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Abstract

Noise is a well—known cause of hearing loss. Approximately
31.1% of Americans between the ages of 20 and 69 years (61.1
million people) have high—frequency hearing loss associated with
noise exposure. In addition, recurrent transient or continuous noise
exposure can accelerate age—related hearing loss. Dieckol and
phlorofucofuroeckol A (PFF—A), polyphenols extracted from
Ecklonia cava, are potent antioxidants. In this study, I investigated
the protective effect of dieckol and PFF—A against noise exposure
in mice. Four hours after noise exposure, dieckol alleviated the
noise—induced threshold shift of the auditory brainstem response
(ABR) at 4 kHz. Compared to the control group, the high—PFF—A
group showed a better ABR threshold 1 day after exposure to click
and 16 kHz noise. One day after noise exposure, the high—PFF—A
group also showed superior hair cell survival in the apical turn of
the organ of Corti compared to controls. These results suggest that
dieckol and PFF—A have potential for preventing temporary
threshold shifts (TTSs) of the ABR. In addition, as dieckol and
PFF—A are the main components of food ingredients approved by
the United States Food and Drug Administration, they can be taken
by individuals exposed to noise to help prevent TTS, with a low

chance of adverse effects.
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Chapter 1. Introduction

1.1. Study background

Hearing loss can compromise communication and comprehension,
and thus quality of life. Noise is a well—known cause of hearing
loss,! and noise—induced hearing loss (NIHL) is one of the most
common occupational diseases globally.?® According to the National
Institute of Deafness and other Communication Disorders,
approximately 31.1% of Americans between the ages of 20 and 69
yvears (61.1 million people) have high—frequency hearing loss
associated with noise exposure, including loud occupational noise
and noise encountered outside the workplace.* Furthermore, NIHL
in teenagers has received increasing attention. The Center for
Disease Control and Prevention estimates that approximately 16%
of American teenagers (12—19 years) are affected by hearing loss
caused by loud noise.” Considering the substantial associated
medical costs, NIHL is an important social, clinical, and economic
issue.’ There are two types of NIHL: that associated with a
permanent threshold shift (PTS) and that with a temporary
threshold shift (TTS). Permanent hearing loss occurs in individuals
with a PTS, whereas hearing loss is recovered after a period of
time in those with a TTS. Although the reversibility of hearing loss
after a TTS has led researchers to propose that it is less serious
than PTS, recent studies have suggested that TTS can induce
synaptopathy, and thus accelerate age—related hearing loss.” ” As a

result, the prevention of TTS has gained increased attention from



researchers, especially those in aging societies.

Previously, mechanical trauma by loud noise was thought to be
the main cause of NIHL. Therefore, the recommended precautions
for NIHL included avoiding or minimizing exposure to prolonged or
loud noise.!”! However, such preventive measures may not be
applicable to populations that cannot avoid or reduce noise exposure,
such as construction workers and soldiers. Recent studies have
revealed that reactive oxygen species (ROS) evoked by excessive
noise stimulation are a cause of NIHL. Accordingly, various studies
have examined the use of antioxidants to prevent NIHL.'27!°
Although preventive treatments must be applied before the
development of NIHL, doing so without certainty regarding whether
NIHL will develop puts individuals at risk of unnecessary adverse
effects of drugs. Thus, compounds with a protective effect but
minimal side effects are optimal for preventing NIHL.

Brown algae are commonly used as dietary supplements and
herbal remedies in Asian countries. Among the species of brown
algae, Ecklonia cava produces unique polyphenols called eckols.
Although Ecklonia cava produces various potentially medicinal
compounds, from common sterols (fucosterol, cholesterol, and
ergosterols) to phlorotannins (eckol, dieckol, and
phlorofucofuroeckol A; PFF—A), an increasing number of studies
have reported that eckol and its derivatives possess the major
medicinal properties of this brown algae.'®"!Y Recently, various in
vitro and in vivo studies indicated that eckols can elicit a wide
spectrum of bioactivities, including matrix metalloproteinase—
inhibiting, protease—inhibiting, cytoprotective, anti—inflammatory,
and antioxidant effects.?°?2 One study using purified polyphenolic

extract from Ecklonia cava (PPEE) reported that it had a
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considerable protective effect against T'TS. PPEE consists of eckols
including dieckol and PFF—A.* In this study, I investigated the
protective effect of dieckol and PFF—A against TTS in an animal
model of NIHL.

1.2. Study objective

Dieckol and PFF—A are well-known and potent antioxidants.
Since NIHL is induced by the ROS formation associated with noise
exposure, the application of antioxidants may prevent TTS by
suppressing ROS formation. I investigated the protective effect of
dieckol and PFF—A against TTS in an animal model of NIHL (Fig.
1.

‘))) Noise exposure _
PFE-A Dieckol
AVAVE V4
Temporary threshold shift 3 ~ ' AN WVAAA,
Recovery of Auditory brain stem response ) Outer hair cell survival

T40
S

£20

PRE AFTER NOISE Day 1 Day 3

Fig. 1. Schematic diagram of the study, which examined recovery of
auditory brain stem response and outer hair cell survival after

administration of PFF—A and dieckol.



Chapter 2. Materials and methods

2.1. Preparation of PPF—A and dieckol

Purified dieckol and PFF—A were prepared and kindly supplied by
BotaMedi, Inc. (Jeju, Korea). Briefly, the whole Ecklonia cava plant
was collected off the coast of Jeju Island, Korea. Dried Ecklonia
cava powder was extracted using 70% aqueous ethanol (EtOH) and
then partitioned between water and ethyl acetate. The ethyl acetate
fraction was subjected to octadecylsilyl (ODS) column
chromatography followed by gel filtration on Sephadex LH—20 with
methanol. Final purification of individual compounds was
accomplished by high—performance liquid chromatography (HPLC;
Spherisorb S10 ODS2 column [20 x 250 mm]; eluent, 30% MeOH;
flow rate, 3.5 mL/min; Waters, Milford, MA, USA) to isolate dieckol
(98.5 wt%) and PFF—A (98.0 wt%).

2.2. Bioinformatics of PFF—A, dieckol, and N-

acetylcysteine

The molecular structural formula was drawn using Chem3D
(CambridgeSoft, Cambridge, MA, USA) with the reported TUPAC
names of dieckol, PFF—A, and N—acetylcysteine (NAC) ((4—[4—
[6—(3,5—dihydroxyphenoxy) —4,7,9—trihydroxydibenzo—p—
dioxin—2—ylloxy—3,5—dihydroxyphenoxy]dibenzo—p—dioxin—
1,3,6,8—tetrol), (4,9-bis (3,5—dihydroxyphenoxy) —
[1]benzofuro[3,2—aloxanthrene—1,3,6,10,12—pentol), and 2-—

acetamido—3—sulfanylpropanoic acid, respectively). Bioinformatics
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were Investigated by inputting the drawn molecular structural

formula into SwissADME.?*

2.3. 1,1—Diphenyl—2—picrylhydrazyl assay

PFF—A and dieckol were diluted in distilled water to obtain the
experimental concentrations (0, 12.5, 25, 50, 100, and 200 uM).
1,1-Diphenyl—2—picrylhydrazyl (DPPH) powder (Sigma, St. Louis,
MO, USA) was mixed in 95% methanol to create a 1 M stock. PFF—
A, dieckol, and 50% methanol were aliquoted into the individual
wells of a 96—well plate. The DPPH solution was then added to
each well. PFF—A and dieckol were allowed to react with the DPPH
solution in a dark area for 30 min at room temperature. Absorbance
was measured at 540 nm using a microplate reader. Radical
scavenging activity was calculated using the following formula:
Scavenging activity = (1— [sample—controll/blank) X 100. Two
wells were used for each concentration and the experiment was

repeated twice.

2.4. Cell viability assay

2.4.1. Cell culture

Under permissive conditions (33 °C, 10% COgz), mouse auditory
cell lines (House Ear Institute—Organ of Corti 1 [HEI-0C1] cells;
House Ear Institute, Los Angeles, CA, USA) were cultured in
high—glucose Dulbecco’s modified Eagle’s medium (DMEM;
#11965092; Gibco, New York, NY, USA) containing 10% fetal
bovine serum (FBS; #10437028; Gibco) without antibiotics.*



2.4.2. Cell Counting Kit—8 (CCK—28) cell viability assay

The CCK—8 assay kit (Dojindo Laboratories, Kumamoto, Japan)
was used to determine cell viability. After trypsinization and
collection, the HEI-OC1 cells were counted using an automated
cell counter (Countess; Invitrogen, Bothell, WA, USA). The
concentration was adjusted to 1.3 x 10° cells/ml. The cells were
then seeded into a 96—well cell culture plate (100 pl per well)
and incubated overnight for attachment. The cells were then
treated with PFF—A and dieckol in a dose—dependent manner (O,
12.5, 25, 50, 100, and 200 uM). Eight and twenty—four hours
after the application of dieckol and PFF—A, a CCK—8 assay was
performed according to the manufacturer’s protocol. Then,
absorbance at 450 nm was measured via a microplate reader
using Geneb software (BioTek Instruments, Winooski, VT, USA).
The average optical density (OD) value of the control cells was

used as the baseline for viability assessment. 2°

2.5. Animal subjects

Six—week—old male C5H7BL/6 mice weighing 18-20 g were
purchased from Koatech Inc. (Pyeongtaek, Korea). The mice were
fed a standard commercial diet, and housed in a facility with an
ambient temperature of 20°C-22°C, relative humidity of 50% = 5%,
and 12—h/12—h day/light cycle. All of the animal experiments were
approved by the Institutional Animal Care and Use Committee of
Seoul National University Hospital (Seoul, Korea; 18—0025—-C1A0),
which 1s endorsed by the International Association for the

Assessment and Accreditation of Laboratory Animal Care.
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2.6. Experimental groups

A total of 60 C57BL/6 mice were randomly assigned to either the
baseline (n = 4), saline with noise (n = 8), PFF—A (10 mg/kg) with
noise (n = 8), high—dose PFF—A (100 mg/kg) with noise (n = 8),
PFF—A/NAC with noise (n = 8), dieckol (10 mg/kg) with noise (n
= 8), High—dose Dieckol (100 mg/kg) with noise (n = 8), or
dieckol/NAC with noise (n = &) group. The baseline group was
used as the day 1 and day 3 control. This group was not exposed to
noise. Following treatment, the mice from the other seven
experimental groups were exposed to noise with a sound pressure
level (SPL) of 115 dB for 2 h. Within the seven noise—exposed
groups, mice were divided into two equal subgroups (n = 4). A
hearing evaluation was performed for one subgroup 1 day after
noise exposure (Day 1 group), and that for the other subgroup took
place 3 days after noise exposure (Day 3 group). The mice were

sacrificed on the day of their hearing evaluation.

2.7. Noise exposure protocol

Prior to noise exposure, the mice were anesthetized via an
intraperitoneal injection of 40 mg/kg Zoletil (Zoletil 50; Virbac,
Bogotd, Colombia) mixed with 10 mg/kg xylazine (Rumpun; Bayer—
Korea, Seoul, Korea). Each animal was placed in a separate wire
cage to avoid differences in noise exposure. Each experiment was
performed in a specially designed acrylic box in a sound-—

attenuating laboratory booth (900 mm x 900 mm x 1720 mm) with



an electromagnetic shield. The animals were exposed to 2 hours of
broadband white noise at 115 dB SPL using a 2,446—J compression
driver (JBL Professional, Los Angeles, CA, USA) with an MA—-620
power amplifier (Inkel, Incheon, Korea) to obtain a bilateral NIHL
animal model. The sound intensity inside the acrylic box was
measured every hour using a CR152B sound level meter (Cirrus
Research, Hunmanby, UK) to ensure that the sound level was
consistent during noise exposure. The control animals were
anesthetized as above and placed in the sound—attenuating booth
for the same period of time, but were not exposed to noise.?’
Audiometry was conducted 4 hours after termination of the noise to

obtain the most stable measurements (Fig. 2).

Control (n=4) I—: I [ I

ABR test /|1 i adlp i
Pre Post Day 1 Day 3
‘))) 115dB
Experiment1(n=4) —— 2hr
ABR test /|1 i i
‘))) 115dB Day 1
Sacrifice
: _ — o |
Experiment2(n=4) — 2hr
W no. "
ABR test i/t MR N
Day 3
Sacrifice

Fig. 2. Noise exposure protocol. The empty box denotes the control

condition without noise exposure.

2.8. ABR recordings

Before noise exposure, the auditory function of all animals was

8 LA
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assessed using ABRs. Animals were anesthetized and placed in
sound—attenuating booths. Then, three subdermal needle electrodes
were positioned, with one at the vertex electrode at the nape of the
neck, a negative electrode at the ipsilateral mastoid, and a ground
electrode at the contralateral mastoid.*® The following tone bursts
were applied as sound stimuli: a click, a 4—kHz tone, and a 16—kHz
tone (duration, 1,562 m; CoS shaping, 21 Hz). High—frequency
processing software (ver. 3.30; Intelligent Hearing Systems, Miami,
FL, USA) and high—frequency transducers (HFT9911-20-0035;
Intelligent Hearing Systems) were used to measure the ABR.
Before obtaining the electroencephalography signal, the impedance
between the electrodes was evaluated to confirm that it was less
than 2 kW. Responses to the signal were amplified approximately
100,000—fold and band—pass filtered (100-1,500 Hz). The
intensity of the stimuli ranged from 20 to 90 dB SPL in 5—dB
increments. A total of 512 sweeps were averaged at each intensity
level. Additional ABRs were measured at 4 h, 1 day, and 3 days
after noise exposure. The ABR threshold was defined as the lowest
stimulus intensity that produced an evident waveform for wave II or
IV. The latencies of waves II-IV, and the amplitudes of waves II and
IV, for 90 dB stimuli were also analyzed and compared between the

experimental groups.

2.9. Statistical analyses

All data are expressed as the mean + standard error of the mean,
and all data were analyzed using SPSS software (ver. 25.0; IBM
Corp., Armonk, NY, USA). An F—test was performed to determine

whether the variation within groups was not different. After the F—

3 D +11 &=
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test, data were analyzed using Student’s t—test to identify
significant differences between groups. A p—value of <0.05 was

considered statistically significant.

2.10. In silico analysis of target proteins of dieckol,

PFF—-A, and NAC

Molecular structural formulae, drawn with the Chem3D program
using the reported IUPAC names of dieckol, PFF—A, and NAC, were
inserted into SwissTargetPrediction. The target proteins of the
materials were investigated for humans (Homo sapiens) and mice

(Mus musculus).?’
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Chapter 3. Results

3.1. Bioinformatics of dieckol, PFF—A, and NAC

The 3D molecular structures of dieckol, PFF—A, and NAC were
drawn using Chem3D (Fig. 3).




Fig. 3. Molecular 3D and 2D structures of (a) dieckol, (b)

phlorofucofuroeckol A, and (¢c) N—acetyl—L—cysteine.

According to SwissADME, both dieckol and PFF—A have a low
probability of passive absorption in the gastrointestinal tract. In
addition, both dieckol and PFF—A showed no blood—brain barrier
(BBB) permeability, and both compounds showed poor water
solubility (Table 1). The gastrointestinal absorption and BBB
permeability of the above three molecules can be easily understood

through a schematic diagram called a ‘boiled egg’ plot (Fig. 4).

Molecule Dieckol PFF-A NAC
Formula C36H22018 | C30H18014 | C5HINO3S
Molecular weight 742.55 602.46 163.19
Topological 287.14 232.13 105.2
polar surface area
WLOGP 7.62 6.42 —0.49
*ESOL class Poor Poor Highly
solubility solubility soluble
wxAli class Insoluble Poor Soluble
solubility
xxxSilicos—IT class Poor Moderate Soluble
solubility solubility
GI absorption Low Low High
BBB permeable No No No
Bioavailability score 0.17 0.17 0.56
Synthetic accessibility | 4.68 4.49 2.08

Table 1. Bioinformatics of dieckol, PFF—A, and NAC. High WLOGP

scores Indicate good lipid solubility. *ESOL is a topological melthod
¥ )
1 2 -"xﬁ-! =
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for predicting water solubility **Ali is a topological method for
predicting water solubility *#*Silicos—IT is a fragmental method for
predicting water solubility, calculated using the FILTER-IT
program (version 1.0.2) provided by SILICOS-IT
(http://www.silicos—it.com). The bioavailability score reflects the
probability of a compound having at least 10% oral bioavailability in
rats. According to SwissADME, synthetic accessibility is scored
from 1 (very easy) to 10 (very difficult). GI, gastrointestinal; BBB,

blood—brain barrier.

WLOGP

Dieckol and PFF-A
are out of range

6 Legends
BBB
HIA

© PGP+

© PGP—

O show Molecules Name

BBB entry zone

2 molecules out of range!

Gastrointestinal
entry zone

NAC

20 40 60 80 100 120 140 160 180 TPSA

Fig. 4. Boiled egg plot. The white ellipse indicates a high probability
of good intestinal absorption and the yellow ellipse indicates a high
probability of successful BBB crossing. Dieckol and PFF—A are both
outside the plot, suggesting poor intestinal absorption and BBB
crossing. NAC (red dot) is also outside the yolk (yellow ellipse),
indicating poor BBB permeability. However, NAC (red dot) is within
the white ellipse, indicating a high probability of good intestinal
absorption. BBB, blood—brain barrier; PFF—A, phlorofucofuroeckol
A; NAC, N—acetylcysteine
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3.2. DPPH assay

The radical—scavenging activity of dieckol at 12.5, 25, 50, 100,
and 200 uM was 15.3, 25, 35.3, 50.6, and 62.1%, respectively. In
addition, the radical—scavenging activity of PFF—A at 12.5, 25, 50,
100, and 200 uM was 16.7, 30.9, 44, 59.8, and 70.8%, respectively
(Fig. 3). The results suggested that dieckol and PFF—A lowered
ROS levels. The effects of dieckol and PFF—A on cell viability in
human middle ear epithelial cells were also investigated. Cell
viability did not decline below 50% after exposure to 200 uM of
either dieckol or PFF—A (Fig. 5).

14 J’—-! L ‘_]l
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Fig. 5. The antioxidant effect of PFF—A and dieckol, in terms of
DPPH radical—scavenging activity. Both PFF—A and dieckol
scavenged DPPH radicals in a dose—dependent manner. PFF—A,
phlorofucofuroeckol A; DPPH, 1,1—diphenyl—2—picrylhydrazyl;
DMSO, dimethyl sulfoxide.

3.3. Cell viability

Cell viability was measured at 12.5, 25, 50, 100, and 200 uM of
dieckol and PFF—A. Cell viability decreased in a dose—dependent
manner. Cell viability did not fall below 50% at the maximum

experimental dose of 200 uM (Fig. 6).
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Fig. 6. Effect of dieckol (a) and PFF—A (b) on cell viability in
mouse auditory HEI—0OCI1 cells. PFF—A, phlorofucofuroeckol A.

3.4. ABR threshold shifts after noise exposure

The protective effects of dieckol and PFF—A against TTS were
assessed in animals exposed to noise after intraperitoneal injections
of saline or treatments. All seven groups (n = 8 each) had a
decreased ABR threshold at day 1 after noise exposure.

ABR threshold shifts 4 hours after 4—kHz noise exposure in mice
that received dieckol were significantly lower than those in the
saline with noise group (p = 0.042). Otherwise, there were no
significant differences in ABR thresholds among the saline with
noise, dieckol with noise, and PFF—A with noise groups exposed to
the click sound, 4 kHz, or 16 kHz noise on day 1, day 3, or 4 hours
after noise exposure (Fig. 7).

A high dose of PFF—A (100 mg/kg) led to a significantly smaller
ABR threshold shifts 1 day after noise exposure compared to those

in the saline with noise group exposed to the click sound (p =
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0.035). In addition, ABR threshold shifts 4 hours after 16 kHz noise
exposure in mice given a high dose of PFF—A (100 mg/kg) were
significantly smaller than those in the saline with noise group (p =
0.018). This suggests that PFF—A had a protective effect against
TTS. However, no significant differences in ABR threshold shifts
were observed among the saline with noise group, high—dose
dieckol (100 mg/kg) group, and high—dose PFF—A (100 mg/kg)
group for the 4 kHz sound on day 1, day 3 or 4 hours after noise
exposure (Fig. 8).

Furthermore, no significant differences were observed in ABR
threshold shifts among the saline with noise, dieckol/NAC with
noise, and PFF—A/NAC with noise groups for the click sound, 4 kHz
noise, or 16 kHz noise on day 1, day 3, or 4 hours after noise

exposure (Fig. 9).

a ABR Threshold(Click)

~J
o

[+2]
o

(74
o

//\\

IS
=)

—=—Saline

—=—Dieckol

PFF-A

Threshold (dB SPL)
w
o

N
o

iy
o
I

o

PRE AFTER NOISE Day 1 Day 3

17 A 21



b ABR Threshold(4K)
80 -
70 -
*
60 |

u
=)
—

—a—Saline
—#—Dieckol

PFF-A

Threshold (dB SPL)
w A
o o

n
o
i

-
o

o

PRE AFTER NOISE Day 1 Day 3

c ABR Threshold(16K)

o =N 0
o o o o

—8—Saline

[
o

—#—Dieckol

IS
o

PFF-A

Threshold (dB SPL)

w
o

- N
o o

PRE AFTER NOISE Day 1 Day 3

Fig. 7. The effects of protective agents on hearing ability after
exposure to noise. Comparison among the saline with noise group,
dieckol with noise group, and PFF—A with noise group. (a) ABR
threshold shifts in mice exposed to the click sound. No significant
group difference was observed. (b) ABR threshold shifts in mice
exposed to 4 kHz noise. “The ABR threshold shifts in the dieckol
with noise group were significantly smaller than those in the saline
with noise group 4 hours after noise exposure. (¢c) ABR threshold
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shifts in mice exposed to 16 kHz noise. No significant group
difference was observed. PFF—A, phlorofucofuroeckol A; ABR,

auditory brainstem response.
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Fig. 8. The effects of protective agents on hearing ability after
exposure to noise. Comparison among the saline with noise group,
high—dose dieckol (100 mg/kg) with noise group, and high—dose
PFF—A (100 mg/kg) with noise group. (a) ABR threshold shifts in
mice exposed to the click sound. “The ABR threshold shifts 1 day
after noise exposure were significantly smaller in the high—dose
PFF—A (100 mg/kg) with noise group than in the saline with noise
group. (b) ABR threshold shifts in mice exposed to 4 kHz noise. No
significant group difference was observed. (¢c) ABR threshold shifts
in mice exposed to 16 kHz noise. “The ABR threshold shifts 4
hours after noise exposure were significantly smaller in the high—
dose PFF—A (100 mg/kg) with noise group than in the saline with
noise group. PFF—A, phlorofucofuroeckol A; ABR, auditory

brainstem response.
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Fig. 9. The effects of protective agents on hearing ability after
exposure to noise. ABR threshold shifts in mice exposed to (a) a
click, (b) 4 kHz noise, and (c) 16 kHz noise. Comparison among the
saline with noise, dieckol/NAC with noise, and PFF—A/NAC with
noise groups revealed no significant differences in ABR threshold
shifts after exposure to a click sound, 4 kHz noise, or 16 kHz noise,
on either day 1, day 3, or 4 hours after noise exposure. PFF—A,
phlorofucofuroeckol A; ABR, auditory brainstem response; NAC,

N-—acetylcysteine.
3.5. ABR amplitudes

The amplitudes of waves II and IV were calculated based on ABR
waveforms. The wave Il amplitudes observed on day 1 in the saline
with noise group (click, 1.06 + 0.42 pV) were significantly smaller
than those at day 3 (click, 1.78 £ 0.24 pV). The wave II amplitudes
observed on day 1 in the dieckol/NAC with noise group (click,

0.695 + 0.27 pV) were also significantly smaller than those on day
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3 (click, 1.89 + 0.75 uV). There were no significant differences in
wave II amplitudes between the other groups at other frequencies.
The wave IV amplitudes observed on day 1 in the high—dose
dieckol group (16 kHz, 0.087 + 0.046 pV) were significantly smaller
than those measured on day 3 (16 kHz, 0.40 + 0.04 pV). There
were no significant differences in wave IV amplitudes between the

other groups at other frequencies (Fig. 8).
3.6. ABR latencies

The latencies between waves IV and Il were calculated based on
the ABR waveforms. The latency on day 3 in the PFF/NAC with
noise group (1.72 + 0.19 ms) was reduced compared to that on day
1 (2.39 £ 0.16 ms) after exposure to a click sound. There were no

differences in latencies between any groups at other frequencies

(Fig. 8).
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Fig 10. Amplitudes of waves II and IV and latencies of waves IV-II.
(a) (Upper) Saline with noise group, (Lower) dieckol/NAC with
noise group. Comparison of the amplitude of wave II among
frequencies. The wave II amplitude for mice assessed 3 days after
noise exposure was significantly larger than that on day 1 in mice
exposed to the click sound, saline with noise, and dieckol/NAC with
noise ("p < 0.05). No significant group differences were observed at
the other frequencies. (b) High—dose dieckol (100 mg/kg) with
noise group. Comparison of the amplitude of wave IV among
frequencies. The wave IV amplitude for mice assessed on day 3
after noise exposure was significantly larger than that on day 1 in
mice exposed to 16 kHz and a high dose of dieckol ("p < 0.001). No
significant differences were observed at the other frequencies. (c)
PFF—A/NAC with noise group. The latencies of waves IV-II at each
frequency are shown. The wave IV—II latency for mice assessed on
day 3 after noise exposure was significantly shorter than that on

day 1 in mice exposed to a click sound and PFF—A/NAC ("p <
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0.05). No significant differences were observed at any other

frequency.

3.7. Hair cell phalloidin staining and counts

Phalloidin was used to stain outer hair cells (HCs) after whole
mount surface preparation. Two 200—um-—long segments were
selected from each section of the organ of Corti and used to
calculate the mean number of surviving outer HCs. Evaluation of the
outer HCs was performed in all eight groups, i.e., the baseline (n =
4), saline with noise (n = 8), PFF—A with noise (n = 8), high—dose
PFF—A (100 mg/kg) with noise (n = 8), PFF—A/NAC with noise (n
= 8), dieckol with noise (n = 8), high—dose dieckol (100 mg/kg)
with noise (n = 8), and dieckol/NAC with noise (n = 8) groups. All
three rows of outer HCs from all baseline group samples showed no
missing HCs.

Significant outer HC loss was observed in the basal turn sections
on days 1 and 3 for all six treatment groups (PFF—A, high—dose
PFF—A (100 mg/kg), PFF—A/NAC, dieckol, high—dose dieckol
(100mg/kg), and dieckol/NAC) compared to the baseline group.

No statistically significant differences in HC loss were observed
between the groups treated with dieckol (dieckol with noise, high—
dose dieckol [100 mg/kg] with noise, dieckol/NAC with noise
groups) and the saline with noise group in the basal, middle, or
apical turn sections on day 1 or 3 (Figs. 9 and 10).

However, significantly less HC loss was observed in the high—
dose PFF—A (100 mg/kg) with noise group compared to the saline
with noise group on day 1 after noise exposure in the apical turn

section (p = 0.019) (Fig. 11). Significantly less HC loss was also

-
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observed in the PFF—A/NAC with noise group compared to the
saline with noise group on day 3 after noise exposure in the apical
turn section (p = 0.046). Statistically significant differences in HC
loss were observed in the basal turns of groups treated with PFF—
A. For instance, HC loss in the basal turns of the PFF—A/NAC with
noise group was significantly less than in the PFF—A with noise
group on day 3 after noise exposure (p < 0.001). Also, HC loss in
the basal turns of the high—dose PFF—A (100 mg/kg) with noise
group was significantly lower than in the PFF—A with noise group
on day 3 after noise exposure (p = 0.032) (Fig. 12). Otherwise, no
statistically significant differences in HC loss were observed
between the groups treated with PFF—A (PFF—A with noise, high—
dose PFF—A [100 mg/kg] with noise, PFF—A/NAC) compared to
the saline with noise group in the basal, middle, or apical turn

sections on day 1 or 3.

a saline 1D Dieckol 1D High dose dieckol 1D Dieckol +NAC 1D

Apical turn Apical turn . Apical turn Apical turn

Middle turn Middle turn Middle turn Middle turn

Basal turn Basal turn Basal turn
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Fig. 11. HC morphology and survival rate of dieckol—treated groups
(dieckol with noise, high—dose dieckol [100 mg/kg] with noise,
dieckol/NAC with noise) and the saline with noise group on day 1
after noise exposure. The baseline (sham) group was not exposed
to noise. The (a) morphology and (b) survival rate of HCs in the
apical, middle, and basal turn segments of the organ of Corti. No
statistically significant differences in HC loss were observed
between the dieckol—treated groups and the saline with noise group.

HC, hair cell.
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Fig. 12. HC morphology and survival rate of dieckol—treated groups

L

(dieckol with noise, high—dose dieckol [100 mg/kg] with noise,
dieckol/NAC with noise) and saline with noise group on day 3 after
noise exposure. The baseline (sham) group was not exposed to
noise. The (a) morphology and (b) survival rate of HCs in the apical,
middle, and basal turn segments of the organ of Corti. No
statistically significant differences in HC loss were observed
between the dieckol—treated groups and saline with noise group.

HC, hair cell.
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Fig. 13. HC morphology and survival rate of the PFF—A treated
groups (PFF—A with noise, high—dose PFF—A [100 mg/kg] with
noise, PFF—A/NAC with noise) and saline with noise group on day
1 after noise exposure. The baseline (sham) group was not
exposed to noise. The (a) morphology and (b) survival rate of HCs
in the apical, middle, and basal turn segments of the organ of Corti.
Significantly less HC loss was observed in the high—dose PFF—A
(100 mg/kg) with noise groups compared to the saline with noise
group in the apical turn section (p = 0.019). HC, hair cell; PFF—A,

phlorofucofuroeckol A.
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Fig. 14. HC morphology and survival rate of PFF—A —treated groups
(PFF—A with noise, high—dose PFF—A [100 mg/kg] with noise,
PFF—A/NAC with noise) and the saline with noise group on day 1
after noise exposure. The baseline (sham) group was not exposed
to noise. The (a) morphology and (b) survival rate of HCs in the
apical, middle, and basal turn segments of the organ of Corti.
Significantly less HC loss was observed in the PFF—A/NAC with
noise group compared to the saline with noise group in the apical
turn section (p = 0.046). HC loss in the basal turn segment of the
PFF—A/NAC with noise group was significantly less than in the
PFF—A with noise group (p < 0.001). Also, HC loss in the basal
turn of the high—dose PFF—A (100 mg/kg) with noise group was
significantly less than in the PFF—A with noise group (p = 0.032).
HC, hair cell; PFF—A, phlorofucofuroeckol A.

3.8. In silico analysis of target proteins of dieckol,

PFF—A, and NAC

Beta—secretase, an aspartic acid protease important in the

3 5 A2
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30 appeared as

formation of myelin sheaths in peripheral nerve cells
the target protein of dieckol and PFF—A in both humans and mice
(100% probability). SwissTargetPrediction did not suggest any
target molecule for NAC with a probability higher than 5%, in mice

or humans.
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Chapter 4. Discussion

According to previous studies, noise generates ROS in the inner
ear, which produces several compounds via peroxidation of

31733 8 —isoprostaglandin F2a (8—iso—

polyunsaturated fatty acids.
PGF2a), one of the compounds formed by ROS, is a powerful
vasoconstrictor that reduces cochlear blood flow (CBF) and induces
cochlear ischemia.’*”” Cochlear ischemia causes excessive release
and accumulation of glutamate in the inner HCs, leading to glutamate

3637 Cochlear ischemia also reduces the energy

excitotoxicity.
supply to the stria vascularis, leading to decreased endocochlear
potential®® and HC swelling.?® These processes ultimately cause
dysfunction in HCs and cochlear afferent neurons, resulting in TTS.
To address this, the present study tested potent antioxidants PFF—
A and dieckol in terms of ther ability to the prevent TTS.

Various studies have revealed that antioxidant agents have a
protective effect against NIHL.'°*! Diverse antioxidant materials
including NAC, acetyl—L—carnitine (ALCAR), 4—hydroxy alpha—
phenyl—tert—butylnitrone (4—0OHPBN), salicylate, 2,4—disulfonyl
a—phenyl tertiary butyl nitrone (HPN—-07), HK—2, and others have
been found to have a protective effect against noise—induced

42746 While most studies administered

damage in the cochlea.
antioxidants orally, one study with rosmarinic acid reported that the
protective effect of trans—tympanic application of antioxidants was
equal to that of oral administration, with a lower rate of side
effects.’” These studies support the protective effect of antioxidant

materials against TTS.

Dieckol, one of the major bioactive components of polyphenols
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extracted from Ecklonia cava, has well-documented antioxidant,
cytoprotective, and anti—inflammatory effects.*® According to
previous studies, dieckol removes ROS and prevents ROS formation.
Dieckol reduces ROS formation through upregulation of antioxidant
enzymes including superoxide dismutase (SOD) and glutathione
peroxidase*’, and downregulation of pro—inflammatory enzymes
such as nitric oxide synthase and cyclooxygenase—2 (COX—2)°%°!,
Previous studies have described dieckol as an antioxidant agent due
to its ability to eliminate ROS.”*?

PFF—A, another bioactive component of polyphenols extracted

4 55 56 57

from Ecklonia cava, has been reported to have antioxidant °

58 57,59 60,61

, anti—inflammatory ., anti—allergenic'®, and anti—cancer
effects. PFF—A exerts an antioxidant effect by scavenging for ROS
and reducing ROS production. Furthermore, PFF—A inhibits nitric
oxide and prostaglandin E2 (PGE2) via down—regulation of iNOS
and COX—2 proteins, resulting in an anti—inflammatory effect.
Previous studies have indicated that PFF—A can eliminate and
reduce the production of ROS, supporting its use as an antioxidant
agent.

Considering the pathophysiology of TTS, an effective
preventative treatment must be applied before noise exposure.
However, concern regarding potential side effects can limit the
administration of medications in the absence of certainty regarding
the risk of disease. PFF—A and dieckol are advantageous compared
to conventional medications because these natural extracts from
Ecklonia cava are as safe as food ingredients. Indeed, a
representative Ecklonia cava polyphenol extract that contains PFF—
A and dieckol was approved by the United States Food and Drug
Administration (USFDA) as a new dietary ingredient in 2008
34 A £
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(FDA—-1995-S-0039-0176). As they are considered safe food
ingredients, PFF—A and dieckol may be administered to those who
are inevitably exposed to noise for the prevention of TTS, with a
low possibility of adverse effects.

In this study, mice were given dieckol and PFF—A via
intraperitoneal injection. However, dieckol and PFF—A would be
administered to humans orally. According to the bioinformatics
information obtained during the study, dieckol and PFF—A possess
low gastrointestinal absorbability and poor water solubility.
Although PFF—A and dieckol are potent antioxidant agents
considered safe for consumption, processing may be required
before oral administration to achieve effective gastrointestinal
absorption and significant bioavailability. For instance, recent
studies have suggested that nanoencapsulation of polyphenols could
increase gastrointestinal absorption. Reports on the
nanoencapsulation of various polyphenols, including ellagitannins,
curcumin, oleuropein, and hydroxytyrosol have revealed increased
gastrointestinal absorption of these compounds compared to dieckol
and PFF—A.%% A bioinformatics analysis from SwissADME indicated
that both dieckol and PFF—A have high WLOGP values, suggesting
high lipid solubility and possible BBB permeability. However, both
compounds have a large topological polar surface area. Thus, both
dieckol and PFF—A show minimal BBB permeability, implying that
the effects of both compounds on the inner ear may be negligible
after they enter the systemic circulation.®” To overcome this
second obstacle, extra measures to increase BBB permeability are
necessary. A study of fluorescein isothiocyanate (FITC)—labeled

dieckol and a rhodamine B—labeled dieckol reported effective BBB

penetration of dieckols in rats.®® Further studies are required to
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establish an effective delivery method for dieckol and PFF—A into
the inner ear.

An in vivo study on the radical—scavenging activity of PFF—A
and dieckol would provide evidence regarding the antioxidant
effects of these materials. However, in vivo measurement of radical
scavenging activity is challenging due to the instability of ROS in
the cochlea. Accordingly, in vivo measurement of the radical—
scavenging activity of PFF—A and dieckol was not performed in this
study. Instead, I performed a DPPH assay to assess the radical
scavenging activity of PFF—A and dieckol. Although the present
results indicate that PFF—A and dieckol have radical scavenging
activity in vivo, further in vivo and human studies are needed to
further demonstrate the protective effect of PFF—A and dieckol
against TTS.
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Chapter 5. Conclusion

This investigation of the prophylactic effect of dieckol and PFF—A
against TTS in mice revealed that these compounds, acquired from
Ecklonia cava, prevented TTS through antioxidant activity. Because
dietary ingredients are approved by the USFDA, they can be used
as preventative agents with a low possibility of adverse effects. Our
findings suggest that dieckol and PFF—A, as preventative agents,

may play an important role in reducing the incidence of TTS.
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