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Abstract NecroX-5, one of the derivatives of NecroX
series compounds, is a mitochondrial reactive oxygen spe-
cies and reactive nitrogen species scavenger that inhibits
cell death against various kinds of oxidative stresses. The
objective of the present study was to evaluate the effects of
NecroX-5 on neomycin-induced ototoxicity in transgenic
zebrafish (Brn3C: EGFP). Five days post-fertilization,
zebrafish larvae were exposed to 125 wM neomycin and
one of the following NecroX-5 concentrations for 1 h: 10,
25, 50, and 75 wM. Hair cells within the neuromasts of the
supraorbital (SO1 and SO2), otic (O1), and occipital (OC1)
lateral lines were analyzed using fluorescence microscopy
(n = 10). The terminal deoxynucleotidyl transferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) assay and
2-[4-(dimethylamino) styryl]-N-ethylpyridiniumiodide
(DASPEI) assay were performed for evaluation of apop-
tosis and mitochondrial damage. Ultrastructural changes
were evaluated using scanning electron microscopy.
NecroX-5 decreased neomycin-induced hair cell loss in the
neuromasts (NecroX-5 50 pM: 13.4 £ 2.0 cells, 125 pM
neomycin only: 8.1 + 1.2 cells; n = 10, P < 0.05) and
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decreased the TUNEL reaction. The ultrastructural analysis
showed that the structures of mitochondria and hair cells
within the neuromasts were preserved in zebrafish exposed
to 125 pM neomycin and 50 pM NecroX-5. NecroX-5
decreased apoptosis and mitochondrial damage. In conclu-
sion, NecroX-5 attenuated neomycin-induced hair cell loss
in zebrafish.
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Introduction

Aminoglycosides are used for treatment of Gram-nega-
tive bacterial infection (Rizzi and Hirose 2007; Selimoglu
2007; Warchol 2010). However, aminoglycosides are also
ototoxic agents that cause drug-induced hearing impair-
ment (cochleotoxicity) and vestibular loss (vestibulotox-
icity) (Selimoglu 2007). It has long been known that the
ototoxicity of aminoglycosides is irreversible. The oto-
toxic effects of these drugs manifest as permanent bilateral
sensorineural hearing loss beginning at high frequencies
(cochleotoxicity) and/or as disequilibrium, nystagmus, and
ataxia (vestibulotoxicity) (Selimoglu 2007; Warchol 2010).
The incidence of cochleotoxicity from aminoglycosides
has been reported to occur in 2-25 % patients, and vesti-
bulotoxicity occurs in up to 15 % patients. However, the
ototoxic effects are underestimated because of the ambigu-
ity of the symptoms (Huth et al. 2011; Park et al. 2012a).
While the exact mechanisms of aminoglycoside ototox-
icity have not yet been fully understood, it appears to be
involved in both the formation of reactive oxygen species
(ROS) and induction of apoptotic cell death pathways (Har-
ris et al. 2003; Kim et al. 2009; Selimoglu 2007; Warchol
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2010). In the inner ear, aminoglycosides appear to gener-
ate ROS, which causes permanent damage to hair cells
that result in permanent sensorineural hearing loss (Huth
et al. 2011; Selimoglu 2007). A recent study confirmed that
the ROS generation is one of the crucial early steps in the
mechanism of aminoglycoside ototoxicity. Thus, ROS is
thought to play a key role in the initiation of hair cell death
via oxidative stress (Warchol 2010; Xie et al. 2011). It has
been reported that the outer hair cells are more vulnerable
to ototoxic injury than the inner hair cells (Rizzi and Hirose
2007; Selimoglu 2007; Xie et al. 2011). Pathological find-
ings of hair cell death resemble those of apoptosis, which is
primarily modulated by the activation of caspases via either
intrinsic or extrinsic pathways (Chang et al. 2011; Rybak
and Kelly 2003; Selimoglu 2007). It has been documented
that mitochondria release apoptogenic factors that activate
caspases via the intrinsic pathway and that caspases are
also activated via the extrinsic pathway, which is triggered
by ligand binding to receptors such as Fas and TNFRI1
(Huth et al. 2011; Rizzi and Hirose 2007; Rybak and Kelly
2003; Selimoglu 2007). Although several chemical agents
that inhibit aminoglycosides-induced ototoxicity have been
identified, none has been approved for use in clinical fields
(Chang et al. 2011; Rizzi and Hirose 2007; Rybak and
Whitworth 2005; Selimoglu 2007).

NecroX-5, one of the derivatives of NecroX series
compounds, is a mitochondrial ROS and RNS scavenger
that inhibits cell death induced by various kinds of oxida-
tive stresses including oxidative stress induced by tBHP,
DOX, CCl4, and hypoxic injury (Choi et al. 2010; Kim
et al. 2010; Park et al. 2012a; Thu et al. 2012). NecroX-5
has also exhibited cytoprotective activity against various
types of cell damage (Choi et al. 2010; Park et al. 2012a).
Furthermore, NecroX-5 has been shown to attenuate myo-
cardial damage resulting from reoxygenation injury in
rat (Park et al. 2012a). Although the protective effect of
NecroX-5 against cell damage has been documented in
various models, the mechanisms underlying the protective
effect of this compound on hair cells is poorly understood
(Park et al. 2012a, b; Thu et al. 2012).

Zebrafish (Danio rerio) have been used as a model for
general toxicology studies. Recently, several research
groups have recognized the potential use of the zebrafish
lateral line to perform toxicity studies on hair cells. The lat-
eral line, a series of sensory organs aligned along the head
and the body, consists of neuromasts comprising several
sensory hair cells and adjacent supporting cells. The hair
cells of neuromasts in the zebrafish lateral line are useful
for studying ototoxicity (hair cell damage) after exposure to
ototoxic agents (Barros et al. 2008; Bowman and Zon 2010;
Chakraborty et al. 2009; Chiu et al. 2008; Coffin et al. 2010;
Delvecchio et al. 2011; Harris et al. 2003; Kari et al. 2007;
Kim et al. 2012; Lee et al. 2011; Zon and Peterson 2005).
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Therefore, the purpose of the current study was to inves-
tigate the effects of NecroX-5 on neomycin-induced hair
cell loss in zebrafish.

Materials and methods
Chemical reagents

Neomycin powder was purchased from Sigma Chemi-
cal Co. (CAS-No. 1405-10-3, St. Louis, MO, USA). The
product included a minimum of 85 % neomycin B with the
remainder as neomycin C. NecroX-5 was synthesized by
LG Life Sciences (Korea).

Zebrafish preparation

The transgenic zebrafish larvae(Brn3C: EGFP) were pro-
duced by mating paired adult fish maintained at 28.5 °C
in a zebrafish facility at Korea University Ansan Hospital.
Larvae were maintained at a density of about 50 larvae
per 100-mm? Petri dish in embryo media (1 mM MgSO,,
120 puM KH,PO,, 74 pM Na,HPO,, 1 mM CaCl,, 500 pM
KCl, 15 wM NaCl, and 500 pM NaHCO; in dH,0). This
study was approved by the Korea University Institutional
Animal Care and Use Committee (No. of Approval: KUIA-
CUC-2012-116). All protocols were performed in accord-
ance with the guidelines of the Animal Care Ethics Com-
mittee of Korea University Medical Center and National
Institutes of Health (NIH) guidelines.

Analysis of otoprotective effects in zebrafish

Neomycin solutions were prepared by adding the pure neo-
mycin powder to the embryo medium. Neomycin has been
shown to decrease the viability of neuromasts in a dose-
dependent manner (Choi et al. 2013; Ou et al. 2009). In
addition, previous results showed that neuromasts treated
with 125 uM neomycin for 1 h show a viability rate of 50 %
(data is not shown). The 125 WM neomycin was chosen as
an adequate experimental condition for following methods.
For this study, 125 pM neomycin was used. Ten fish were
tested at each of the NecroX-5 concentrations specified
below, and the experiments were repeated 3 times. The lar-
vae of 5-day post-fertilization(dpf) zebrafish were exposed to
125 M neomycin, and one of the following concentrations
of NecroX-5 for 1 h: 10, 25, 50, 75, and 100 uM. After the
zebrafish larvae were exposed to neomycin and NecroX-5,
they were rinsed three times in embryo media and anesthe-
tized with Tricane (3-aminobenzoic acid, 0.4 g/ethyl ester,
100 mL—pH 7, adjustments by Tris buffer) for 5 min.

The zebrafish were mounted with methylcellulose on
a depression slide for evaluation by using a fluorescence
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microscope. Fish viability was confirmed under a micros-
copy by visualization of heartbeat and blood flow. Hair
cells within the neuromasts of the supraorbital (SO1 and
S02), otic (O1), and occipital (OC1) lateral lines on one
side of each fish were analyzed (Choi et al. 2013; Ou et al.
2009, 2007; Raible and Kruse 2000).

The average numbers of hair cells of the SO1, SO2, O1,
and OC1 neuromasts were counted for each zebrafish under
all experimental and control conditions (n = 10) using a
fluorescence microscope (Imager. M1; Carl Zeiss).

Assessment of apoptosis and mitochondria in zebrafish

Apoptosis in the neuromasts was determined using the
Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-biotin nick end labeling (TUNEL) method with an
in situ cell detection kit (Roche Molecular Biochemicals,
Mannheim, Germany) following the manufacturer’s pro-
tocol. The zebrafish larvae were exposed to medium con-
taining 125 pM neomycin and 50 uM NecroX-5 for 1 h.
Thereafter, the larvae were washed with phosphate-buft-
ered saline (PBS) and fixed in 4 % paraformaldehyde. The
larvae were then incubated with 50 wL TUNEL reaction
mixture (TdT and fluorescein-dUTP) at 37 °C for 60 min
in a humid atmosphere. The zebrafish were then evaluated
under a fluorescence microscope (AxioCam MRcS; Carl
Zeiss). The fluorescent dye, 2-[4-(dimethylamino) styryl]-
N-ethylpyridinium iodide (DASPEI; Invitrogen, Carlsbad,
CA, USA), was used to stain mitochondria within the hair
cells. Larvae were then incubated in the embryo medium
containing 0.005 % DASPEI for 15 min and were analyzed
as described above.

Scanning electron microscopy

For scanning electron microscopy (SEM), the larvae
of 5-dpf zebrafish exposed to 125 wM neomycin and
NecroX-5 for 1 h were prefixed by immersion in 2 % glu-
taraldehyde in 0.1 M phosphate buffer and post-fixed for
2 hin 1 % osmic acid dissolved in PBS. The larvae were
treated in a graded series of ethanol and t-butyl alcohol,
dried in a freeze dryer (Hitachi, ES-2030; Hitachi, Tokyo,
Japan), platinum coated using an ion coater (Eiko, IB-5;
Eiko), and observed under an field emission SEM (Hitachi,
S-4700) (Kim TY et al. 2002).

Statistical analysis

All values are shown as mean =+ standard deviation. For
statistical comparisons, one-way analysis of variance was
used for multiple comparisons using the SPSS software
(ver. 20.0; SPSS, Chicago, IL, USA). A p value of <0.05
was considered to indicate statistical significance.

Results
Effect of NecroX-5 on hair cells in zebrafish

Hair cells within 4 neuromasts, SO1, SO2, O1, and OCl1,
were evaluated. Transgenic zebrafish (Brn3C: EGFP) had
green-colored neuromasts that could be visualized under
a fluorescent microscope without prior staining with fluo-
rescent stains. Treatment of 125 wM neomycin for 1 h
significantly decreased the number of hair cells in the neu-
romasts. Hair cells from the 4 neuromasts were analyzed
to investigate the changes after treatment with neomycin
and NecroX-5. Fluorescent microscopy was used to cal-
culate hair cell survival as the average number of the hair
cells present in the control group not exposed to neomycin.
While 125 uM neomycin significantly reduced the number
of hair cells, NecroX-5 alleviated neomycin-induced hair
cell loss (control: 15.2 & 1.5 cells, 125 M neomycin only:
8.1 & 1.2 cells, NecroX-5 10 wM: 6.7 £ 1.2 cells, 25 wWM:
8.0 = 1.2 cells, 50 wM: 13.4 £ 2.0 cells, 75 puM: 8.4 £ 0.9
cells; n = 10, p < 0.05; Figs.1, 2).

Effect of NecroX-5 on apoptosis and mitochondria
in zebrafish

NecroX-5 was used at the concentration of 50 uM in the
TUNEL assays for apoptosis and DASPEI for mitochon-
dria because that concentration was the most effective
dose. The TUNEL reaction was used to evaluate whether
neomycin induced apoptosis of neuromasts and whether
hair cell death could be attenuated by NecroX-5. Apoptotic
cells were marked as light red dots by the TUNEL assay.
As shown in Fig. 3, neomycin increased TUNEL-positive
cells, and NecroX-5 treatment decreased TUNEL-positive
cells. These results indicate that neomycin induces apop-
totic cell death, which can be attenuated by NecroX-5
treatment. DASPEI staining was performed to analyze
mitochondrial damage, and the staining results showed that
mitochondria within hair cells were protected by NecroX-5
(Fig. 4).

Ultrastructural changes in zebrafish treated with neomycin
and NecroX-5

Figure 5 shows scanning electron micrographs of ste-
reocilia and kinocilium from neomycin—and NecroX-
S5—treated zebrafish. Compared to control zebrafish, the
zebrafish exposed to 125 pM neomycin for 1 h showed
severe morphological damage to hair cells, including loss
or fusion of stereocilia and kinocilium. However, NecroX-
S5-treated zebrafish showed lower neomycin-induced hair
cell damage as compared to that of zebrafish treated with
neomycin alone.
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Fig. 1 Quantitative assay for
hair cell damage in the 5-dpf
transgenic zebrafish(Brn3C:
EGFP). Hair cells from 4

neuromasts (SO1, SO2, O1, and 18 1
OC1) were analyzed. Treatment
of the 5-dpf transgenic zebrafish 16 -

with 125 pM of neomycin for

1 h significantly decreased the
number of hair cells in the neu-
romasts. NecroX-5 protected
against neomycin-induced hair
cell loss in neuromasts (control:
15.2 £+ 1.5 cells, 125 uM
neomycin only: 8.1 &+ 1.2 cells,
NecroX-5 10 uM: 6.7 £ 1.2
cells, 25 uM: 8.0 £ 1.2 cells,
50 pM: 13.4 £ 2.0 cells,

75 WM: 8.4 + 0.9 cells; n = 10,
p <0.05). (Neo: neomycin)

12 A

Average number of hair cells

Neo 125 uM + Necro X-5, 1h

*

8 -
6 -
4
2
0 T T T T T

Megative Control Meo 125uM only MNeo 125uM +

Neo 125uM + Neo 125uM + Neo 125uM +
Necro X-5 10uM Necro X-5 25uM Necro X-5 S50uM Necro X-5 75uM

Necro X-5 Concentration

Fluorescent Microscopy (SO2, x 40)

Negative control

Fig. 2 Fluorescent microscopy (SO2, x40). The 5-dpf transgenic
zebrafish were treated simultaneously with 125 wM of neomycin and
50 uM NecroX-5 for 1 h. Treatment with 125 uM neomycin resulted

Discussion

To our knowledge, this study is the first to investigate the pro-
tective effects of NecroX-5 against neomycin-induced ototox-
icity, using the transgenic zebrafish (Brn3C: EGFP), an excel-
lent experimental model for ototoxicity. In the current study,
NecroX-5 significantly attenuated neomycin-induced hair
cell damage in zebrafish with anti-apoptotic activities.
Aminoglycosides are commonly used for the treat-
ment of various diseases such as sepsis in infants and
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Neo 125uM only

Neo 125uM + Necro X-5 SOuM

in a significant decrease in the number of hair cells, and 50 pM
NecroX-5 attenuated neomycin-induced hair cell damage. Scale bar
10 pm

adults, urinary tract infections, and cystic fibrosis (Seli-
moglu 2007). Moreover, aminoglycosides are used in
combination therapies for multi-drug-resistant tubercu-
losis (Park et al. 2012b; Rizzi and Hirose 2007). It has
been demonstrated that aminoglycosides generate ROS
within hair cells. The ROS formation subsequently causes
either direct or indirect hair cell damage by ROS-induced
disarray of stereocilia, which ultimately leads to apop-
totic cell death and permanent sensorineural hearing loss
(Huth et al. 2011; Selimoglu 2007). It has been reported
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DASPEI(Fluorescent Microscopy, SO2, x 40)

Negative control

Fig. 3 Analysis of mitochondrial damage with DASPEI (SO2, x40).
The 5-dpf transgenic zebrafish were treated with 125 pM neomy-
cin and 50 pM NecroX-5 for 1 h. Treatment with 125 wM neomy-

Neo 125uM only

Neo 125uM + Necro X-5 S0uM

cin resulted in a significant decrease in mitochondrial staining with
DASPEI, and this overall mitochondrial damage was attenuated by
NecroX-5. Scale bar 10 pum

TUNEL Assay(Fluorescent Microscopy, x 10)

Merge

Negative
control

Neo 125uM only

Neo 125uM+
NecroX-5 S0uM

Fig. 4 Evaluation of TUNEL assay. TUNEL assay was used to iden-
tify neomycin-induced apoptotic cells. Apoptotic cells are marked
as light red dots in red-colored fish after the TUNEL reaction under
a fluorescent microscope (arrow indicates TUNEL-positive cells).
No light red dots were identified in the negative control zebrafish.
A comparison of the color intensity between the group treated with
125 wM neomycin and the group treated with 50 pM NecroX-5 for

that ROS is thought to occur because of aminoglycoside
affinity for iron (Huth et al. 2011; Selimoglu 2007; War-
chol 2010). Aminoglycosides interact with iron to form

TUNEL reaction

Control

1 h showed that the number of TUNEL-positive cells significantly
decreased in the 5-dpf transgenic zebrafish with NecroX-5, and
apoptotic cell death of the neuromasts hair cells was attenuated by
NecroX-5 (green-colored fish of right column, control for TUNEL
reaction; red-colored fish of middle column, TUNEL reaction; green-
and red-colored fish of left column, combination of control and
TUNEL reaction). Scale bar 200 pm

aminoglycoside-iron complexes that enhance iron-cata-
lyzed oxidation and thereby directly promote ROS for-
mation. It has been documented that ROS can also affect
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Fig. 5 Scanning electron microscopy (SEM, OC1). Compared to
the hair cells of negative control, the hair cells of the 5-dpf trans-
genic zebrafish treated with 125 pM neomycin for 1 h showed severe

proteins and nucleic acids, thereby disrupting the activity
of enzymes, ion channels, and receptors via lipid peroxida-
tion (Huth et al. 2011; Xie et al. 2011). It has been shown
that ROS can attack a variety of cell components such as
cell membranes and DNA, causing irreversible damage
and programed cell death (apoptosis) (Huth et al. 2011,
Rizzi and Hirose 2007; Rybak and Whitworth 2005; Seli-
moglu 2007; Xie et al. 2011). The morphological features
of apoptosis are condensed chromatin, nuclear pyknosis,
and apoptotic body formation. Numerous studies have
attempted to identify chemical agents that protect the inner
ear from aminoglycoside-induced ototoxicity.

Many specific categories of toxicity can also be assessed
in the zebrafish, including developmental toxicity, car-
diotoxicity, and neurotoxicity including ototoxicity. The
majority of the zebrafish toxicology studies have focused
on acute toxicity to chemicals, pesticides, and pharmaceuti-
cals (Coffin et al. 2010; Delvecchio et al. 2011).

More recently, the zebrafish has become a common
model system in biomedical research studies such as hear-
ing and vestibular function studies (Barros et al. 2008;
Bowman and Zon 2010; Chiu et al. 2008; Kari et al. 2007;
Ou et al. 2012, 2009; Owens et al. 2007; Raible and Kruse
2000; Scholz 2013; Ton and Parng 2005; Warchol 2010).
All aquatic vertebrates, including zebrafish, have a sensory
system, called lateral line, that is composed of hair cells
on the body surface. It has been reported that hair cells of
zebrafish are functionally and structurally similar to mam-
malian inner ear hair cells. These hair cells are organized
into clusters of 10-15 cells, called neuromasts, and are
located on the head and along the body (Harris et al. 2003;
Lee et al. 2011; Ou et al. 2007; Ton and Parng 2005). The
superficial location of hair cells, combined with the optical
transparency, allows easy visualization and manipulation
of hair cells in living animals (Chiu et al. 2008; Ou et al.
2007; Warchol 2010). Hair cells of the lateral line provide
for rapid in vivo assessment of hair cell death and evaluation
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Neo 125uM only

Neo 125uM + NecoX-5 50uM

morphological damage to stereocilia and kinocilium under SEM.
However, the damage was prevented by NecroX-5. Scale bar (at the
bottom of each figure, one space) 10 pm

of ototoxic compounds and compounds that could prevent
hair cell damage (Chakraborty et al. 2009; Choi et al. 2013;
Kari et al. 2007; Kim et al. 2012; Zon and Peterson 2005).

In the present study, we used transgenic zebrafish
(Brn3C: EGFP) which have green neuromasts that are vis-
ible under a fluorescent microscope without staining, for
determination of the potential ototoxicity of drugs and
investigation of the protective activity of NecroX-5 with
regard to neomycin-induced ototoxicity.

NecroX compounds were synthesized in 2006 by LG
Life Sciences. These compounds are available as small
molecules and show a good safety profile and low cellu-
lar toxicity. In recent studies, these compounds have shown
protective effects against neurotoxicity, hypoxic injury, and
oxidative stress (Kim et al. 2010; Park et al. 2012a, b; Thu
et al. 2012). NecroX was known as a necrosis or necropto-
sis inhibitor that uses a RIP1 inhibitor. In addition, it was
reported that NecroX-5 has antioxidant activity in the mito-
chondria and prevents reoxygenation injury by inhibiting
the mitochondrial calcium uniporter (Thu et al. 2012). In
the present study, the zebrafish were used to determine the
potential ototoxicity of drugs and to investigate the protec-
tive activity of NecroX-5 with regard to neomycin-induced
ototoxicity. NecroX-5 also inhibited neomycin-induced
apoptosis of zebrafish hair cells in this experiment. There-
fore, a necrosis inhibitor may be useful as a new treatment
modality for drug-induced ototoxicity. The results of the
present study corroborate those of an earlier study, which
reported that NecroX shows a protective effect on hair cells
in neonatal mouse cochlea cultures (Park et al. 2012b).

Although it has been documented that the zebrafish lat-
eral line is a valuable system for evaluating drug-induced
hair cell toxicity, it is important to know the critical dif-
ferences between zebrafish hair cells and mammalian hair
cells. Hair cells of the zebrafish lack stria vascularis and are
morphologically and physiologically more similar to ves-
tibular hair cells of the inner ear.



Arch Toxicol (2014) 88:435-441

441

Therefore, the data obtained from zebrafish studies
should be validated by mammalian studies (Chiu et al.
2008; Kim et al. 2012; Ou et al. 2007). Nevertheless, the
zebrafish hair cell model is a sensitive and effective model
for assessment of drug-induced ototoxicity and identifica-
tion of otoprotective agents.

In conclusion, the results of the current study demon-
strated that NecroX-5 attenuate neomycin-induced hair cell
damage in zebrafish model. Further studies are currently
ongoing to define the functional effects of NecroX-5 in
vivo.
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