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Abstract. Changes in the dorsal cochlear nucleus (DCN) 
following exposure to noise play an important role in the 
development of tinnitus. As the development of several 
diseases is known to be associated with microRNAs 
(miRNAs/miRs), the aim of the present study was to identify 
the miRNAs that may be implicated in pathogenic changes 
in the DCN, resulting in tinnitus. A previously developed 
tinnitus animal model was used for this study. The study 
consisted of four stages, including identification of candidate 
miRNAs involved in tinnitus development using miRNA 
microarray analysis, validation of miRNA expression using 
reverse transcription‑quantitative PCR (RT‑qPCR), evaluation 
of the effects of candidate miRNA overexpression on tinnitus 
development through injection of a candidate miRNA mimic 
or mimic negative control, and target prediction of candidate 
miRNAs using mRNA microarray analysis and western blot‑
ting. The miRNA microarray and RT‑qPCR analyses revealed 
that miR‑375‑3p expression was significantly reduced in the 
tinnitus group compared with that in the non‑tinnitus group. 
Additionally, miR‑375‑3p overexpression via injection of 
miR‑375‑3p mimic reduced the proportion of animals with 
persistent tinnitus. Based on mRNA microarray and western 
blot analyses, connective tissue growth factor (CTGF) was 
identified as a potential target for miR‑375‑3p. Thus, it was 
inferred that CTGF downregulation by miR‑375‑3p may 
weaken with the decrease in miRNA expression, and the 

increased pro‑apoptotic activity of CTGF may result in more 
severe neuronal damage, contributing to tinnitus development. 
These findings are expected to contribute significantly to 
the development of a novel therapeutic approach to tinnitus, 
thereby bringing about a significant breakthrough in the treat‑
ment of this potentially debilitating condition.

Introduction

Tinnitus, a condition that affects 7‑25% of the population 
worldwide, is a phenomenon in which sound is perceived in 
the absence of sound stimuli (1‑4). In 1‑2% of the total popula‑
tion, tinnitus may be associated with debilitating conditions, 
including insomnia, anxiety, depression, cognitive dysfunction 
and stress (1‑6). Although various approaches, such as medical 
therapy, dietary supplements, transcranial magnetic/electrical 
stimulation and sound therapy, have been devised for the treat‑
ment of tinnitus, no treatment to date has been reported to 
produce a clear therapeutic effect (7,8). Therefore, it is crucial 
to develop new treatment methods for this condition.

A lack of clarity on the mechanisms underlying the devel‑
opment of tinnitus makes it difficult to design an effective 
treatment strategy. Therefore, the elucidation of the underlying 
mechanisms will contribute significantly towards identifying 
a cure for tinnitus. Maladaptive auditory‑somatosensory plas‑
ticity in the dorsal cochlear nucleus (DCN) after hearing loss 
has been suggested as one of the mechanisms promoting the 
development of tinnitus (9‑11). Using a temporary threshold 
shift (TTS) model, our previous study demonstrated that the 
changes occurring in the DCN following exposure to noise 
may play an important role in the development of tinnitus and 
a decrease in auditory projections and subsequent increase in 
non‑auditory projections via axonal sprouting may be impor‑
tant phenomena associated with the occurrence of tinnitus (12). 
Therefore, the identification of an appropriate checkpoint for 
these processes may facilitate the development of a treatment 
strategy for this condition.

MicroRNAs (miRNAs/miRs) are small non‑coding RNAs 
that regulate gene expression via translational inhibition or 
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mRNA degradation (13). As the expression of most genes is 
under miRNA control, the majority of biological processes are 
regulated by miRNAs to a certain extent. Therefore, disease 
development is also hypothesized to be closely associated with 
the activities of miRNAs. Indeed, the pathogenesis of diabetes 
mellitus, cancer, and cardiovascular and neurological diseases 
has been reported to be associated with various miRNAs, 
whereas certain miRNAs were recently recognized as 
therapeutic targets (14‑16). In particular, therapeutic strategies 
targeting miRNAs have achieved promising results against 
hepatitis C viral infection (16).

Accordingly, the present study was undertaken to identify 
miRNAs that may be implicated in the pathogenesis of tinnitus. 
miRNA levels were compared in animal models with and 
without tinnitus following induction of TTS using microarray 
analysis and reverse transcription‑quantitative PCR (RT‑qPCR). 
Additionally, the candidate miRNAs were overexpressed to 
examine the differences in the expression of their candidate 
targets. Specifically, the expression levels of miR‑375‑3p in the 
DCNs of animals with tinnitus were measured, and the role of 
miR‑375‑3p in tinnitus and the involvement of connective tissue 
growth factor (CTGF) were investigated, in the hope that the 
identification and targeting of putative miRNAs involved in the 
pathogenesis of tinnitus may contribute to the development of 
novel approaches to the treatment of this condition.

Materials and methods

Animals. The present study was approved by the Institutional 
Animal Care and Use Committee of Chung‑Ang University 
(2016‑00092). All experiments were performed in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (17). All animals were allowed to 
acclimate to the laboratory conditions for 1 week prior to the 
start of the experiments. The animals were housed in a temper‑
ature‑ and humidity‑controlled room with a 12‑h light/dark 
cycle, with food and water available ad libitum. The experi‑
ments were conducted on 12‑week‑old male Sprague‑Dawley 
rats. The auditory brainstem response  (ABR) recordings, 
noise exposure and surgical procedures were performed 
under anesthesia induced by intraperitoneal administration of 
Zoletil (40 mg/kg, Zoletil 50®; Virbac) mixed with xylazine 
(10 mg/kg, Rompun®; Bayer‑Korea, Ltd.).

Experimental design. A total of 102 rats were used in the 
present study. The study was conducted in four stages (Fig. 1) 
as follows: i) Identification of candidate miRNAs involved in 
the development of tinnitus, using microarray analysis; ii) vali‑
dation of miRNA expression using RT‑qPCR; iii) evaluation 
of the effects of overexpression of the candidate miRNAs on 
tinnitus; and iv) target prediction of the candidate miRNAs. In 
each stage, the ABR and gap pre‑pulse inhibition of acoustic 
startle reflex (GPIAS) were recorded in all animals prior 
to noise exposure, to confirm that none of the animals had 
hearing loss or tinnitus. All rats were exposed to 6‑8 kHz 
narrow‑band noise at 110 dB sound pressure level (SPL) for 
2 h, with the left ear plugged and sutured. This noise‑exposure 
protocol was developed in our previous study and confirmed to 
induce a TTS on the right side only (12). To detect the hearing 
changes, the ABR was recorded on day 1, and at 1 and 3 weeks 

post‑noise exposure, whereas GPIAS responses were recorded 
at  1  and  3  weeks following exposure. The development 
of tinnitus was determined based on the recorded GPIAS 
responses.

A total of 8 rats were used in the first stage of the experi‑
ment. At 3 weeks post‑noise exposure, a total of 5 rats exhibited 
evidence of tinnitus. Subsequently, 3 rats were randomly selected 
each from the tinnitus (n=5) and non‑tinnitus (n=3) groups. 
The right DCNs were harvested from these rats, following the 
protocol outlined in the atlas of Paxinos and Watson (18). The 
samples were subjected to miRNA microarray analysis. Based 
on the results of microarray analysis, candidate miRNAs were 
selected. For the second stage of the experiment, 13 rats were 
used. The right DCNs were harvested from these rats at 3 weeks 
following noise exposure. It was observed that 7 rats exhibited 
evidence of tinnitus at this stage. To validate the candidate 
miRNAs, RT‑qPCR was performed on these samples. The 
results were analyzed and the miRNAs that exhibited signifi‑
cant differences between the tinnitus and non‑tinnitus groups 
were identified. In the third stage of the experiment, 81 rats were 
exposed to noise, of which 59 displayed evidence of tinnitus 
at 1 week post‑exposure. To evaluate the role of the candidate 
miRNAs selected with RT‑qPCR and miRNA microarray 
analyses, a candidate miRNA oligomer (mimic or mimic 
negative control) was administered into the lateral ventricles 
of the 59 rats that manifested evidence of tinnitus. At 3 weeks 
following noise exposure, whether the tinnitus persisted was 
determined using the GPIAS recordings. In the next stage of the 
experiment, rats receiving the candidate miRNA oligomer were 
divided into the following four experimental groups based on 
the type of oligomer administered and the persistence of tinnitus 
at 3 weeks following noise exposure: i) Mimic tinnitus, ii) mimic 
non‑tinnitus, iii) control tinnitus and iv) control non‑tinnitus 
groups. In the last stage of the experiment, target prediction 
analysis for the candidate miRNAs was performed. Three rats 
were randomly selected from each of the mimic non‑tinnitus 
and control tinnitus groups. mRNA microarray analysis was 
performed using the three DCN samples obtained from each 
group. Based on the results of microarray analysis and the anal‑
ysis performed using the TargetScan miRNA target prediction 
server (http://www.targetscan.org/cgi‑bin/targetscan/vert_72/ 
targetscan.cgi?species=Rat&gid=&mir_sc=miR‑375‑3p&mir_
c=&mir_nc=&sortType=cs&allTxs=&incl_nc=All), all the 
potential target genes of the candidate miRNA were identified. 
Subsequently, the expression levels of these candidate target 
genes were compared between the two experimental groups 
using western blotting.

ABR recordings. ABR recordings were performed as 
described previously (19). ABR was measured using SmartEP 
(version 2.33; Intelligent Hearing Systems) and high‑frequency 
transducers (HFT9911‑20‑0035). The ABR signals detected 
between the subcutaneous electrodes at the nape of the neck 
and the ipsilateral mastoid process were recorded using the 
contralateral mastoid process as the return. Tone‑pip stimuli 
of 7, 11 and 15 kHz (duration, 5 msec; cos shaping, 21 Hz) 
were delivered in decreasing steps of 5 dB SPL. The responses 
were band pass‑filtered (100‑1,500 Hz), amplified (x100,000) 
and averaged over 512 stimuli repetitions at each frequency 
and sound level. The lowest stimulus intensity that induced a 
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detectable response was considered as the threshold, and it was 
assessed by two researchers.

Behavioral test for tinnitus. GPIAS recordings were 
performed as described previously (12). The recording system 
used in the present study consisted of a mesh cage with an 
accelerometer (LIS344ALH; STMicroelectronics), an audio 
amplifier (PM‑5004; Marantz), a full‑range loud speaker 
(TC9FSD13; Vifa/Peerless, Tymphany), a reference micro‑
phone, data acquisition hardware (NI DAQ‑6341; National 
Instruments Corporation), a custom‑made anechoic noise box, 
and the LabVIEW (version 2015; National Instrument)‑based 
custom GUI 3.0 software. This LabVIEW‑based software was 
used for acoustic stimulation, startle response acquisition and 
response analyses.

Acoustic stimulation was carried out using sound waves of 
2 kHz bandwidth and 60 dB SPL; the center frequencies of 7, 
11 and 15 kHz were used as the background noise. A broadband 
noise burst of 105 dB SPL for a duration of 50 msec served as 
the startle stimulus. During each session, 15 gap‑conditioned 
stimuli and 15 non‑gap‑conditioned stimuli were presented in 
a random pair order. The gap pre‑pulse that occurred in each 
gap‑conditioned stimulus was presented 100 msec before the 
onset of the startle stimulus and lasted for 50 msec. The time 
interval between the presentation of acoustic stimulations was 
altered randomly between 17 and 23 sec. The gap‑conditioned 
response/non‑gap‑conditioned response  (G/N) ratios were 
calculated according to the following equation:

where RMS‑GSR and RMS‑NGSR are the root‑mean‑squared 
(RMS) values of the gap‑conditioned startle responses (GSR) 
and the non‑GSR (NGSR), respectively. The outliers among 
the measured startle responses were removed using Grubb's 
test (20). The GSR and the NGSR were compared using the 
Mann‑Whitney U test. The animals were considered to have no 
tinnitus if there were significant differences at all frequencies 
(P<0.05); otherwise, the rats were considered to have tinnitus.

miRNA microarray analysis. Microarray analysis of the 
miRNAs was performed at BioCore Co., Ltd. using the 
Affymetrix miRNA 4.0 microarray (Affymetrix; Thermo 
Fisher Scientific, Inc.), which contained all the miRNAs 
in the miRBase Release 20 database (http://www.mirbase.
org/), including 30,434 mature miRNA probe sets. RNA was 
prepared as described previously (21). Briefly, total RNA was 
extracted from the DCN samples using the TRI Reagent® 
(MRC). The quality and quantity of the RNA were assessed 
using an Agilent 2100 BioAnalyzer (Agilent Technologies, Inc.) 
and a NanoDrop™ 1000 Spectrophotometer (Thermo Fisher 
Scientific, Inc.), respectively. The RNA was labeled using 
the FlashTag Biotin RNA Labeling kit (Affymetrix; Thermo 
Fisher Scientific, Inc.), and the labeled samples were hybridized 
to GeneChip miRNA 4.0 microarrays (Affymetrix; Thermo 
Fisher Scientific, Inc.). A hybridization mixture consisting of 
control oligo B2, 20X hybridization controls (bioB, bioC, bioD 
and cre), 27.5% formamide, DMSO, 2X hybridization buffer 
and water, was applied to all the samples. Hybridization was 
performed in an Affymetrix GeneChip Hybridization Oven 

640 at 48˚C and 60 rpm for 16 h. Subsequently, the arrays 
were stained with stain cocktails (1 and 2) included in the 
kit, and washed in Affymetrix GeneChip Fluidics Station 
450, in accordance with the FS450_0002 fluidics protocol. 
Following scanning using an Affymetrix GeneChip Scanner 
3000, all the arrays were analyzed using the Transcriptome 
Analysis Console™  4.0 software (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The CEL files generated were 
imported into the Gene Expression Workflow in GeneSpring 
GX, version 14.9.1 (Agilent Technologies, Inc.). Background 
correction, log2 transformation and probe set summarizing 
were achieved using the default settings in the GeneSpring 
software. Subsequently, principal component analysis was 
performed using a covariance dispersion matrix for data 
quality control. Unpaired t‑tests were performed to compare 
the individual gene expression data of the noise‑exposed 
tinnitus group with that of the non‑tinnitus group.

RT‑qPCR. Total RNA was extracted from the DCN samples 
using the QIAzol Lysis Reagent (Qiagen GmbH) according 
to the manufacturer's instructions. The RNA concentration 
of the samples was determined using a NanoDrop™ spectro‑
photometer (Thermo Fisher Scientific, Inc.). cDNA synthesis 
was performed using the miScript II RT kit (Qiagen GmbH), 
and qPCR was performed with primers for miR‑15b‑3p 
(cat. no. YP00205898), ‑105 (cat. no. YP00205105), ‑221‑3p 
(cat. no. YP00204532), ‑375‑3p (cat. no. YP00204362), ‑455‑5p 
(cat. no. YP00204363), ‑544‑5p (cat. no. YP02116293), ‑708‑5p 
(cat. no. YP00204490) and ‑759 (cat. no. YP00206000; all 
from Qiagen GmbH) in a Bio‑Rad CFX 96 real‑time system 
(Bio‑Rad Laboratories, Inc.) using the miScript SYBR Green 
PCR kit (Qiagen GmbH) as follows: Initial heat activation 
at 95˚C for 2 min, followed by 40 cycles of 95˚C for 10 sec 
and 56˚C for 1 min. All PCR reactions were performed under 
standard PCR conditions; U6 (cat. no. YP00203907; Qiagen 
GmbH) was used as the endogenous control. The relative 
quantification (RQ) values were calculated from the quantifi‑
cation cycle (Cq) values using the 2‑ΔΔCq method (22).

Validation study using candidate miRNA oligomers. 
Based on the results of miRNA microarray and RT‑qPCR 
analyses, miR‑375‑3p was selected as the candi‑
date miRNA. To evaluate its role, miR‑375‑3p mimic 
(5'‑UUUGUUCGUUCGGCUCGCGUGA‑3') (Qiagen GmbH) 
and miR‑375‑3p mimic negative control (Qiagen GmbH) were 
administered to 31 and 28 rats, respectively, that exhibited 
evidence of tinnitus at 1 week post‑noise exposure. Once the 
rats were anesthetized using the method previously described, 
and placed in a stereotaxic frame, 5 µl of miRNA oligomer 
(66.67 µM) was mixed with 12.5 µl of Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) and injected into 
the right lateral ventricle (0.8 mm posterior to the bregma, 
1.4 mm right lateral to the midline, to a depth of 3.4 mm from 
the surface of the skull) at an infusion rate of 1 µl/min. The 
speed of needle insertion and withdrawal was maintained 
at 1.5 mm/min. The site of craniotomy was closed using bone 
wax and the scalp was sutured. Two weeks later (i.e., 3 weeks 
after noise exposure), the GPIAS responses were measured to 
determine whether tinnitus persisted. The rats were divided 
into four experimental groups based on the type of oligomer 
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administered and the persistence of tinnitus, as follows: 
i) Mimic tinnitus, ii) mimic non‑tinnitus, iii) control tinnitus, 
and iv) control non‑tinnitus groups.

Target prediction of the candidate miRNA. To identify the target 
mRNA regulated by miR‑375‑3p, mRNA microarray analysis 
was performed on the DCN samples from 3 rats randomly 
selected each from the mimic non‑tinnitus and control tinnitus 
groups. Microarray analysis of the mRNAs was performed at 
BioCore Co., Ltd. Briefly, RNA was isolated and prepared as 
detailed above. The cDNAs were generated using the GeneChip 
Whole Transcript PLUS Reagent kit (Affymetrix; Thermo 
Fisher Scientific, Inc.) and labeled with terminal deoxynucleo‑
tidyl transferase (TDT) using the Affymetrix proprietary DNA 
Labeling Reagent (Affymetrix; Thermo Fisher Scientific, 
Inc.). The labeled samples were hybridized to the GeneChip 
RaGene 2.0 ST Array (Affymetrix; Thermo Fisher Scientific, 
Inc.). All arrays were scanned using the Affymetrix GeneChip 
Scanner  3000, and raw analysis was performed using the 
Transcriptome Analysis Console™ software. The CEL files 
generated were imported into the Gene Expression Workflow 
in GeneSpring GX version 14.9.1 (Agilent Technologies, Inc.). 
Subsequently, the microarray data were analyzed as described 
above.

Western blot analysis. Western blotting was performed to 
detect the expression levels of the candidate target genes 
obtained using mRNA microarray and miRNA target predic‑
tion server (TargetScan) analyses. In addition, western blotting 
was performed to determine the expression levels of the 

candidate target genes along with CTGF, which is a previously 
reported target of miRNA‑375‑3p (23). The expression levels 
of the proteins were compared between the mimic non‑tinnitus 
and control tinnitus experimental groups.

Western blotting was carried out on the DCNs, as 
described previously  (12). Briefly, the homogenized DCN 
samples were treated with RIPA lysis buffer (Biosesang) 
and a 100X Protease Inhibitor Cocktail (EDTA‑free, lyophi‑
lized; cat.  no.  QTPPI1015; Quartett, Inc.). Subsequently, 
the samples were incubated on ice for at least 1  h and 
centrifuged at 16,000 x g for 20 min at 4˚C (Smart R17 Plus 
Micro Centrifuge; Hanil Scientific, Inc.). Following protein 
concentration estimation of the supernatants using the BCA 
assay, the proteins were denatured at 95˚C for 5 min in a 
5X SDS‑PAGE loading buffer (cat.  no.  EBA‑1052; Elpis 
Biotech, Inc.) and separated on a 10% SDS‑PAGE gel. The 
protein bands were transferred onto PVDF membranes 
(Immobilon‑P Transfer membrane; MilliporeSigma); the 
membranes were then immersed in a blocking solution [1% 
bovine serum albumin (cat. no. A0100‑010; Gendepot, Inc.) 
in Tris‑buffered saline with 0.1% Tween‑20] for 1 h at room 
temperature. Next, the membranes were incubated overnight 
at 4˚C with primary antibodies against inhibin β‑A (INHBA), 
homeobox A2 (HOXA2), potassium voltage‑gated channel 
subfamily A regulatory beta subunit 3 (KCNAB3), CTGF, 
and β‑actin, at the following dilutions: Mouse INHBA 
(1:200, cat. no. sc‑166503; Santa Cruz Biotechnology, Inc.), 
rabbit HOXA2 (1:1,000, cat.  no.  PA568986; Invitrogen; 
Thermo Fisher Scientific, Inc.), rabbit KCNAB3 (1:1,000, 
cat. no. AV35151; Sigma‑Aldrich; Merck KGaA), mouse CTGF 

Figure 1. Experimental design. TTS, temporary threshold shift; GPIAS, gap pre‑pulse inhibition of acoustic startle reflex; ABR, auditory brainstem response; 
RT‑qPCR, reverse transcription‑quantitative PCR.
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(1:1,000, cat. no. sc‑101586; Santa Cruz Biotechnology, Inc.), 
and mouse β‑actin (1:3,000, cat. no. sc‑47778; Santa Cruz 
Biotechnology, Inc.). On the following day, the membranes 
were rinsed and incubated with species‑specific horseradish 
peroxidase‑conjugated secondary antibodies (anti‑rabbit: 
1:10,000, cat. no. ADI‑SAB‑300‑J; and anti‑mouse: 1:10,000, 
cat. no. ADI‑SAB‑100‑J; both from Enzo Life Sciences, Inc.) 
for 1 h at room temperature. The protein bands were visual‑
ized using ECL solution (cat. no. WBKLS0500; Immobilon 
Western Chemiluminescent HRP Substrate; MilliporeSigma) 
and analyzed with a chemiluminescence image analyzer 
(ChemiDoc; Bio‑Rad Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using 
the IBM SPSS 21.0 software (IBM Corp.). The ABR thresh‑
olds were assessed using the two‑way repeated measures 
ANOVA followed by Tukey's post hoc test. The RQ values 
obtained from the RT‑qPCR and western blot analyses results 
were examined using the Mann‑Whitney U‑test. The effect of 
miR‑375‑3p overexpression was analyzed using the Pearson's 
χ2 test. P<0.05 indicated statistically significant differences.

Results

ABR recordings. Prior to noise exposure, the ABR thresholds 
on both the right and left sides of all rats ranged between 
20 and 30 dB SPL, at all frequencies, with no significant differ‑
ence detected between the tinnitus and non‑tinnitus groups at all 
stages. In all groups and at all frequencies, the ABR thresholds 

on the right side on day 1 after noise exposure were significantly 
higher compared with those at all other time points. After 
1 week of noise exposure, the ABR threshold was significantly 
lower compared with that on day 1, but significantly higher 
compared with the baseline threshold and the threshold 3 weeks 
later. However, there was no significant difference between the 
baseline ABR threshold and the ABR threshold after 3 weeks of 
exposure to noise. The ABR thresholds on the left side ranged 
between 20 and 30 dB SPL. At all time points post‑exposure, 
the measured ABR thresholds at each frequency did not differ 
significantly between the two groups at the first and second 
stages during the experiments (Fig. 2). In addition, there were 
no significant differences in the ABR thresholds among the four 
experimental groups in the third stage (Fig. 3).

Behavioral test for tinnitus. Among individual rats, the 
pre‑exposure G/N ratios ranged from 30 to 70%. Compared 
with the no‑gap condition, all rats showed significant decreases 
in startle responses under the gap condition at all frequencies 
(P<0.05). As stated previously, the GPIAS responses were 
recorded at 3 weeks following noise exposure. In the first stage 
of the experiment, 5 of the 8 rats examined exhibited no signif‑
icant decrease in the startle response under the gap condition 
at one or more frequencies (P>0.05). Consequently, these rats 
manifested behavioral evidence of tinnitus. The remaining 
rats exhibited significant decreases in startle responses under 
the gap condition at all frequencies; hence, they manifested 
no behavioral evidence of tinnitus. In the second stage of the 
experiment, 7 of the 13 rats examined exhibited no significant 

Figure 2. ABR thresholds before and after noise exposure in the first and second stages. Stage one: (A) Non‑tinnitus group (n=3) and (B) tinnitus group (n=5). 
Stage two: (C) Non‑tinnitus group (n=6) and (D) tinnitus group (n=7). There were no significant differences in the ABR thresholds of the rats in the tinnitus and 
non‑tinnitus groups at all time points tested. Data are presented as mean ± standard deviation, as determined using two‑way repeated measures ANOVA. *P<0.05 
compared with baseline; †P<0.05 compared with week 1; and ‡P<0.05 compared with week 3. ABR, auditory brainstem response; SPL, sound pressure level.
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decrease in startle response under the gap condition at one 
or more frequencies (P>0.05). Thus, these rats manifested 
behavioral evidence of tinnitus. The remaining rats exhibited 
significant decreases in startle responses under the gap condi‑
tion at all frequencies, and were accordingly considered to 
manifest no behavioral evidence of tinnitus.

Selection of candidate miRNAs based on microarray analysis. 
Candidate miRNAs were selected based on the results 
obtained from microarray analysis (non‑tinnitus group, n=3; 
tinnitus group, n=3). First, miRNAs not expressed in humans 
were excluded. Subsequently, the remaining miRNAs that 
satisfied the following criterion were selected: Log‑ratio 
intensity >0.379 or <‑0.379 (P<0.08) between the tinnitus 
and non‑tinnitus groups, as determined by the Student's 
t‑test. Using this criterion, miR‑15b‑3p, ‑105, ‑221‑3p, ‑375‑3p, 
‑455‑5p, ‑544‑5p, ‑708‑5p and ‑759 were selected as candidate 
miRNAs (Tables I and SI).

Validation of miRNA expression using RT‑qPCR. To vali‑
date the candidate miRNAs, RT‑qPCR was performed 
(non‑tinnitus group, n=6; tinnitus group, n=7) to identify those 
miRNAs showing a significant difference in RQ values in the 
tinnitus and non‑tinnitus groups. It was observed that, among 
all the candidate miRNAs, the RQ value of miR‑375‑3p was 
significantly decreased in the tinnitus group compared with 
that in the non‑tinnitus group (P=0.028), while the RQ values 

of miR‑15b‑3p, ‑105, ‑455‑5p, ‑544‑5p and ‑708‑5p were not 
significantly different (Fig. 4). The Cq value of miR‑759 was 
>35 even with an increased amount of total RNA as template. 
As this same observation was made in multiple replicates of 

Figure 3. ABR thresholds before and after noise exposure in the third stage. (A) Non‑tinnitus (n=7) and (B) tinnitus (n=21) groups with miR‑375‑3p mimic 
negative control injection. (C) Non‑tinnitus (n=17) and (D) tinnitus (n=14) groups with miR‑375‑3p mimic injection. There were no significant differences 
in the ABR thresholds among the rats in all groups at all time points tested. Data are presented as mean ± standard deviation, as determined using two‑way 
repeated measures ANOVA. *P<0.05 compared with baseline, †P<0.05 compared with week 1 and ‡P<0.05 compared with week 3. ABR, auditory brainstem 
response; SPL, sound pressure level.

Table I. Candidate microRNAs selected based on microarray 
analysis.

Candidate microRNAs	 Log‑ratio	 P‑value

Log‑ratio between the tinnitus and non‑tinnitus groups: 
>0.379 (P<0.08)
  miR‑15b‑3p	 0.456	 0.020
  miR‑221‑3p	 0.500	 0.033
  miR‑455‑5p	 0.394	 0.076
  miR‑544‑5p	 0.666	 0.012
  miR‑708‑5p	 0.773	 0.043
Log‑ratio between the tinnitus and non‑tinnitus groups: 
<‑0.379 (P<0.08)
  miR‑105	 ‑0.519	 0.030
  miR‑375‑3p	 ‑0.530	 0.059
  miR‑759	 ‑0.661	 0.058

miR, microRNA.
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the experiment, miR‑759 was excluded from the candidate 
miRNAs. Consequently, it was inferred that miR‑375‑3p was 
involved in the development of tinnitus.

Injection of miR‑375‑3p oligomers. To evaluate the role of 
miR‑375‑3p in the development of tinnitus, a miR‑375‑3p 
mimic or a mimic negative control was injected into the lateral 
ventricles of rats with tinnitus at 1 week post‑noise exposure. 
Two weeks later (i.e., 3 weeks post‑noise exposure), GPIAS 
recordings were performed to determine whether tinnitus 
persisted. It was found that tinnitus persisted in 21 of the 28 
rats (75.0%) injected with the miR‑375‑3p mimic negative 
control, and in 14 of the 31 rats (45.2%) injected with the 
miR‑375‑3p mimic. A total of 17 rats (54.8%) exhibited no 
tinnitus at 3 weeks post‑noise exposure (Fig. 5 and Table II). 
The effect of miR‑375‑3p mimic on preventing the persistence 
of tinnitus at 3 weeks post‑noise exposure was found to be 
statistically significant [P=0.020, odds ratio (OR)=0.275, 95% 
confidence interval (CI): 0.090‑0.833]. These results suggested 
that a decrease in miR‑375‑3p level may play a key role in the 
persistence of tinnitus.

Target prediction for miR‑375‑3p. To discern the probable 
targets regulated by miR‑375‑3p, mRNA microarray analysis 
was performed (Table SII). In the mimic non‑tinnitus group 
(n=3), tinnitus had ceased after miR‑375‑3p mimic injec‑
tion, whereas in the control tinnitus group (n=3), the rats 
had persistent tinnitus after miR‑375‑3p mimic negative 
control injection. The target gene candidates that exhibited 
decreased expression in the mimic non‑tinnitus group were 
selected using the following criteria: Log‑ratio <‑0.585 and 
P≤0.25. As an additional process for target prediction, the 
miRNA target prediction program TargetScan was employed 
(http://www.targetscan.org/cgi‑bin/targetscan/vert_72/targetscan.
cgi?species=Rat&gid=&mir_sc=miR‑375‑3p&mir_c=&mir_
nc=&sortType=cs&allTxs=&incl_nc=All). Genes that were 
predicted as targets for miR‑375‑3p and whose target site 
nucleotide sequences in rats were identical to or contained 
one nucleotide difference when compared with the respec‑
tive genes in humans were selected from TargetScan. 
Collectively, the results from mRNA microarray analysis and 

TargetScan revealed three gene targets: KCNAB3, INHBA and 
HOXA2 (Table III).

Along with these genes, CTGF, a previously reported target 
of miR‑375‑3p (23), was included, and western blotting was 
performed to analyze the expression of these potential genes 
in the mimic non‑tinnitus (n=8) and control tinnitus (n=7) 
experimental groups. The western blotting results showed 
that the mimic non‑tinnitus group, wherein tinnitus ceased 
after 3 weeks of noise exposure owing to the injection of the 
mimic, exhibited a statistically significant decrease in CTGF 
levels compared to the control tinnitus group, in which tinnitus 
persisted (P=0.028) (Fig. 6). The other three proteins did not 
differ significantly between the groups.

Discussion

Although numerous studies have investigated the probable 
causal factors contributing to the development of tinnitus (9‑11), 
no effective therapeutic methods have been identified to date 
for the treatment of this condition. To address this issue, it is 
necessary to identify and block the checkpoints in various 
pathways associated with the induction of tinnitus.

It is well known that the majority of genes are regulated 
by miRNAs, which are non‑coding RNAs that modify gene 
expression via post‑transcriptional regulation. Moreover, one 
single miRNA can regulate the expression of multiple genes, 
thereby serving as a checkpoint for disease outbreaks. miRNAs 
are particularly abundant in the brain and play important roles 
in the development and functioning of neuronal networks, 
including the regulation of neurogenesis, synaptogenesis and 
morphogenesis (24‑26). Various neuronal diseases, including 
schizophrenia, autism, fragile X, Rett and Down syndromes, 
have also been reported to be associated with aberrant 
miRNA expression (27‑29). In addition, vestibular compen‑
sation, a change in brainstem function concomitant with a 
decrease in sensory input, has been reported to be regulated 
by miRNAs (21). Given that tinnitus is known to be induced 
by changes in the brainstem in response to a reduced audi‑
tory input (9‑11), the developmental mechanism of tinnitus 
may have similarities to the vestibular compensation process. 
Accordingly, it was hypothesized that one or more miRNAs 

Figure 4. Reverse transcription‑quantitative PCR of candidate miRNAs. The RQ value of miR‑375‑3p was significantly decreased in the tinnitus group 
(n=7) compared with that in the non‑tinnitus group (n=6). The experiment was repeated thrice. *P<0.05 vs. non‑tinnitus group, as determined using the 
Mann‑Whitney test. The bars indicate standard error. RQ, relative quantification; miRNA/miR, microRNA.
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Table II. Changes in GPIAS responses in the mimic non‑tinnitus group wherein tinnitus ceased following miR‑375‑3p mimic 
injection.

	 Background noise (kHz)
	--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 6‑8 	 10‑12 	 14‑16
	-------------------------------------------------------	-------------------------------------------------------	-------------------------------------------------------  
No.	 G/N ratioa	 P‑value	 G/N ratioa	 P‑value	 G/N ratioa	 P‑value

1
  Baseline	 0.567	 0.002	 0.331	 <0.001	 0.284	 <0.001
  Week 1	 1.100	 0.793	 0.360	 0.001	 0.559	 0.223
  Week 3	 0.599	 <0.001	 0.373	 0.001	 0.665	 0.024
2						    
  Baseline	 0.477	 0.001	 0.571	 0.028	 0.249	 <0.001
  Week 1	 0.980	 0.497	 0.782	 0.093	 0.323	 0.002
  Week 3	 0.176	 <0.001	 0.222	 0.010	 0.397	 0.014
3						    
  Baseline	 0.728	 <0.001	 0.771	 0.006	 0.701	 <0.001
  Week 1	 0.730	 <0.001	 0.972	 0.908	 0.960	 0.315
  Week 3	 0.785	 0.006	 0.785	 0.003	 0.842	 0.015
4						    
  Baseline	 0.638	 <0.001	 0.567	 0.001	 0.568	 0.005
  Week 1	 0.984	 0.627	 0.744	 0.010	 0.972	 0.576
  Week 3	 0.692	 0.005	 0.714	 0.044	 0.608	 <0.001
5						    
  Baseline	 0.537	 0.001	 0.295	 0.001	 0.296	 <0.001
  Week 1	 0.246	 0.002	 0.966	 0.106	 0.289	 0.001
  Week 3	 0.247	 0.002	 0.329	 0.003	 0.964	 0.020
6						    
  Baseline	 0.583	 0.002	 0.532	 <0.001	 0.679	 0.011
  Week 1	 0.970	 0.852	 1.031	 0.890	 0.623	 0.003
  Week 3	 0.734	 0.033	 0.692	 0.005	 0.602	 0.004
7						    
  Baseline	 0.749	 0.045	 0.368	 <0.001	 0.451	 0.001
  Week 1	 0.401	 <0.001	 0.703	 0.014	 1.015	 0.633
  Week 3	 0.734	 0.015	 0.642	 0.026	 0.421	 0.001
8						    
  Baseline	 0.121	 <0.001	 0.357	 <0.001	 0.443	 0.015
  Week 1	 1.092	 0.663	 0.258	 <0.001	 0.148	 <0.001
  Week 3	 0.154	 <0.001	 0.108	 <0.001	 0.101	 <0.001
9						    
  Baseline	 0.332	 <0.001	 0.424	 <0.001	 0.266	 <0.001
  Week 1	 0.497	 <0.001	 0.583	 0.013	 0.667	 0.254
  Week 3	 0.480	 <0.001	 0.354	 <0.001	 0.284	 0.013
10						    
  Baseline	 0.285	 0.001	 0.373	 0.002	 0.558	 0.001
  Week 1	 0.378	 <0.001	 0.765	 0.178	 0.990	 0.760
  Week 3	 0.343	 <0.001	 0.343	 0.016	 0.533	 0.010
11						    
  Baseline	 0.624	 0.006	 0.642	 0.029	 0.526	 0.001
  Week 1	 1.026	 0.020	 1.006	 0.443	 0.669	 0.036
  Week 3	 0.378	 0.002	 0.564	 0.011	 0.327	 0.008
12						    
  Baseline	 0.579	 0.006	 0.300	 <0.001	 0.199	 <0.001
  Week 1	 1.077	 0.358	 0.858	 0.310	 0.519	 0.002
  Week 3	 0.616	 0.001	 0.555	 0.007	 0.448	 0.040
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may play checkpoint roles in the development of tinnitus and, 
thus, we sought to identify these miRNAs.

In our previous study, a tinnitus animal model was devel‑
oped to elucidate the mechanisms underlying tinnitus resulting 
from noise exposure and inducing TTS in rats (12). Using this 
model, the DCNs of rats were collected and the auditory and 
non‑auditory projections were compared between the tinnitus 
and the non‑tinnitus groups. It was observed that a decrease 
in the auditory projections and a subsequent increase in the 
non‑auditory projections via axonal sprouting were impor‑
tant phenomena associated with the development of tinnitus 
at 3 weeks post‑noise exposure. In the present study, the same 
model was used in an effort to identify the putative miRNAs 
implicated in the regulation of the aforementioned processes. 
At 3 weeks post‑noise exposure, the DCNs of the rats were 
collected to identify miRNAs exhibiting differential expres‑
sion in the tinnitus and non‑tinnitus groups and the candidate 
miRNAs were selected based on microarray analysis. Through 
subsequent validation using RT‑qPCR, it was found that 
miR‑375‑3p was significantly decreased in the tinnitus group 
compared with the non‑tinnitus group. miRNAs associated 
with tinnitus were identified by comparing the groups with 
and without tinnitus, although the same degree of hearing loss 
was induced in both groups. If the control group without noise 
exposure was also included in the comparisons, the results 

Figure 5. Ratio of rats with or without tinnitus post‑injection. miR‑375‑3p 
mimic and miR‑375‑3p mimic negative control were administered to 31 and 28 
rats, respectively, that exhibited evidence of tinnitus at 1 week post‑noise expo‑
sure. Two weeks later (i.e., 3 weeks after noise exposure), the GPIAS responses 
were measured to determine whether tinnitus persisted. The mimic‑injected 
group exhibited a significantly lower ratio of animals with persistent tinnitus 
at 3 weeks post‑noise exposure, as determined using the Pearson's χ2  test 
(P=0.020, odds ratio =0.275, 95% confidence interval: 0.090‑0.833). The 
number of animals in each experimental group are labeled in the graph. 
GPIAS, gap pre‑pulse inhibition of acoustic startle reflex; miR, microRNA.

Table II. Continued.

	 Background noise (kHz)
	--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 6‑8 	 10‑12 	 14‑16
	-------------------------------------------------------	-------------------------------------------------------	-------------------------------------------------------  
No.	 G/N ratioa	 P‑value	 G/N ratioa	 P‑value	 G/N ratioa	 P‑value

13						    
  Baseline	 0.595	 0.001	 0.452	 0.002	 0.358	 0.001
  Week 1	 0.589	 0.001	 0.561	 0.012	 0.812	 0.101
  Week 3	 0.479	 <0.001	 0.723	 0.036	 0.514	 0.001
14						    
  Baseline	 0.453	 <0.001	 0.669	 0.038	 0.668	 0.012
  Week 1	 0.440	 <0.001	 0.623	 0.004	 0.770	 0.165
  Week 3	 0.421	 0.007	 0.345	 <0.001	 0.498	 0.001
15						    
  Baseline	 0.455	 0.001	 0.507	 0.024	 0.379	 0.001
  Week 1	 1.311	 0.102	 0.705	 0.254	 0.310	 0.004
  Week 3	 0.518	 0.024	 0.502	 0.021	 0.433	 0.025
16						    
  Baseline	 0.560	 0.017	 0.620	 0.014	 0.312	 <0.001
  Week 1	 0.286	 0.047	 0.596	 0.141	 0.532	 0.006
  Week 3	 0.511	 <0.001	 0.362	 <0.001	 0.483	 0.002
17						    
  Baseline	 0.594	 0.005	 0.486	 <0.001	 0.611	 0.021
  Week 1	 1.061	 0.818	 0.727	 0.044	 0.618	 0.036
  Week 3	 0.467	 <0.001	 0.650	 0.040	 0.741	 0.049

aRMS‑GSR/RMS‑NGSR. RMS, root‑mean‑square; GSR, gap‑conditioned startle response; NGSR, non‑gap‑conditioned startle response; 
GPIAS, gap pre‑pulse inhibition of acoustic startle reflex.
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would have been clearer. However, even if the same degree 
of hearing loss occurs due to exposure to the same noise 
frequencies, tinnitus only occurs in a proportion of the cases. 
Therefore, when conducting tinnitus research, it is essential to 
distinguish between the changes occurring owing to hearing 
loss and the changes that cause tinnitus; this may be achieved 
by comparing tinnitus and non‑tinnitus animal models. The 
effect of miR‑375‑3p on tinnitus development was evaluated by 
injecting a miR‑375‑3p mimic or a mimic negative control. In 
the mimic negative control‑injected group, tinnitus persisted in 
75.0% of the rats. In our previous study using the same tinnitus 
animal model, we found that tinnitus persisted 3 weeks after 
noise exposure in 81.5% of animals that developed tinnitus 
at 1 week after noise exposure (12). Similar results were also 
obtained in the present study. However, in the mimic‑injected 
group, the proportion of animals with persistent tinnitus 
decreased significantly to 45.2%. This finding confirmed that 
the overexpression of miR‑375‑3p could reduce the persistence 
of tinnitus.

Several researchers have reported the effects of miR‑375 
on the brain, although it is found in multiple organs or 
tissues  (30‑32). For example, the expression of miR‑375 
was found to be downregulated in several neural injury 
models, including models of cerebral ischemia/reperfusion 
injury (33‑35). However, the overexpression of miR‑375, using 
an miR‑375 mimic, has been shown to provide significant 
protection against the ischemia/reperfusion‑induced brain 
injury by reducing cell apoptosis. A recent study reported 

that CTGF is one of the targets of miR‑375‑3p, and that the 
overexpression of miR‑375‑3p resulted in the downregulation 
of CTGF in a brain ischemia/reperfusion injury model (23). 
CTGF has been demonstrated to exert pro‑apoptotic effects 
under different conditions, including carcinoma and brain 
injury. CTGF levels have been demonstrated to increase in 
the brains of rats with traumatic brain injury (36). The CTGF 
protein has been shown to have pro‑apoptotic activity, and to 
promote a reduction in neuronal survival (37,38).

Our previous study demonstrated that, subsequent to 
hearing loss, the auditory projections degrade quickly and 
more severely in the tinnitus group compared with the 
non‑tinnitus group, thereby leading to a significant increase 
in the somatosensory projections. This has been identified as 
an important process in the development of tinnitus (12). In 
the present study, it was observed that miR‑375‑3p expres‑
sion decreased in the tinnitus group compared with the 
non‑tinnitus group. Considering the changes in miR‑375‑3p 
expression following neural injury, it was hypothesized that 
the development of tinnitus may be attributed to the decreased 
expression of miR‑375‑3p. In addition, when miR‑375‑3p 
was overexpressed with miR‑375‑3p mimic injection, the 
proportion of animals with sustained tinnitus to those with 
ceased tinnitus decreased significantly compared with the 
control group. It was inferred that miR‑375‑3p may prevent 
the persistence of tinnitus by attenuating the neural damage 
following noise exposure. This mechanism may be involved 
in the apoptotic process of CTGF, one of the gene targets of 
miR‑375‑3p. A possible scenario is that the downregulation 
of CTGF by miR‑375‑3p is weakened as the expression of 
miR‑375‑3p decreases, leading to more severe neural damage 
due to increased CTGF expression and the apoptosis of audi‑
tory neurons. Considering that there was no difference in 
the hearing level of the rats in the tinnitus and non‑tinnitus 
groups, it was hypothesized that there may be differences in 
the degree of damage of high‑threshold fibers, rather than the 
low‑threshold fibers, which determine the hearing thresh‑
olds (39). On the other hand, it was observed that tinnitus 
ceased in some animals administered the mimic negative 
control. This is consistent with our previous report, which 
demonstrated that 18.5% of animals exhibiting evidence of 
tinnitus at 1 week post‑noise exposure exhibited no tinnitus 
at  3  weeks post‑noise exposure, even though no specific 

Figure 6. Representative western blots and quantitative analyses of CTGF, INHBA, HOXA2, and KCNAB3 expression levels. CTGF level was significantly 
lower in the mimic non‑tinnitus group compared with that in the control tinnitus group (P=0.028). Data are presented as mean ± standard error, as deter‑
mined using the Mann‑Whitney test. *P<0.05. CTGF, connective tissue growth factor; INHBA, inhibin β‑A; HOXA2, homeobox A2; KCNAB3, potassium 
voltage‑gated channel subfamily A regulatory beta subunit 3.

Table  III. Candidate target genes of microRNA‑375‑3p 
selected based on microarray analysis.

	 Log‑ratio between the mimic 
Candidate	 non‑tinnitus and control tinnitus 
target genes	 groups: <‑0.585 (P<0.25)	 P‑value

KCNAB3	 ‑0.650	 0.136
INHBA	 ‑0.709	 0.166
HOXA2	 ‑0.957	 0.240

KCNAB3, potassium voltage‑gated channel subfamily A regulatory 
beta subunit 3; INHBA, inhibin β‑A; HOXA2, homeobox A2.
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treatment was administered, under identical experimental 
settings (12). This suggests that the susceptibility of audi‑
tory neurons to damage by noise exposure varies among 
individuals, and that the individual differences in miR‑375‑3p 
expression may be responsible for this varied susceptibility. 
In addition, some animals exhibited persistent tinnitus even 
after the administration of miR‑375‑3p mimic. This suggests 
that other factors, besides miR‑375‑3p expression, may also 
be involved in tinnitus development. This discrepancy may 
also be due to certain changes in other pathway(s) that cannot 
be compensated or reversed by miR‑375‑3p supplementa‑
tion, such as the limbic system, which is associated with the 
occurrence and persistence of tinnitus (40). However, further 
research is necessary to verify this hypothesis.

There were certain limitations to the present study that 
must be acknowledged. Only male rats were selected in 
this study. The rats were ensured to be an identical strain 
and within a certain age range to reduce variabilities. 
Furthermore, ABR recordings were checked before noise 
exposure to prove that the hearing did not differ between 
the groups. Interestingly, female rats do not display greater 
variability during the reproductive cycle compared with male 
rats; furthermore, male and female mice and humans also 
have similar levels of variability in terms of gene expres‑
sion (41‑43). Therefore, it is inferred that using both sexes 
in this study would not have made a significant difference 
in the results, provided no difference in the hearing levels 
was confirmed between the tinnitus and non‑tinnitus groups. 
However, for the results of this experiment to be translated 
into treatment strategies in the future, additional studies 
using female rats may be helpful.

To the best of our knowledge, no previous studies have 
examined the involvement of miRNAs in the development of 
tinnitus. In the present study, the expression of miR‑375‑3p 
was found to be reduced in the DCNs of rats with tinnitus, 
and the overexpression of miR‑375‑3p prevented the persis‑
tence of tinnitus by reducing the expression of CTGF. These 
findings will contribute significantly to the development of a 
novel therapeutic approach to tinnitus, thereby bringing about 
a significant breakthrough in the treatment of this potentially 
debilitating condition.
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