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Abstract. The cochlear blood‑labyrinth barrier (BLB), located 
in the stria vascularis, is critical for the homeostasis of cochlear 
solutes and ion transport. Significant disruption to the BLB 
occurs early during noise‑induced hearing loss. Matrix metal-
loproteinase (MMP)‑2 and ‑9 are important molecules known 
to be capable of degrading tight junction (TJ) proteins. The TJ 
proteins are important components of the extracellular matrix 
(ECM), required to maintain BLB integrity and permeability. 
Previous studies have demonstrated that MMP‑2 and ‑9, 
rich in healthy cochlea, serve an essential role in regulating 
the cochlear response to acoustic trauma. The present study 
investigated the localization and function of MMP‑2 and ‑9 
in the BLB by determining their associated gene expression 
and activity under normal conditions and after noise expo-
sure. Analysis of gene expression by RNA‑sequencing 
(RNA‑seq) revealed expression of 15 MMP‑associated genes, 
including genes for MMP‑2 and ‑9, in healthy stria vascularis. 
Expression of these MMP genes was dynamically regulated by 
noise trauma to the cochlea, and accompanied by alterations 
in tissue inhibitors of metalloproteinases (TIMPs) and the TJ 
protein zona‑occludens 1 (ZO‑1). These alterations suggested 
that MMP‑2 and ‑9 serve an important role in maintaining 
the integrity of BLB and in response to acoustic trauma. 
MMP‑2, MMP‑9 and ZO‑1 protein expression levels in the 
stria vascularis by immunofluorescence, and observed that the 
stable expression of MMP‑2 and ‑9 in healthy stria was mark-
edly increased following noise exposure, consistent with the 
RNA‑seq results. The compact structure of ZO‑1 in the BLB 
loosened, and strial capillaries exhibited markedly increased 
leakage of Evans blue dye following acoustic trauma. These 
data indicated that mediation of MMP‑2 and ‑9 in structural 

damage to TJ proteins, including ZO‑1, may be an important 
mechanism in the breakdown of the BLB following acoustic 
trauma. Additionally, these results indicated that MMPs are 
involved in regulating the integrity and permeability of the 
BLB, which may provide a theoretical basis for the prevention 
of noise‑induced hearing loss.

Introduction

The cochlear blood‑labyrinth‑barrier (BLB), located in the 
stria vascularis, is analogous to the blood‑brain‑barrier 
(BBB) and serves a critical role in maintaining homeostasis 
of cochlear solutes and ion transport  (1,2). Tracer studies 
of uptake of sodium, calcium and albumin from blood into 
the perilymph have indicated how difficult it is for these 
substances to penetrate the BLB into the inner ear (3). The low 
permeability of the BLB limits the entry of inflammatory and 
infectious agents into the central nervous system (2).

It is well known that tight junction (TJ) proteins between 
adjacent microvascular endothelial cells in brain are the 
primary contributor to low paracellular permeability and high 
electrical resistance of the BBB (4). Downregulation of TJ 
proteins disrupts the BBB (5). Similarly, strial capillaries are 
also enriched in TJ and cell adhesion proteins, which suggests 
they serve a role in the impermeability of the BLB  (6). 
Significant disruption of the BLB occurs early in noise‑induced 
hearing loss, and a loosening of TJs and significantly increased 
BLB permeability are also observed (7‑9).

TJs are transmembrane proteins are linked to the actin 
cytoskeleton through cytoplasmic accessory proteins, 
including zonula occludens (ZO) (10). ZO proteins, particu-
larly ZO‑1, are ubiquitous as scaffolds which provide the 
foundation for assembly of multi‑protein complexes on the 
cytoplasmic surface of the plasma membrane. ZO proteins are 
actively involved in the remodeling of junctional complexes in 
a number of cellular systems (11). As ZO‑1 often serves as a 
crucial central regulator of structural organization, it is used 
as an observation index of blood‑tissue‑barrier function (5,10).

A previous study demonstrated that matrix metal-
loproteinase (MMP)‑2 and ‑9, secreted by leukemic cells, 
affect ZO‑1 and disrupt the integrity of the BBB  (5). 
MMP‑2 and ‑9 are known to degrade collagen IV, the major 
component of extracellular matrix (ECM)  (12). Previous 
studies have also revealed MMP‑2 and ‑9 to be extensively 
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expressed in the basal membrane, spiral ganglion and stria 
vascularis. Expression of MMP‑2 and ‑9 dynamically alters 
following noise exposure (13,14). However, the involvement of  
MMP‑2 and ‑9 in noise‑induced impairment of the BLB 
remains to be fully demonstrated. Based on the results of 
previous studies, the present study hypothesized that degrada-
tion of the TJ protein ZO‑1 by MMP‑2 and ‑9 is an important 
mechanism in the noise‑induced breakdown of the BLB. 
This hypothesis was tested in noise‑exposed guinea pigs and 
subsequently assessed by RNA‑sequencing (RNA‑seq) and 
immunofluorescence.

Materials and methods

Animals. 40 Adult guinea pigs (weight, 250‑400 g; 20 male 
and 20 female) were purchased from Chinese PLA General 
Hospital Laboratory Animal Center (Beijing, China) and 
normal tympanic membrane, and Preyer's reflex were used 
in our experiments. All animals were maintained in the same 
conditions, constant temperature of 21‑24˚C and humidity of 
40‑70%, 12‑h light/12‑h dark cycle, with free access to food 
and water. The experiment protocol on animal use and care 
was reviewed and approved by the Institutional Animal Care 
and Use Committee of the Chinese People's Liberation Army 
General Hospital (Beijing, China).

Noise exposure. After evaluating baseline hearing, the guinea 
pigs were randomly assigned to noise‑exposure or control 
groups (n=20 per group). Animals in the noise‑exposure group 
were placed in a wire mesh cage and exposed to white noise at 
120 dB SPL for 4 h on 2 consecutive days. This noise exposure 
regime is routinely used in this laboratory and produces a 
permanent loss in cochlear sensitivity.

Auditory brainstem response (ABR). ABRs to pure tone 
bursts were used to evaluate hearing function prior to and 
following noise exposure. Each animal was anesthetized 
with an intraperitoneal injection of 10% chloral hydrate 
(4 ml/kg, Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China) and placed in a sound‑isolated chamber. The body 
temperature was maintained at 37.5˚C with a warming blanket. 
Stainless‑steel needle electrodes were placed subdermally at 
the vertex (noninverting input) and behind the stimulated and 
non‑stimulated ear (inverting input and ground, respectively). 
Each ear was stimulated separately with a closed tube sound 
delivery system sealed into the ear canal. ABRs were induced 
with clicks at 90 dB SPL and the stimulus level was decreased 
in 10 dB steps until no response was identifiable. The signal 
was band‑pass filtered (100~3,000 Hz), amplified (x50,000), 
and averaged using Tucker Davis Technologies (TDT) System 
II hardware and SigGen/BioSig version 4.4.1 (TDT, RX6, 
Alachua, FL, USA) software. Responses were stored and 
displayed on a computer. The ABR threshold was defined 
as the lowest stimulus intensity which reliably induces a 
detectable response.

Collection of the stria vascularis tissue. Animals were 
anesthetized with 10% chloral hydrate and decapitated. The 
cochlea was quickly removed from the skull as previously 
described (15). For analysis of the transcriptional expression 

pattern of the MMPs and associated genes, the cochlea was 
perfused with an RNA stabilization reagent (RNAlater; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
dissected in the same reagent. Each turn of the bony cochlear 
lateral wall, including the spiral ligament and stria vascularis, 
was separated from the organ of Corti, and the stria vascularis 
was gently peeled away from the spiral ligament. The strial 
tissue was immediately frozen in dry ice for 10 min before being 
stored at ‑80˚C. Dissection of the strial vasculature from both 
cochleae was completed within 30 min to ensure the quality 
of the subsequent RNA analysis. For immunohistological 
and histological examinations, the cochlea was fixed in 4% 
paraformaldehyde overnight. The cochlea was then dissected 
in PBS to harvest the stria vascularis.

RNA‑seq. The stria vascularis from 8 cochleae (4 animals) 
was pooled to generate one sample. A total of three biological 
repeats were performed. Total RNA was extracted from 
the tissue using an Agilent RNA 6000 Pico kit (Agilent 
Technologies, Inc., Santa Clara, CA, USA) as per the 
manufacturer's protocol. Total RNA of the collected sample 
was assessed with an Agilent Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA) and a RiboMinus Eukaryote 
kit (Ambion; Thermo Fisher Scientific, Inc.).

Synthesis of cDNA from 8‑10 ng of total RNA per sample 
was performed with an Agilent High Sensitivity DNA kit 
(Agilent Technologies, Inc.). A sequencing library was 
prepared for each cDNA sample with an Ion PI™ Template 
OT2 200 Kit v2 (Ambion; Thermo Fisher Scientific, Inc.) 
used according to the manufacturer's protocol. The average 
insert size of the libraries was 124 bp. Each cDNA library 
was sequenced in a 50‑cycle single read flow cell lane on an 
Illumina HiSeq 2000 system.

Immunofluorescence confocal microscopy. Primary anti-
bodies used in the experiment included monoclonal mouse 
anti‑MMP‑2 (catalog no.  MAB3308; EMD Millipore, 
Billerica, MA, USA), polyclonal rabbit anti‑MMP‑9 (catalog 
no.  AB19016; EMD Millipore) and polyclonal rabbit 
anti‑ZO‑1 (catalog no. 617300; Invitrogen; Thermo Fisher 
Scientific, Inc.). Secondary antibodies included Alexa Fluor 
488‑conjugated goat anti‑mouse IgG (catalog no. A11001) 
and Alexa Fluor 568‑conjugated donkey anti‑rabbit IgG 
antibodies (catalog no.  A10042), both purchased from 
Invitrogen; Thermo Fisher Scientific, Inc. Stria vascularis 
samples were fixed in 4% paraformaldehyde at 4˚C for 2 h, 
washed in PBS for 30 min, permeabilized in 0.5% Triton 
X‑100 for 1 h, and immunoblocked in a solution of 5% goat 
serum (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) in PBS for 1 h. The specimens were incu-
bated overnight at 4˚C with the primary antibody diluted 
(1:200) in PBS. After several washes in PBS, tissues were 
incubated with secondary antibodies (1:200) at room temper-
ature for 1 h. The fluorescence was visualized under an 
Olympus IX81 inverted microscope fitted with an Olympus  
Fluoview FV1000 confocal laser system. The samples were 
examined as above, and Z‑series stacks were acquired 
at 1‑um intervals. The Z‑series images were visualized 
using Image J 1.30 software (National Institutes of Health, 
Bethesda, MD, USA).
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Evaluation of BLB permeability. BLB integrity was assessed by 
evaluating the extravasation and diffusion of a non‑permeable 
dye (Evan's blue; EBD) around strial capillaries. Under deep 
anesthesia with 10% chloral hydrate as aforementioned, 2% 
EBD (20 mg/ml/kg; E2129; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) was injected into the femoral vein 
2 h prior to sacrifice. The cochlea was perfused with 4% 
paraformaldehyde in 0.1 M PBS in the vicinity of the round 
and oval windows, and the stria vascularis gently dissected 
from the bony cochlear lateral wall and fixed overnight in 4% 
paraformaldehyde at 4˚C. The degree of EBD extravasation in 
the stria vascularis was assessed by reading the fluorescence 
under an Olympus IX81 inverted microscope fitted with an 
Olympus Fluoview FV1000 confocal laser system. Image 
processing and fluorescence analysis of the images were 
performed using Image J 1.30 software.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Comparisons between two groups were analyzed 
by Student's t‑test and one‑way analysis of variance with 
Turkey honest significant difference post hoc test was used for 
multiple comparisons on SPSS version 17 (SPSS, Inc., Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Noise exposure causes loss in cochlear sensitivity. Exposure to 
white noise at 120 dB SPL for 4 h on 2 consecutive days caused 
significant loss in hearing sensitivity in the experimental 
animals. A total of 2 days after noise exposure, ABR thresholds 
at all test frequencies were significantly elevated (P<0.05; 
Fig. 1A), a result consistent with previous studies (9,16).

Multiple MMPs and associated genes are constitutively 
expressed in healthy guinea pig strial tissue. The healthy 
cochlea has been demonstrated to be enriched in MMP enzy-
matic activity (13). However, a comprehensive understanding 
of the distribution and expression patterns of MMPs and their 
associated genes in the stria vascularis has remained elusive. 
Therefore, the transcriptional expression of these genes was 
profiled in the healthy stria vascularis.

RNA‑seq was used to screen mRNA transcripts in the 
cochlear stria vascularis. A total of three biological repeats 
were performed, and transcript levels were quantified in 
Reads Per Kilobase of exon model per Million mapped reads 
(RPKM). An RPKM value >0.1 was considered the threshold. 
The expression of 15 MMP genes and 3 tissue inhibitor of 
matrix metalloproteinase (TIMP) genes in the stria vascularis 
were assessed. Among the 15 MMP genes detected were 2 
gelatinases (MMP‑2 and ‑9), 3 collagenases (MMP‑1, ‑8 and 
‑13), 2 stromelysins (MMP‑11 and ‑19), 6 membrane‑type 
MMPs (MMP‑14, ‑15, ‑16, ‑17, ‑24 and ‑25), and 2 other MMPs 
(MMP‑21 and ‑23B), data not shown.

To further assess the expression pattern, RNA‑seq was 
performed to assess the transcriptional expression levels of 
the 15 MMP and 3 TIMP genes. A total of 7 high expres-
sion genes were identified, including Timp2, Mmp2, Mmp14, 
Timp1, Mmp15, Timp3, Mmp16, Mmp19, Mmp8 and Mmp9. 
Interestingly, Timp‑2 was also highly expressed in healthy 

stria vascularis, consistent with Hu's data (13). In contrast, 
the expression levels of Mmp13, Mmp23B, Mmp11, Mmp17, 
Mmp25, Mmp24, Mmp21 and Mmp1 were low (Fig. 1B).

Noise trauma causes dynamic alterations in the expression 
level of MMP‑associated genes in the stria vascularis. To 
determine alterations in the expression of MMPs and their 
associated genes following acoustic trauma, qRT‑qPCR was 
performed immediately after noise exposure to assess MMP 
expression. The results revealed that 10 MMP genes were 
upregulated (Mmp1, Mmp2, Mmp9, Mmp11, Mmp13, Mmp14, 
Mmp15, Mmp21, Mmp23B, Mmp24), while 5 MMP genes were 
downregulated (Mmp8, Mmp16, Mmp17, Mmp19, Mmp25). 
Notably, expression levels of the two gelatinases (Mmp2 and ‑9) 
were both elevated, while the other MMP genes demonstrated 
a mixed pattern. In addition, the 3 MMP inhibitors (Timp1, 
Timp2 and Timp3) were upregulated. No genes appeared to 
remain unaltered, which highlighted the marked effect that 
noise trauma has on MMP‑associated genes (Fig. 1C).

Steady MMP‑2 and MMP‑9 immunolabeling in the healthy 
stria vascularis, and marked alterations in immunoreactivity 
following noise trauma. MMP‑2 and ‑9 genes were 
demonstrated in the healthy stria vascularis by RNA‑seq. An 
immunolabeling assay was employed to assess the distribution 
of MMP‑2 (Fig. 2A) and ‑9 (Fig. 2B) in the stria vascularis. 
As both MMP‑2 and ‑9 have been demonstrated to degrade 
the ECM, the present experiment focused on these two 
MMPs. In the healthy stria vascularis, weak MMP‑2 and ‑9 
immunoreactivity was present in marginal cells and basal 
cells, with no reactivity in intermediate cells, consistent with 
RNA‑seq results. In noise‑traumatized cochleae, there was a 
significant increase in MMP‑2 and ‑9 immunoreactivity in the 
stria vascularis (Fig. 2A and B, respectively). Labeling was 
intense not only in marginal cells and basal cells, but significant 
immunoreactivity was also seen in intermediate cells (Fig. 2C).

Fig. 2D compares MMP‑2 and ‑9 immunoreactivity in the 
stria vascularis prior to and following noise exposure (images 
were visualized using Image J software).

Noise trauma causes alterations in the expression of the 
TJ protein, ZO‑1. It was hypothesized that upregulation of 
MMP‑2 and ‑9 following noise trauma would induce increased 
permeability of the BLB by disrupting the TJ protein ZO‑1. To 
test this hypothesis, ZO‑1 in the stria vascularis was immuno-
labeled. Confocal imaging demonstrated that ZO‑1 formed a 
compact linear structure on the plasma membrane in areas of 
cell‑cell contact between marginal cells in healthy cochlear 
stria vascularis (Fig. 3A). Following noise trauma, the ZO‑1 
structure became loose and intermittent regional breaks were 
seen (Fig. 3B).

BLB permeability alters following noise trauma. EBD (961 Da) 
is widely used as a tracer to study blood‑tissue‑barrier perme-
ability. Once injected into the circulation, EBD binds strongly 
to serum albumin (69,000 Da) and becomes a high molecular 
weight protein tracer. Unlike sodium fluorescein, EBD becomes 
fully albumin‑bound within 5 min of post‑intravenous bolus 
injection (17,18). Consistent with previous reports on the BBB, 
EBD quickly colored the eyes, nose and paws of the guinea pigs 
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Figure 1. NE affects auditory function and elevates expression of MMP‑associated genes in the stria vascularis. (A) ABR thresholds to tone bursts in the control 
and NE groups. (B) 15 MMP genes were constitutively expressed in healthy stria vascularis. (C) Noise exposure caused dynamic; however, not significant 
alterations in the expression level of MMP‑associated genes in the stria vascularis. The vertical axis is scaled logarithmically. NE, noise exposure; ABR, 
auditory brainstem response; MMP, matrix metalloproteinase.
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a deep blue, and the coloration persisted for the 2‑h duration of 
the experiment. The BLB is well known to restrict extravasa-
tion of inert tracers (3). Accordingly, in the control group, the 
red‑fluorescence of albumin‑bound EBD was mostly limited to 
the capillary lumen in the stria vascularis, which was expected 
as the BLB is non‑permeable (Fig. 3C). Animals in the noise 
exposure group displayed markedly increased EBD extravasa-
tion in the stria vascularis (Fig. 3D‑F). EBD concentration 
outside the capillaries exhibited marked alterations in distance 
from the vessel, demonstrative of significantly increased perme-
ability following loud noise.

Discussion

The blood‑labyrinth barrier (BLB) in the stria vascularis 
comprises a dense capillary network of endothelial cells, 

pericytes, basement membranes and perivascular resident 
macrophages (16,19,20). The capillary network in the stria 
vascularis is a sandwich of epithelial marginal cells and 
mesodermal basal cells interconnected by TJs. The network 
functions as a barrier, selectively excluding most blood‑borne 
substances from entering the ear and protecting it from 
systemic influences (6,21). Consistent with the BLB's imper-
meability, a previous study has demonstrated that the stria 
vascularis is abundant with TJ proteins (6). Noise trauma 
significantly disrupts blood flow and diminishes the integ-
rity of the BLB within a quick time frame (19,22). Under 
a light microscope, acute swelling of the stria vascularis is 
seen within 24 h of noise exposure, and electron microscopy 
has demonstrated the acute strial swelling is largely due to 
an increase in extracellular space between marginal and 
intermediate cells (8).

Figure 2. Immunofluorescence assessment of MMP‑2 and MMP‑9 expression in the stria vascularis prior to and following NE. (A) Tissue double‑labeled for 
MMP‑2 (green) and DAPI (blue) prior to (a, b) and following (c, d) noise exposure. Scale bar, 100 µm. (B) Tissue double‑labeled for MMP‑9 (red) and DAPI 
(blue) prior to (a, b) and following (c, d) noise exposure. Scale bar, 100 µm. (C) Weak MMP‑2 (green) and ‑9 (red) immunoreactivity was observed in marginal 
cells and basal cells in the stria vascularis of controls (a, c), which significantly increased following noise‑trauma (b, d). Scale bar, 25 µm. (D) Quantification 
of localized fluorescence density of MMP‑2 (green) and ‑9 (red) in the stria vascularis. Data are expressed as the mean ± standard deviation. **P<0.01. MMP, 
matrix metalloproteinase; NE, noise exposure; Ctrl, control.
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In previous studies of the central nervous system, 
disruption of TJ proteins, including occludin and ZO‑1, and 
dissociation of ZO‑1 from the junctional complex, have been 
associated with increased BBB permeability (5). Increased 
matrix metalloproteinase (MMP) activity, especially MMP‑2 
and ‑9, is a consequence of degradation of the TJ protein ZO‑1, 

and occludin may also serve an important role in the BBB 
breakdown (5,23). As MMPs can degrade the ECM, MMPs 
are involved in regulation of tissue remodeling, embryonic 
development, modulation of inflammation, tumor invasion 
and metastasis, and wound healing (24‑27). Healthy cochlea 
has been demonstrated to be rich in MMP enzymatic activity, 

Figure 3. Noise trauma upregulates expression of ZO‑1 (red) and causes alterations in BLB permeability, nuclei are labeled by DAPI (blue). Magnification, 
x60. (A) Representative confocal microscope images demonstrating the compact linear structure of ZO‑1 (red) on the plasma membrane in the stria vascularis. 
Scale bar, 30 µm. (B) Noise exposure caused the structure of ZO‑1 (red) to loosen, and regional breaks were observed (white arrows). Scale bar, 30 µm. 
BLB integrity was assessed by noting the degree of EBD extravasated around strial capillaries (C) prior to and (D) following noise exposure. Scale bar, 
50 µm. (E) EBD outside capillaries was observed further away from the vessel with noise exposure, demonstrative of the significantly increased permeability 
following loud noise exposure. Scale bar, 10 µm. (F) Mean fluorescence density outside capillaries in the stria vascularis, as assessed with Image J software. 
Data are expressed as the mean ± standard deviation. **P<0.01. EBD, Evans blue dye; ZO‑1, zona‑occludens 1; Ctrl, control; NE, noise exposure; Ctrl, control.
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and MMPs and their associated gene products were identified 
in the modulation of cochlear sensory epithelium response 
to acoustic trauma in rats (13,14). The expression profile of 
MMPs and their associated genes in healthy cochlear stria 
vascularis, as well as the role the MMPs play in BLB patho-
genesis following acoustic trauma, remains largely unknown. 
The present study provided novel evidence that MMP‑2 and 
‑9 are involved in noise‑induced disruption of the BLB by 
downregulating the TJ protein ZO‑1.

Numerous members of the MMP family have been identi-
fied in the cochlear sensory epithelium (13). The present study 
used RNA‑seq and RT‑qPCR assays to profile the expression 
pattern of MMP‑associated genes. A set of MMP genes were 
identified to be constitutively active and expressed in the stria 
vascularis. The gene types identified were slightly different 
from the previously known gene types in the cochlear sensory 
epithelium (13).

Based on their substrate specificity, MMPs can be subdi-
vided into six groups: Interstitial collagenases (MMP‑1, ‑8, 
‑13 and ‑18); type IV collagenases or gelatinases (MMP‑2 
and ‑9); stromelysins (MMP‑3, ‑10, ‑11 and ‑19); matrilysins 
(MMP‑7 and ‑26); membrane‑type MMPs (MMP‑14, ‑15, ‑16, 
‑17, ‑24 and ‑25); and 6) other MMPs (MMP‑12, ‑20, ‑21, ‑22, 
‑23, ‑27 and ‑28) (28,29). Among the 15 MMP genes detected 
in healthy stria vascularis, there are 2 gelatinases (MMP‑2 
and ‑9), 3 collagenases (MMP‑1, ‑8 and ‑13), 2 stromelysins 
(MMP‑11 and ‑19), 6 membrane‑type MMPs (MMP‑14, ‑15, 
‑16, ‑17, ‑24 and ‑25), and 2 other type MMPs (MMP‑21 and 
‑23B). The abundance of MMP genes indicates the important 
role MMPs serve in maintaining the integrity of the BLB.

The TIMP family is composed of four members. A total 
of three TIMP genes (Timp1, 2 and 3) are detected in healthy 
stria vascularis. Although TIMPs do not exhibit high speci-
ficity for any particular MMP, TIMP‑2 does preferentially 
bind with MMP‑2, and TIMP‑1 with MMP‑9. In addition, 
TIMP‑2, ‑3 and ‑4, but not TIMP‑1, are effective inhibitors of 
membrane‑type MMPs (30). In the present study, Timp2 was 
most highly expressed in normal stria vascularis, consistent 
with Hu's data on the sensory epithelium  (13). Therefore, 
TIMP‑2 may be the primary endogenous inhibitor of MMPs 
in the cochlea.

Consistent with the RNA‑seq data, weak immunoreactivity 
for MMP‑2 and ‑9 in marginal cells and basal cells was 
observed in healthy stria vascularis, and no immunoreactivity 
in intermediate cells. The distribution of MMP‑2 and ‑9 in 
healthy stria vascularis conforms with the ultrastructural 
morphology of the three cell types in the BLB. Marginal cells 
comprise the epithelial lining of the endolymphatic duct and 
form a TJ barrier between endolymph and the intra‑strial 
compartment, while basal cell plasma membranes line the 
lateral surface of the stria and form a TJ barrier between 
the intrastrial space and spiral ligament  (8). The present 
study revealed that noise trauma causes a marked increase in 
immunoreactivity for MMP‑2 and ‑9 not only in marginal and 
basal cells, but also in intermediate cells.

Previous studies have observed that noise exposure leads 
to disruption of the BLB and increased permeability of the 
stria vascularis (7,8,19,22). Transmission electron microscope 
images of the stria vascularis in noise‑exposed animals 
reveals a reduced number of TJ contact points (6). The results 

of the present study are consistent with previous studies; 
albumin‑bound EBD served as a tracer to indicate a marked 
increase in the permeability of the BLB, with destruction of 
TJ protein ZO‑1 structures. As ECM components, including 
ZO‑1, are major targets of MMP‑2 and ‑9, it was hypothesized 
that MMP‑2 and ‑9‑mediated structural damage to ZO‑1 is a 
potential underlying mechanism for noise‑induced disruption 
of the BLB, leading to aberrations in cochlear ion transport 
and sensorineural hearing loss. Notably, analysis of immunola-
beled ZO‑1 did not reveal obvious downregulation in the stria 
vascularis following noise exposure, in contrast to a previous 
observation that other TJ proteins, including claudin‑5 and 
occludin, were downregulated in the BLB (5,9). Therefore, 
there may be a variety of regulatory mechanisms involved in 
noise‑induced disruption of the BLB.

In conclusion, the present study used RNA‑seq and 
immunofluorescence analysis to demonstrated stable expres-
sion of MMP‑2 and ‑9 in healthy stria vascularis, and marked 
upregulation of MMP‑2 and ‑9 with noise trauma. The 
acoustic trauma caused the compact structure of ZO‑1 in the 
BLB to loosen and substantially leak EBD out of the capil-
laries of the stria vascularis. These data implicated MMP‑2 
and ‑9 in the structural damage to TJ proteins, including 
ZO‑1, with structural damage to TJ proteins contributing 
to the breakdown of the BLB with acoustic trauma. More 
generally, the present study demonstrated the involvement of 
MMPs in the regulation of BLB integrity and permeability, 
which may provide a theoretical basis for the prevention of 
noise‑induced hearing loss.
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