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Introduction

Noise‑induced hearing loss  (NIHL) is a major public 
health problem, and its treatment with traditional therapy 
strategies is often unsuccessful because of the blood 
labyrinth barrier (BLB).[1] Due to tight junctions between 
cells, substances in the systemic circulation with potentially 
therapeutic effects are prevented from gaining access to inner 
ear targets. Additionally, the cochlea is a closed space and 
minor changes in the endolymph and perilymph can affect 
its function. Therefore, delicate approaches are required to 
avoid possible damage caused by the delivery method itself. 
Currently, drugs are commonly administered systemically, 
but there are some disadvantages of systematic use, such as 
the inability to get an ideal concentration in the inner ear,[2] 
the possible occurrence of some deleterious side effects,[3] 
and lack of clearance of pharmacokinetics from the inner 

ear.[4] In recent years, many researchers have focused on 
local delivery for inner ear diseases, and some applications[5] 
and therapies[6] have been shown to be clinically relevant, 
so it is necessary to encourage further development of 
safe and reliable mechanisms for the direct delivery of 
compounds into the inner ear. Methods for local delivery 
can be categorized as either intratympanic or intracochlear 
approaches.

Intratympanic delivery can be accomplished via perfusion 
of the middle ear with the goal of diffusion through the 
round window membrane (RWM) into the fluid spaces of 
the inner ear. This method, introduced more than 50 years 
ago,[7] remains in common use in the treatment of inner ear 
diseases. In recent years, the advanced technologies have 
been used which include hydrogels,[8] nanoparticles,[9] and 
poloxamers.[10]

Direct intracochlear drug delivery involves the placement 
of drugs within the cochlear perilymphatic spaces via a 
cochleostomy in the surrounding bone or the RWM.[11,12] 
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This mode of delivery allows drugs to reach their intended 
targets more directly than with systemic delivery. Molecules 
perfused into a perilymphatic compartment have direct 
access to the cells of the inner ear.[13] Methods of delivery 
include direct perfusion using micropumps[14,15] and osmotic 
pumps.

However, with both intratympanic delivery and direct 
intracochlear drug delivery, there are disadvantages. 
Because direct intracochlea drug delivery requires surgical 
implantation, there are patients who cannot accept it and 
there are also doctors who are not comfortable performing it.

Since the beginning of the 1990s, attention from various 
research groups has focused on an alternative to polymeric 
nanoparticles; the solid lipid nanoparticles  (SLNs).[16,17] 
Basically, lipids can be used that are well‑tolerated by 
the body (e.g., glycerides composed of fatty acids, which 
are present in emulsions for parenteral nutrition). Large 
scale production can be undertaken in a cost‑effective 
and relatively simple manner, using high‑pressure 
homogenization to create SLNs.[18] An alternative approach 
is the production of SLNs via microemulsions.[19] Because 
SLNs can be targeted to specified cell populations, and 
because they are biodegradable, traceable in  vivo, and 
equipped with controlled drug/gene release, SLNs could 
overcome the disadvantages of local drug delivery to the 
inner ear.

Regarding NIHL, research has shown that oxidative stress 
plays an important role in noise‑induced cochlear injury, and 
these studies have also found that a number of antioxidants 
and cell death‑inhibiting compounds can ameliorate the 
hearing loss associated with acoustic trauma.[20‑22] However, 
these drugs have not been used in clinical settings. 
Edaravone (1‑phenyl‑3‑methyl‑5‑pyrazolone) is the first free 
radical scavenger used in clinical practice in Japan, where it 
has been used to treat acute cerebral infarction.[23] Edaravone 
not only inhibits hydroxyl radicals but also ameliorates 
iron‑induced peroxidative injury.[24] There have been some 
studies showing the effects of edaravone on the inner ear 
disease.[25‑27] Takemoto et al.,[28] reported that preexposure 
by perilymphatic application of edaravone reduced NIHL 
in guinea pigs.

Thus, in the present study, we administered edaravone 
to guinea pigs before and after noise exposure, and we 
investigated the advantages of the slow‑release effects of 
edaravone SLNs for hearing function and hair cell protection. 
In addition, at various time points after noise exposure 
we measured levels of ROS in the cochlea to observe 
the capacity for the free radical scavenging of edaravone 
solution and edaravone SLNs, as measured by electron spin 
resonance (ESR) technology.

Methods

Animals
Ninety‑six adult female albino guinea pigs  (250–300  g) 
were obtained from the Central Laboratory of the Naval 

General Hospital in Beijing, China. This study was 
performed in accordance with the Public Health Service 
Policy on the Humane Care and Use of Laboratory Animals. 
The Institutional Animal Care and Use Committee of our 
institution approved the animal use protocol. All the animals 
were anesthetized with a mixture of 40 mg/kg ketamine and 
1 ml/kg xylazine administered intramuscularly. The animals 
were placed on the operating table with a heated pad to 
maintain a rectal temperature of 37 ± 1°C.

The guinea pigs were divided into five groups: Group A, 
animals exposed to noise and not treated with drugs; 
Group  B, animals exposed to noise and treated with 
edaravone solution by intravenous injection; Group  C, 
animals exposed to noise and treated with edaravone solution 
by intratympanic injection; Group D, animals exposed to 
noise and treated with edaravone SLNs by intravenous 
injection; and Group E, animals exposed to noise and treated 
with edaravone SLNs by intratympanic injection.

Noise stimulation
All the exposures were conducted in an inhalation chamber 
that consisted of a round glass cage (30 cm × 70 cm). For 
noise exposure, we used the collected stationary noise of a 
naval vessel, and the main energy of the noise was distributed 
at 0.25–4 kHz, with the main peak at 500 and 1,000 Hz. 
The signal was amplified with a power amplifier (Panasonic 
SA‑DV150) and was delivered via stereo speakers (T and T, 
8  naval W, Technology of England). The animals were 
exposed to 110 ± 1 dB sound pressure level (SPL) for 2 h/d 
for a total of 4 days. Three animals were exposed at the same 
time, and each of the animals was placed in a separate cage 
and allowed free access to food and water throughout the 
exposure. The sound levels were calibrated and measured 
with a volume level meter at multiple locations within the 
sound chamber, to ensure uniformity of the stimulus.

Pharmacological protocol
After noise exposure on day 1, the animals were 
immediately anesthetized. Then, their acoustic vesicles 
were exposed through a sterile retroauricular incision, and 
a 0.15 mm × 0.15 mm hole was drilled into each acoustic 
vesicle, through which was injected 0.1 ml of edaravone 
solution or SLNs into the middle ear. Both ears of each 
guinea pig were injected. After drug delivery, the holes 
were sealed with bone wax, and the animals lay face up for 
2 hours. The holes were smeared with erythromycin ointment 
to prevent infection. Intravenous injection was performed 
through a unilateral femoral vein, at the same dosage as the 
intratympanic injections.

Auditory assessment
Click‑induced auditory brainstem response  (ABR) was 
measured for both ears of all of the guinea pigs 1  day 
before and 1, 4, and 6 days after noise exposure and drug 
delivery. The animals were lightly anesthetized with a 
mixture of 40  mg/kg ketamine and 1  ml/kg xylazine, 
administered intramuscularly prior to ABR measurement, 
and they were lightly restrained in a wooden tube during 
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the recording procedure. Differential needle electrodes were 
placed subcutaneously below the test ear  (reference) and 
at the vertex  (active). A ground electrode was positioned 
below the contralateral ear. The sound stimulus consisted 
of a 15 ms tone burst. The sound intensity varied in 5 dB 
intervals near the threshold. One thousand and twenty‑four 
tone presentations given at a rate of 12.5/s, were averaged 
using a microcomputer and custom software to obtain a 
waveform. The hearing threshold was defined as the lowest 
stimulus intensity that produced a reliable peak III or IV in 
ABR waveforms.

ESR measurement
After ABR measurement, the guinea pigs were immediately 
decapitated, and the bilateral temporal bones, open acoustic 
capsules, and cochleas were extracted. Then, the blood 
was quickly washed away with ice water and 10 mmol/L 
phosphate buffered saline (PBS). The crust of the cochlea 
was opened under an anatomical microscope and placed 
in a test tube and deep frozen in liquid nitrogen  (LN). 
Finally, the test tube was placed into a resonant cavity for 
testing. The test conditions were as follows: Microwave 
frequency X‑wave band  (9.45 GHz), microwave power 
20  mW, modulation frequency 100  kHz, modulation 
argument 5 Gauss, scanning time 60 seconds, and scanning 
duration 500 Gauss. Testing below 77 K, scanning one at 
a time, the acquired signal was amplified by 1.0 × 104 with 
a computer. The relative value of ROS was defined as the 
relative altitude of peak II.

Outer hair cell counting
The guinea pigs were decapitated after hearing function 
measurement, and the temporal bone was obtained from a 
hole drilled in the apex of the cochlea, opening the round 
window and oval window and exposing the crista ampullaris 
at the same time. A solution of 0.5% AgNO3 was perfused 
into the hole of the cochlea apex three times, and a 4% 
methanol solution was then infused using the same method. 
The temporal bone was fixed in the solution for 3 hours. 
The basal membrane was segregated and exposed to natural 
light for 1 hour.

Subsequently, the basal membrane was taken under a 
dissecting microscope, isolated from the whole cochlea, 
and sealed with glycerin, under an optical microscope 
to observe the morphology of OHCs and any injury. The 
light microscope field was ×200, the lossin OHCs were 
counted from the apex to the base each with a 0.24 mm 
reticule. The average OHC loss of each 0.24 mm segment 
was plotted and calculated along the entire length of the 
cochlea as a cytocochleogram for each group. Statistical 
differences were evaluated for significance based on the 
mean and variance data for the OHCs from the apex to 
base in the cochlea.

Statistical analysis
All data were analyzed statistically by two‑way analysis 
of variance  (ANOVA) using the Statistical Package for 

Social Sciences (SPSS 11.5) software. Data are expressed 
as mean  ±  standard deviation  (SD) and differences were 
considered statistically significant when P < 0.05.

Results

Hearing function
The auditory thresholds before noise exposure were 
essentially equivalent in all of the ears, and there were no 
significant differences among the groups. Immediately 
after noise exposure, the average threshold shift was 
approximately 44 dB SPL. The greatest threshold shift was 
approximately 50 dB SPL on the 4th day; and at our last 
observation time point on the 6th day, the ABR threshold 
still had not recovered to normal and was approximately 
50 dB SPL. Noise‑induced threshold shifts (TTS), measured 
1 day post‑noise exposure, were not significantly reduced by 
treatment with the drug, neither in the local drug delivery 
groups, in the systematic drug delivery groups, nor in the 
solution groups or the SLNs groups. NIHL, measured 6 days 
post‑noise, was substantially reduced by treatment with 
edaravone SLNs administered by intratympanic injection 
[Figure 1]. Only the edaravone SLNs by local delivery group 
demonstrated a significant attenuation of the noise‑induced 
threshold shift on the 4th day following exposure.

Compared to normal animals, the thresholds of all groups 
at all time points after noise exposure were significant 
(P  <  0.05). Between Group  A and C there was no 
statistically significant difference (P = 0.146); while between 
Group A and B and GroupD and E, there were statistically 
significant differences  (P < 0.01). Between Group E and 
the other four groups, there werestatistically significant 
differences (P < 0.01). Compared to Group B, the hearing 
threshold of Group C was significantly lower (P < 0.01) and 
that of Group D was higher (P = 0.039).

ROS in cochleas
The ESR spectrum of guinea pig cochleas had three main 
peaks, peak I (e ES II((e E and III (d E [Figure 2]. Peak I 
was a background peak of resonance, which appeared in all 
of the specimens for reasons that are unclear, not only in the 
cochleas,[29] but also in all of the other tissues[30] of animals 
without peaks found in this site. Peak II was called peak 
O∥, peak Ⅲ was called peak O⊥. We could not define the 
ROS value from peak Ⅲ precisely because peak coenzyme 
Q was mixed with this peak, so we choose peak Ⅱ as the 
measurement peak to calculate the value of free radicals. 
We adopted h (cm) to represent the absolute value of ROS, 
which was calculated by the distance from the crest of the 
peak to the basal line, and we adopted w (g) to represent the 
weight of the cochlea, so we represented the relative value 
of ROS as △ROS. Thus, △ROS ＝ h/w (cm/g). The changes 
in the △ROS of the cochleas of the five groups are shown in 
Figure 3.

Before noise exposure, the △ROS in the cochlea was 
approximately 26.52 cm/g, and it immediately increased after 
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noise exposure to 126.39 cm/g. On the 4th day after noise 
exposure it achieved a maximum of 152.59 cm/g, but on the 
6th day, the relative value of ROS was decreased to near the 
normal level. Compared to group A, △ROS was significantly 
lower on the 1st day in Groups C and E, on the 4th day in 
Groups B and E, and on the 6th day in Groups C and E.

Hair cell loss
Missing hair cells were observed and counted with AgNO3 
staining  [Figure  4], and the percentages of OHC loss 
were evaluated as the mean loss for each treatment group 
[Figure 5]. From the pictures, we can see the inner hair cells 
(IHC, ed group from the noise exposure group. The ROS 

Figure 1: Changes in hearing threshold, measured using auditory brainstem responses in guinea pigs. The animals were divided into five groups: 
Noise alone (N, control group, N = 6); noise + iv EDA solution (N + iv sol, N = 18); noise + it EDA solution (N + it sol, N = 18); noise + iv 
EDA SLNs (N + iv SLNs, N = 18); and noise + it EDA SLNs (N + it SLNs, N = 18). Steady state noise was used for 2 h/d for 4 consecutive 
days. Data are presented as the mean ± SD, and differences were analyzed with ANOVA for repeated measures (two‑way), followed by the 
Student–Newman–Keuls (SNK) test. SPL was statistically different among the time groups after noise exposure to normal animals and statistically 
different from the drug administered groups compared to normal animals. The sound pressure level of the intravenous injection of edaravone 
solution, intratympanic injection of edaravone solution, and intravenous injection of edaravone SLNs group remained elevated, while the intratympanic 
injection of edaravone SLNs group showed some recovery on day 4 and 6. *P < 0.05, P < 0.01. SLN: solid lipid nanoparticle, EDA: edaravone.

Figure 2: ROS spectra of the five animal groups shown in (a) ROS spectra of normal animals’ cochleas. (b‑d) ROS spectra of animals at 1, 4, 
and 6 days after noise exposure. (e) ROS spectra of animals at 1 day after EDA solution (iv). (f) ROS spectra of animals at 1 day after EDA 
solution (it). (g) ROS spectra of animals at 6 days after EDA SLNs (iv). (h, i) ROS spectra of animals at 1 and 6 days after EDA SLNs (it). 
ROS = Reactive oxygen species.
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molecules by kinds of cellular membranes (CMs), thereby 
influencing the stability of CMs; (2) Blocking of ion 
transmission of CMs, leading to disequilibrium of calcium 
and other ions, further interfering with signal conduction 
inside and outside the cells; (3) Oxidization of organelles, 
especially mitochondria, resulting in energy metabolism 
disturbance, generating more free radicals and resulting in a 
vicious cycle. All molecular injuries appear morphologically 
as hair cell changes and finally decrease hearing function.

In comparison to a previous study of edaravone by Japanese 
researchers, the auditory functional results from this study 
with edaravone solution did not demonstrate similar 
protective effects of the drug against exposure to noise. 
However, edaravone SLNs by local administration showed 
protective effects on the cochlea from noise exposure. These 
results demonstrate that edaravone has protective effects on 
the cochlea against noise exposure, but because intravenous 
injection cannot achieve a sufficiently high concentration, 
and edaravone solution cannot be sustained long enough 

Figure 3: Changes in ROS generation by ESR technology in guinea pigs. Animal grouping, noise exposure methods, and statistical treatment are 
consistent with Figure 1. △ROS = Relative value of ROS, △ROS = h/w (cm/g). △ROS was statistically different by time after noise exposure compared 
to normal animals, and statistically different by drug administered group from the noise exposure group. The ROS level of the intravenous injected 
edaravone solution and intravenous injected edaravone SLNs groups remained elevated on the 1st day, and the intratympanic injected edaravone 
solution and intravenous injected edaravone SLNs groups remained elevated on the 4th day, while the edaravone SLNs groups showed some 
recovery on the 6th day. */†P < 0.05, P < 0.01.

Figure 5: Changes in hair cell loss by AgNO3 staining in guinea pigs. 
By counting hair cells, we found that the percentages of outer hair cell 
(OHC) loss showed no difference among the groups.

level of the intravenous injected edaravone solu↗). But the 
percentages of OHC loss showed no difference among the 
groups.

Discussion

ROS induced inner ear injury primarily occurs via three 
pathways:[31,32] (1) Oxidizing of lipid molecules and protein 

Figure 4: AgNO3 staining in guinea pigs.  (a) Hair cells of normal 
animals.  (b‑d) Hair cell loss of animals at 1, 4, and 6 days after 
noise exposure.  (e) Hair cell loss of animals on the 6th day after 
EDA solution (iv). (f) Hair cell loss of animals on the 6th day after 
EDA SLNs.
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in the inner ear, and these groups could not achieve ideal 
protective effects.

This study directly detected the changes in ROS in the 
cochlea after noise exposure, generating evidence of 
relationships among noise exposure, ROS generation, 
hearing loss, and hair cell injury. In this study, we did not use 
free radical capture agents, such as 5,5‑dimethyl‑1‑pyrroline 
N‑oxide (DMPO)[33] or 5‑(diethoxyphosphoryl)‑5‑methyl‑1-
pyrroline N‑oxide (DEPMPO).[34] We considered that one 
agent could capture only one corresponding free radical, 
while noise can induce many kinds of free radicals, so we 
chose ESR technology without capture agents to assess all 
of the changes in ROS in the cochlea after noise exposure. In 
this study, we detected little ROS formation in the cochleas 
of normal guinea pigs, and the signals of ROS were very 
weak. After noise exposure, the signal of ROS increased 
quickly, reached a peak on the 4th  day, and decreased to 
near normal levels by the 6th day. Via drug administration, 
ROS decreased immediately and significantly, especially 
in animals given SLNs. Intratympanic administration is 
better than systematic use and results in slower release of 
the dosage than from a solution.

Compared to auditory function, the ROS generation in 
animals on the 1st day following an intratympanic edaravone 
solution injection was significantly inhibited, similar to the 
results for the intratympanic edaravone SLN injection. This 
finding demonstrates that the drug is useful for inhibiting 
noise‑induced reactive oxygen species (ROS) generation in 
the cochlea; also, the ABR threshold changes were affected 
not only by ROS injury, but also by some other mechanisms. 
In this study, the ROS generation in the animals on the 4th and 
6th days by intratympanic edaravone solution injection was 
not inhibited effectively, similar to the results for the animals 
without drug treatment. This finding demonstrates that SLNs 
have a detectable slow release effect in intratympanic topical 
use, and the effects have advantages for inhibiting ROS 
generation in the cochlea.

In the morphology study, we did not find differences among 
the noise exposure groups and the drug delivery groups, and 
we also did not find differences among the two dosages and 
two delivery methods. We believe that we did not observe 
protective effects of edaravone on morphology by AgNO3 
staining, perhaps because AgNO3 staining was not suitable 
for calculating the hair cell loss ratio or, because this method 
could not draw a clear distinction between hair cell loss 
and cilium disorders. However, it might also be possible 
that edaravone did not have protective effects against 
noise‑induced hair cell loss. Therefore, our next study will 
use a well received and efficient morphology method to 
investigate this surprising result.

Conclusions

There are relationships among the drug delivery methods, the 
drug dosage forms, and the protective effects on the cochlea 
against noise exposure. Our edaravone SLNs demonstrate 

sustained release of edaravone to the inner ear over a 6‑day 
period by acoustic vesicle injection to the RWM. The 
edaravone SLNs can inhibit ROS generation in cochleas 
after noise exposure and decrease hearing thresholds as 
measured by ABR. These encouraging results support further 
investigation of SLNs as a novel delivery method for local 
drug administration to the inner ear.
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