
concentrations of NOB: 1-, 10-, and 100 µM), 
NEO group (2 mM of NEO), and NEO+NOB 
group (1-, 10-, and 100 µM of NOB plus 2 mM 
of NEO) (Table 1). Each utricle was incubated 
(submerged in water, but not allowed to at-
tach) in 24-well tissue culture plates for 24 h 
at 37 ℃ in a 5% CO2 and 95% air environment 
(Waken Holdings, Sakyo, Kyoto, Japan). 
NEO solution was added to the culture wells 
at a final concentration of 2.0 mM, whereas 
NOB solution was added to the culture wells 
at final concentrations of 100-, 10-, and 1 µM 
for both the NOB and NOB+NEO groups. At 
the end of the culture period, the utricles were 
fixed in 4% paraformaldehyde at 25 ℃ for 2 h. 
Otoconia were gently removed from the fixed 
utricles using a 28-G needle and syringe with 
flowing phosphate-buffered saline (PBS). 
Mouse otoliths were cultured as described by 
Cunningham.24

NOB

0M 1µM 10µM 100µM

NEO

0M Control group NOB 1 µM group NOB 10 µM group NOB 100 µM group

2mM NEO group
NEO＋NOB 1 µM

group
NEO＋NOB 10 µM

group
NEO＋NOB 100 µM

group

Table 1　 Utricles were assigned to eight groups according to the concentrations of nobiletin 
(NOB) and neomycin (NEO) administered.
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Immunohistochemistry for hair cell labeling
 After fixation, the utricles were rinsed 
with 0.4 M PBS. They were then incubated 
in a blocking solution (1% bovine serum albu-
min (Sigma-Aldrich Japan, Meguro, Tokyo), 
0.4% normal goat serum (Cosmo Bio, Koto, 
Tokyo), 0.4% normal horse serum (Cosmo 
Bio, Koto, Tokyo), and 0.4% Triton X-100 
(Katayama Chemical, Chuo, Osaka), PBS) at 
4 ℃ for 8 h. To count hair cells, utricles were 
double-labeled in whole mounts with a mouse 
monoclonal antibody against calmodulin 
(C3545-.2ML, Sigma-Aldrich Japan, Meguro, 
Tokyo) and a rabbit polyclonal antibody 
against calbindin (ABN2192-100UL, Merck, 
Meguro, Tokyo). This double-labeled im-
munohistochemical protocol allows for sepa-
rate counts of hair cells in the extrastriolar 
(calmodulin-positive and calbindin-negative) 
and striolar (calmodulin-positive and calbin-
din-positive) regions.8,24 The double-labeling 
method using calmodulin and calbindin was 
described in detail by Cunningham et al.8 The 
samples were incubated overnight at 4 ℃ in 
a primary antibody solution (blocking solu-
tion of calmodulin 1:1000 and calbindin 1:500). 
After washing with the blocking solution, the 
samples were incubated with secondary anti-
bodies diluted in the blocking solution as fol-
lows: Alexa 594 goat anti-rabbit IgG (1:1000; 
Thermo Fisher Scientific Japan Group, 
Minato, Tokyo) and Alexa 488 goat anti-
mouse IgG (1:500; Thermo Fisher Scientific 
Japan Group, Minato, Tokyo). The utricles 
were incubated with fluorescent secondary 
antibodies, washed with a blocking solution, 
and mounted on Fluoromount-G (Cosmo Bio, 
Koto, Tokyo). All antibodies used in this 
study were sensitive to mice.

Hair cell count
 Utricles were examined under a fluorescence 

microscope (Keyence, Higashiyodogawa, 
Osaka, Japan) to evaluate hair cell sur-
vival. In mice, type I and type II hair cells 
are uniformly distributed in the utricle.25 
Calmodulin-positive and calbindin-positive 
cells were counted as hair cells in the st-
riolar regions, and calmodulin-positive and 
calbindin-negative cells were counted as hair 
cells in the extrastriolar regions. The labeled 
hair cells were counted in each of the eight 
randomly selected regions from each utricle 
(squares with 20 µm on each side in each utri-
cle). The four striolar and four extrastriolar 
hair cell counts were averaged to calculate the 
striolar and extrastriolar hair cell densities 
in each utricle. Six utricles were examined for 
each experimental condition.

Evaluation of NOB effects on 4-HNE produc-
tion in hair cells
 The amount of 4-hydroxy-2-nonenal (4-
HNE) produced was measured to evaluate 
ROS production. Immunohistochemistry us-
ing anti-4-HNE monoclonal antibody (mouse, 
MHN-100P, 25 µg/mL, Nikken Seil, Bunkyo, 
Tokyo) was performed to examine the ex-
tent of the production and accumulation of 
4-HNE. 4-HNE is the final product of lipid 
peroxide aldehyde. The utricles were assigned 
to four groups according to the dose of NOB 
and administration or not of NEO: control 
group (no NOB and NEO), NOB group (100 
µM of NOB), NEO group (2 mM of NEO), 
and NEO+NOB group (100 µM of NOB + 2 
mM of NEO) (Table 2). The incubation time 
was 12 h. Anti 4-HNE antibody was used as 
the primary antibody. Alexa 488 goat anti-
mouse IgG (1:500) was used as the secondary 
antibody. Three utricles were examined for 
each experimental condition. We measured 
the fluorescence intensity of six randomly 
selected areas from each utricle (squares 

NOB

0M 100µM

NEO
0M Control group NOB 100 µM group

2mM NEO group NEO＋NOB 100 µM group

Table 2　 To assess 4-hydroxy-2-nonenal (4-HNE) production in hair cells, the utricles were 
divided into four groups according to the concentrations of nobiletin (NOB) and 
neomycin (NEO) administered.

Neomycin-Induced Hair Cell Death and Nobiletin 23



with 20 µm on each side in each utricle) using 
ImageJ (version 1.53k, National Institutes of 
Health, Bethesda, Maryland), an open-source 
image analysis software. In ImageJ, the fluo-
rescence intensity is expressed as an integer 
value in 256 steps from 0 to 255, with higher 
values indicating higher intensity. There are 
no specific units. The average fluorescence in-
tensity in each of the measured areas was cal-
culated and used for statistical analysis. The 
mean of the samples from the control group 
was calculated and used to calculate the rela-
tive values of the other groups. Statistical 
analyses were performed using the calculated 
relative values.

Evaluation of NOB effects on 3-NT produc-
tion in hair cells
 The amount of 3-nitrotyrosine (3-NT) pro-
duced was measured to evaluate the pro-
duction of reactive nitrogen species (RNS). 
Immunohistochemistry using anti-3-NT mono-
clonal antibodies was performed to examine 
the extent of the production and accumula-
tion of 3-NT. 3-NT is a major modification 
of protein nitration by peroxynitrite and 
a marker for protein oxidation. The meth-
ods were conducted as defined in the Section 
“Evaluation of NOB effects on 4-HNE produc-
tion in hair cells”; however, they differed in 
the following aspects. Anti-3-NT antibody 
(mouse, 7A12AF6, 1 mg/mL, Abcam plc., 
Chuo, Tokyo) was used as the primary anti-
body. Alexa Fluor 594 goat anti-rabbit IgG 
(1:1000) and 488Phalloidin (1:1000, ab176753, 
Abcam plc., Chuo, Tokyo) were used as sec-
ondary antibodies.

Statistical analyses
 All statistical analyses were performed us-
ing EZR (XQuartz 2.8.2; xorg-server 1.20.14, 
Saitama Medical Center, Jichi Medical 
University, Saitama, Japan), a graphical 

user interface for R (The R Foundation for 
Statistical Computing, Vienna, Austria, ver-
sion 4.2.1). EZR is a modified version of the 
R command, designed to add statistical func-
tions that are frequently used in biostatistics. 
The Kruskal-Wallis test and the Steel-Dwass 
method were used to evaluate whether there 
were:
· significant differences in the number of 
hair cells in the extrastriolar and striolar re-
gions between groups;
· significant differences in the immuno-
histochemical fluorescence intensity owing to 
4-HNE production between the groups;
· significant differences in the immuno-
histochemical fluorescence intensity owing to 
3-NT production between the groups.

Results

Antioxidant capacity of NOB
 The OXY adsorption test was performed 
using FREE Carrio Duo, a free radical ana-
lyzer, to evaluate the antioxidant capacities 
of NOB and NEO. Two samples were pre-
pared for each type of sample, and the aver-
age value was calculated. The results showed 
that NOB had antioxidant capacity, whereas 
NEO and saline did not (Table 3).

Effects of NOB on hair cell survival
 To evaluate whether NOB causes damage 
to hair cells, hair cells were assigned to a con-
trol group and a NOB group (1, 10, and 100 
µM of NOB). Each group was cultured for 24 
h, and the utricles were fixed and prepared 
to count hair cells using a double label for 
calmodulin and calbindin. The representative 
results are shown in Figs. 1 and 2. There was 
no significant decrease in the number of hair 
cells in the NOB group compared to the con-
trol group (Figs. 1A, 1B, 1C, 1D, 2A, 2B, 2C, 
and 2D).

(µM/mL) sample1 sample2 Average antioxidant capacity

saline -35 -43 -39

NOB 722 722 722

NEO 145 182 163.5

Table 3　 OXY adsorption test results.
     Normal antioxidant capacity is ≥ 350 µM/mL.23
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Fig. 1　Microscopic images and statistical analysis of immunostaining using a monoclo-
nal antibody against calbindin.
Nobiletin (NOB) does not cause hair cell damage but prevents it from neomycin (NEO). 
Hair cells were treated with the control group (A: no NOB and NEO), NOB group (B:1 
µmol, C:10 µmol, D:100 µmol of NOB), NEO group (E: 2 mM NEO), and NEO+NOB group 
(F:1 µM, G:10 µM, H:100 µM of NOB + 2 mM NEO) and cultured for 24 h. Panel I presents 
the results of the statistical analysis (n=24 regions from 6 utricles for each group). The 
cells were labeled with anti-calbindin (red) and the striolar regions were evaluated. The 
labeled hair cells were counted in randomly selected regions from each utricle (squares 
with 20 µm on each side in each utricle) (J).　Exposure to NEO caused a decrease in the 
striolar regions of hair cells, whereas exposure to NOB did not. The NEO + NOB group 
showed a significant difference in the number of hair cells compared to the NEO group. 
There was no significant difference in the number of hair cells between NOB concentra-
tions of 10 µm and 100 µM in the NEO+NOB group. Scale bar, 20 µm. Asterisks indicate 
statistical significance (Kruskal-Wallis test *p<0.05).
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Fig. 2　Microscopic images and statistical analysis of immunostaining using a monoclo-
nal antibody against calmodulin.
Nobiletin (NOB) does not cause hair cell damage but prevents it from neomycin (NEO). 
The hair cells were treated with the control group (A: no NOB and NEO), NOB group 
(B:1 µmol, C:10 µmol, D:100 µmol of NOB), NEO group (E:2 mM of NEO), and NEO+NOB 
group (F:1 µM, G:10 µM, H:100 µM of NOB + 2 mM NEO) and cultured for 24 h. Panel 
I presents the results of the statistical analysis (n=24 regions from 6 utricles for each 
group). These cells were labeled with anti-calmodulin (green) and the extrastriolar re-
gions were evaluated. The labeled hair cells were counted in randomly selected regions 
from each utricle (squares with 20 µm on each side in each utricle) (J). Exposure to NEO 
caused a decrease in the extrastriolar regions of hair cells, whereas exposure to NOB did 
not. In addition, no significant decrease in the number of hair cells was observed in the 
NEO+NOB group at any NOB concentration. Scale bar, 20 µm. Asterisks indicate statis-
tical significance (Kruskal-Wallis test *p<0.05 and **p<0.01).
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NOB protects hair cells from NEO-induced 
death
 To evaluate the protective effect of NOB 
against NEO-induced hair cell death, cells 
were incubated for 24 h with moderate doses 
of NEO (2 mM) and various doses of NOB (1, 
10, and 100 µM NOB). The utricles were fixed 
and prepared for hair cell counting using 
double calmodulin and calbindin labels (Figs. 
1 and 2). In the extrastriolar regions, expo-
sure to NEO caused a decrease in the num-
ber of hair cells (Fig 2E), whereas exposure 
to NOB did not (Fig. 2B, 2C, and 2D). In ad-
dition, no significant decrease in the number 
of hair cells was observed in the NEO + NOB 
group at any NOB concentration tested (Fig. 
2F, 2G, and 2H). In the striolar regions, com-
pared to the control group, the NEO group 
showed a significant decrease in the number 
of hair cells (p-value was 0.0003). In contrast, 
no significant decrease in the number of hair 
cells was observed in the NEO + NOB group 
(Fig. 1G and 1H). Among the NOB concentra-
tions of 1-, 10-, and 100 µM, those that were 
effective in inhibiting NEO-induced hair cell 
death were 10 and 100 µM, respectively. There 
was no significant difference in the number of 
hair cells between the NOB concentrations of 
10- and 100 µM in the NEO+NOB group. The 
statistical analysis results using the Kruskal-
Wallis test and the Steel-Dwass method are 
shown in Figs. 1I and 2I. The Kruskal-Wallis 
test returned a p<0.01 for both the extrast-
riolar and striolar regions.

NOB suppresses the production of 4-HNE
 To detect free radical production, immuno-
histochemistry was performed to determine 
the amount of 4-HNE, a free radical metab-
olite, produced using an antibody against 
4-HNE. The representative results are shown 
in Fig 3. There was no increase in 4-HNE levels 
in the group cultured with 100 µM NOB (Fig 
3B). Hair cells containing 4-HNE appeared 
in the utricles cultured with 2 mM NEO (Fig 
3C), but there was a decrease in 4-HNE the 
utricles cultured with NEO and NOB (Fig 3D). 
For each group, the fluorescence intensity of 
4-HNE was measured and calculated relative 
to the control group. Statistical analyses us-
ing these relative values are shown in Fig 4E. 
The results indicate that NOB inhibited the 

formation of free radicals in the utricles ex-
posed to NEO. The fluorescence intensity de-
rived from 4-HNE was significantly stronger 
in utricles incubated with NEO than in those 
incubated without NEO (p-value was 0.0002). 
NOB presence suppressed the fluorescence in-
tensity.

NEO and NOB do not induce the production 
of 3-NT in hair cells
 To detect the production of RNS, immuno-
histochemistry was performed to investigate 
the amount of 3-NT produced using an anti-
body against 3-NT, a marker of protein oxi-
dation. The representative results are shown 
in Fig 4. There was no increase in 3-NT levels 
in the groups cultured with 100 µM NOB, 2 
mM NEO, or NEO, and NOB (Fig. 4B, 4C, 
and 4D). For each group, the fluorescence 
intensity derived from 3-NT was measured 
and calculated relative to that of the control 
group. Statistical analyses using these rela-
tive values are shown in Fig 4E. The fluores-
cence intensity derived from 3-NT was not 
considerably different between the groups 
compared with the control group. Therefore, 
we could not confirm RNS production by 
NEO or NOB.

Discussion

 We showed that NOB suppresses NEO-
induced hair cell death. OXY adsorption tests 
were performed to determine the antioxidant 
capacity of NOB. The results showed that the 
antioxidant capacity of NOB was 722 µM/
mL, which was much higher than the nor-
mal value. These results show that NOB had 
antioxidant capacity. Based on these results, 
utricle organ culture in a medium containing 
NOB was performed to evaluate whether it 
caused damage to hair cells or protected them 
from oxidative stress induced by NEO. The 
advantages of using mouse utricle organ cul-
ture are as follows: (1) hair cells are derived 
from mammals with vestibular similarity to 
humans; (2) hair cell-containing tissues can 
be cultured stably using a relatively easy 
technique; and (3) the hair cells can be direct-
ly exposed to the drug being evaluated by dis-
solving it in the culture medium.24 Therefore, 
we decided to confirm the protective effect of 
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Fig. 3　Fluorescence intensity associated with 4-hydroxy-2-nonenal (4-HNE) production 
by neomycin (NEO) and nobiletin (NOB) administration and its statistical analysis.
NOB suppresses the production of 4-HNE. The utricles were divided into four groups 
according to the presence or absence of NOB and NEO: control group (A: no NOB and 
NEO), NOB group (B: 100 µM NOB), NEO group (C:2 mM NEO), and NEO+NOB group 
(D: 100 µM NOB + 2 mM NEO). The utricles were then incubated for 12 h. Panel E pres-
ents the fluorescence intensity statistics for each group (n=18 regions from 3 utricles for 
each group). The fluorescence intensity of hair cells was evaluated in each of six random-
ly selected regions from each utricle (squares with 20 µm on each side in each utricle) (F). 
The NEO group showed an increase in 4-HNE, whereas the NEO+NOB group showed no 
increase in 4-HNE. The fluorescence intensity was significantly stronger in utricles in-
cubated with NEO than in those incubated with NEO+NOB. Scale bar, 20 µm. Asterisks 
indicate statistical significance (Kruskal-Wallis test *p<0.05 and **p<0.01).
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Fig. 4　Fluorescence intensity associated with 3-nitrotyrosine (3-NT) production by neo-
mycin (NEO) and nobiletin (NOB) administration and its statistical analysis.
RNS was not produced by NEO or NOB. The utricles were divided into four groups ac-
cording to the presence or absence of NOB and NEO: A) control group (no NOB and NEO), 
B) NOB group (100 µM NOB), C) NEO group (2 mM NEO), and D) NEO+NOB group (100 
µM NOB + 2 mM NEO). The utricles were then incubated for 12 h. In each group, the 
fluorescence intensity derived from 3-NT was measured and calculated relative to the 
control group. E) Statistical analysis using these relative values (n=18 regions from 3 
utricles for each group). The fluorescence intensity of hair cells was evaluated in each of 
six randomly selected regions from each utricle (squares with 20 µm on each side in each 
utricle). F) The fluorescence intensity derived from 3-NT was not significantly different 
in either group compared to the control group. Scale bar, 20 µm (Kruskal-Wallis test).
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NOB on hair cells by dissolving NOB in the 
culture medium and exposing the hair cells 
to it. NOB did not disrupt hair cells at the 
concentrations studied. However, there was 
a downward trend in type I hair cell density 
when the NOB concentration increased from 
1 to 100 µM (without NEO), although the dif-
ference was not significant. Among the NOB 
groups without NEO, the NOB100 group had 
a wider error bar; however, the distribution 
of hair cell density was comparable to that 
in the control group. In contrast, when the 
utricles were cultured in NOB with NEO, 
NOB showed a protective effect on hair cells 
against aminoglycoside-induced hair cell 
death. In the striolar region, no obvious pro-
tective effects were observed with 1 µM NOB, 
whereas protective effects were observed with 
10 and 100 µM NOB. This suggests that, al-
though the protective effect on type I hair 
cells was concentration-dependent, high con-
centrations of NOB damaged type I hair cells. 
Therefore, it is important to expose type I 
hair cells to NOB at optimal concentrations. 
However, as no significant difference was 
observed between 10 and 100 µM NOB, the 
optimal concentration has not yet been iden-
tified. In the extrastriolar region, there were 
no significant differences between the groups 
cultured with NEO and NOB and those cul-
tured only with NEO. However, there was 
a significant decrease in the number of hair 
cells in the NEO group compared to the con-
trol group (p-value was 0.016), whereas there 
was no substantial difference between the 
groups cultured with NEO and NOB. This 
suggests a trend toward a protective effect of 
NOB on type II hair cells. These results sug-
gest that the optimum concentration of NOB 
was higher than 100 µM. Another reason for 
the difference in the degree of protective ef-
fect of NOB on hair cells in type I and type 
II hair cells may be the difference in the sen-
sitivity of each cell to NEO. Type I hair cells 
are more susceptible to damage by ototoxic 
agents, such as aminoglycoside antibiotics, 
than type II hair cells. This is because type 
I hair cells preferentially take up the drug 
after administration compared with type II 
hair cells.26 In our study, type I hair cells were 
more strongly damaged by NEO than type II 
hair cells, which may have caused differences 

in the protective effects of NOB on striolar 
and extrastriolar hair cells.
 To elucidate the mechanism underlying 
the antioxidant action of NOB, immunohis-
tochemistry was performed using antibod-
ies against 4-HNE, a free radical metabolite. 
4-HNE is formed from n-6 unsaturated fatty 
acids such as linoleic and arachidonic acids. 
4-HNE is an end-product of lipid peroxida-
tion reactions. Owing to the high reactivity 
of 4-HNE with proteins and nucleic acids and 
its strong cytotoxicity, it is considered one of 
the main causative agents of tissue damage 
associated with oxidative stress.27,28 Studies 
have found increased levels of 4-HNE in hair 
cells exposed to aminoglycoside antimicrobi-
als, suggesting that the elimination of 4-HNE 
protects hair cells from aminoglycoside-in-
duced death.15,17 In this study, utricles exposed 
to aminoglycoside antimicrobials showed a 
strong fluorescence response derived from 
4-HNE, whereas the group cultured in 100 
µM NOB showed no increase in 4-HNE. 
Additionally, a decrease in 4-HNE was ob-
served in the utricles cultured with NEO and 
NOB. These results indicate that NOB did not 
promote the production of ROS but inhibited 
it in the utricles exposed to NEO. 3-NT is 
produced by the reaction between superoxide 
and nitric oxide (NO) to form peroxynitrite, 
which nitroses tyrosine residues in proteins, 
resulting in oxidative stress.29,30 Therefore, 
immunohistochemistry was performed using 
an anti- 3-NT antibody, a protein nitrosyl-
ation modification, to evaluate the produc-
tion of RNS. In this study, the fluorescence 
intensity derived from 3-NT was not substan-
tially different between the groups compared 
with the control group. Therefore, we could 
not confirm NO production by NEO or NOB. 
ROS production is an important mediator 
of aminoglycoside-induced damage in hair 
cells.31 Similarly, in the present study, ROS 
were produced when hair cells were exposed 
to NEO. In contrast, the administration of 
NOB and NEO inhibited ROS production. 
Collectively, the protection of hair cells from 
aminoglycoside-induced death may result 
from the inhibition of ROS production by 
NOB.
 These data indicate that the antioxidant ef-
fects NOB were useful for hair cell protection 
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and increased the possibility of developing 
therapies for prevention or recovery from 
hair cell death. In contrast, utricular organ 
culture in a medium containing NOB is dif-
ferent from the physiological route of NOB 
administration. Therefore, in vivo experi-
ments are essential to validate the results of 
this study. Thus, this can be the limitation of 
this study. Clinical trials have already begun 
to evaluate the efficacy of NOB on the skin 
(UMIN000031265: Pre-examination: A con-
firmatory test for efficacy to skin of the rich 
nobiletin extract from Shikuwasa.). In vivo 
evaluation of the method and duration of 
administration, dosage, and inner ear migra-
tion may lead to clinical applications of hair 
cell protection.

Conclusions

 The results of our study support the hy-
pothesis that NOB suppresses NEO-induced 
hair cell death. The principle of hair cell pro-
tection from aminoglycoside-induced hair cell 
death suggests that NOB inhibits the forma-
tion of ROS in the utricles exposed to NEO. 
We also found that the protective effect of 
NOB on hair cells is concentration-dependent. 
Future in vivo experiments on the efficacy 
of NOB in the inner ear should evaluate the 
ability of NOB to migrate to the inner ear, 
and whether there are any systemic side ef-
fects.
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