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Abstract: Age-related hearing loss (ARHL) or presbyacusis is a progressive loss of hearing sensitivity that is pre-
dominately associated with sensory or transduction neuro-cell degeneration in the peripheral and central auditory 
systems. Increased production of reactive oxygen species (ROS) and inflammatory response were frequently found 
in aging cochleae. In addition, inflammasomes are likely responsible for the accumulation of ROS in immune cells, 
although whether they are in fact involved in the development of ARHL is unknown. In this study, Q-PCR, WB and 
ELASA demonstrated significantly increased levels of activated Caspase-1, interleukin-1β and interleukin-18 and 
even NLRP3 in the inner ears of aging mice compared to younger one. In addition, NLRP3, as a sensor protein of 
ROS, may contribute to inflammasome assembly and subsequent inflammation in the cochleae. In conclusion, 
inflammation triggered by the activation of inflammasomes in the cochleae of aging mice appears to be playing an 
important role in the pathological process of ARHL and may be a potential cause of presbyacusis.
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Introduction

Age-related hearing loss (ARHL, also called pr- 
esbyacusis), one of the most common illnesses 
affecting people over 65 years of age, is a pro-
gressive loss of hearing sensitivity that is pre-
dominately associated with sensory cell degen-
eration in the inner ear [1]. 

As a condition characterized by a decline in 
auditory function, ARHL usually develops as a 
result of interaction of multiple factors, most 
notably cochlear aging, environment, genetic 
predisposition, and health comorbidities. The 
primary pathology of ARHL includes hair cells 
loss, loss of spiral ganglion neurons, stria vas-
cularis atrophy, and changes in central auditory 
pathways. Oxidative stress has been implicat-
ed as having a major role in the pathophysiolo-
gy of ARHL. Excessive accumulation of reactive 
oxygen species (ROS) is toxic to cells and can 
cause apoptosis of cells in the inner ears [2-5]. 
Moreover, ROS accumulation can interact with 

other pathological activities, such as inflam- 
matory response [6, 7], to potentiate age-relat-
ed sensory cell degeneration [8, 9]. 

More recent research has found that ROS ac- 
cumulation involves the inflammasomes, a mul- 
tiprotein oligomer component of the innate im- 
mune system [10, 11] that consists mainly of 
caspase 1, PYCARD, and pattern recognition 
receptors (PRRs) [12]. A number of inflamma-
some-forming PRRs have been identified, in- 
cluding the Nod-like receptor (NLR) family pyrin 
domain containing 1 (NLRP1), NLRP3, NLRP6, 
NLRP7, NLRP12, CARD domain containing 4 
(NLRC4), AIM 2 (absent in melanoma 2), IFI16, 
and RIG-I [13]. Of all types of PRRs, NLRP3, a 
sensor protein of ROS, can recruit Asc via PYD-
PYD domain interaction and allow Asc to bind 
with caspase-1 [14]. Caspase 1 is then activat-
ed in inflammasome assembly, which promotes 
the maturation of downstream inflammatory 
cytokines interleukin-1 beta (IL-1β) and IL-18. 
Both are some of the earliest and most impor-
tant alarms of the inflammation response [15]. 
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The implication of inflammasomes in the pa- 
thophysiology of degenerative processes in 
other aging-related diseases has been investi-
gated [16]. However, there is little evidence 
concerning the role of inflammasomes in the 
development of ARHL.

We studied the activation of inflammasomes  
in cochleae of aging mice during the pathologi-
cal process of ARHL and confirmed NLRP3 as 
an important contributor to inflammasomes as-
sembly and subsequent inflammation in cochle-
ae. The data also establish that inflammation in 
the inner ear triggered by the activation of 
inflammasomes is a potential cause of ARHL.

Materials and methods

Animal model

We bred mice at one year of age and monitor- 
ed their hearing through auditory brainstem 
responses (ABRs) at different time points until 
most of them acquired phenotypes of ARHL. All 
experimental animals were looked after in a 
clear and silent animal room to avoid noise and 
other stimuli that may otherwise induce hear-
ing loss. Each of these deaf mice underwent 
strict eardrum diagnosis to determine tympani-
tis-related hearing loss. Animal experimenta-
tion was performed in accordance with proto-
cols approved by the Ethics Committee of the 
Experimental Animal Center at Xuzhou Medical 
University.

ABRs

Recording electrodes were inserted into the  
top of skulls of experimental animals. Refer- 
ence electrodes were placed on earlobes on 
the recording side, while ground electrodes 
were connected to earlobes on the opposite 
side. Impedance between electrodes was kept 
less than 3 kU. Click stimulation started from 
100 dB SPL and was gradually reduced to 20 
dB SPL by 10 dB each time. Filter setting was 
100e3000 Hz. ABR thresholds indicated the 
stimulus intensity associated with disappear-
ance of wave I.

Inner ear staining

Mice were exsanguinated by transcardial perfu-
sion with phosphate-buffered saline (PBS) and 
then fixed with 4% paraformaldehyde in phos-
phate buffer (4% PFA-PB). Cochlea was dissect-
ed away from the skull and immersed in 4% 

PFA-PB overnight and decalcified with 100 mM 
EDTA in PBS for 2 days at 25°C. The cochlea 
was then embedded in paraffin. Cochlear sec-
tions were cut and mounted on poly-l-lysin-
coated glass slides and hematoxylin and eo- 
sin (HE) staining was performed as described 
previously [17].

Quantitative real-time PCR

Total RNA was extracted from mouse cochl- 
eae using Trizol (TIANGEN, China) reagent ac- 
cording to the manufacturer’s protocol. Com- 
plementary DNA (cDNA) was synthesized from 
1 mg of total RNA using the ImProm-II TM 
Reverse Transcription System (Promega, USA). 
To assess possible gene amplification, quanti-
tative RT-PCR was performed with the use of 
SYBR green chemistry. β-Actin as an internal 
standard was arbitrarily assigned a value of 
1.0. The sequence-specific primers in quantita-
tive RT-PCR were: IL-6: F: CTGCAAGAGACTT-
CCATCCAG, R: AGTGGTATAGACAGGTCTGTTGG; 
TNF-α: F: CTTCTCATTCCTGCTTGTGG, R: CACTT- 
GGTGGTTTGCTACG; IL1β: F: GAAATGCCACCT- 
TTTGACAGTG, R: TGGATGCTCTCATCAGGACAG; 
NLRP3: F: ATTACCCGCCCGAGAAAGG, R: CATG- 
AGTGTGGCTAGATCCAAG; Actin: F: CTGAGAGG- 
GAAATCGTGCGT, R: ACCGCTCGTTGCCAATAGT.

Western blotting

Tissues from mouse cochleae were lysed wi- 
th RIPA. Western blotting was performed in a 
manner similar to previous studies adopting 
the same procedure [18]. In brief, proteins 
resolved in the SDS-PAGE gel were transferr- 
ed onto a polyvinylidene fluoride membrane 
(Millipore, Bedford, MA). Blots were immunore-
acted with anti-Caspase 1 (ab1872, Abcam, 
USA), anti-IL-18 (ab71495, Abcam) or anti-
NLRP3 (ab91413, Abcam) antibody. Each anti-
body preparation was diluted in 5% skim milk, 
and protein bands were visualized using the 
chemiluminescence detection system ECL plus 
(GE Healthcare, USA). Signals in the immunob-
lots were analyzed based on their exposure on 
pictures.

Immunofluorescence

Mice were exsanguinated by transcardial perfu-
sion with phosphate-buffered saline (PBS) and 
then fixed with 4% paraformaldehyde in phos-
phate buffer (4% PFA-PB). The Cochlea was dis-
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sected away from the skull and immersed in  
4% PFA-PB overnight, and decalcified with 100 
mM EDTA in PBS for 2 days at 25°C. Decalcifi- 
ed cochleae were embedded in low melting 
point paraplast and sliced into 6-um sections, 
followed by overnight incubation at 4°C with  
primary antibody to Caspase-1 (ab1872, Ab- 
cam) or NLRP3 (ab91413, Abcam). Negative 
controls were prepared in parallel under iden- 
tical conditions but incubated without primary 
antibodies. Sections were washed three times 
in PBS and incubated with a corresponding  
secondary antibody (Alexa Fluor 488 or 594, 
IgG, ThermoFisher, USA) diluted in PBS for 1 h. 
Nuclei were counterstained with 4’,6-diamidi-
no-2-phenylindole (DAPI; Invitrogen, USA). Im- 
ages of immunolabeled specimens were ob- 
tained by confocal fluorescence microscopy.

Detection of intraellular ROS

Generation of intracellular ROS was measured 
by monitoring the increasing fluorescence of 
2070-dichlorofluorescein (DCF). 2070-Dichlo- 
rodihydorofluorescein diacetate (DCFH-DA; Sig- 
ma-Aldrich, USA) can enter the cell. Subse- 
quently, intracellular esterases cleave off the 
diacetated group. The resulting DCFH is re- 
tained in the cytoplasm and oxidized to DCF  
by ROS. SGN cells were dissected from the 
inner ears of young and aging mice inner ear 
were seeded into each well of a 48-well plate. 
After 48 h, the cells were then washed once 
with phenol red-free medium and incubated in 
200 µL working solution of DCFH-DA (20 mM) 
at 37°C for 30 min. The cells were observed 
under by fluorescence microscopy (Olympus, 
Japan). The fluorescence of DCF was monitor- 
ed at excitation and emission wavelengths of 
485 nm and 530 nm, respectively.

Enzyme-linked immunosorbent assay (ELISA)

IL-1β and IL-18 in inner ear lymph were mea-
sured using commercial ELISA kits (Uscn Life 
Science, China).

Statistical analysis

Statistical analysis was carried out using SP- 
SS 16.0 software (SPSS, USA). All data are 

expressed as mean ± standard error (SEM) and 
analyzed by one-way ANOVA followed by 
Student’s t test. Morris water maze data were 
analyzed by two-way ANOVA. Linear regression 
analysis was used to evaluate relations 
between variables. Statistical significance level 
was defined at P<0.05.

Results

Degradation of peripheral hearing systems in 
aging mouse cochlear and loss of hearing

To establish the model of ARHL, mice were bred 
for 12 months (Figure 1A) until their hearing 
deteriorated significantly compared to 1-month-
old (younger) mice (Figure 1C). The average 
ABR levels of each group are shown in Figure 
1B. Hair cells and SGN cells in the cochleae of 
one-year-old (aging) mice deteriorated marked-
ly (Figure 1D). Moreover, excessive ROS has 
been detected in SGN cells from aging mice 
cochleae by DCF fluorescence staining.  

Increased inflammatory factors in aging 
mouse inner ears

The role of inflammation in the development of 
age-induced hearing loss has been addressed 
[18]. Presently, activated inflammatory factors 
including IL-6, tumor necrosis factor-alpha 
(TNF-α) and most notably IL-1β in the inner ears 
of aging mice were all detected by quantitative 
real-time PCR (Figure 2A), Western blotting 
(Figure 2B) and ELISA (Figure 2C).

Assembling inflammasomes in mice cochleae 
in the development of ARHL

Having detected increased activity of inflamma-
tory factors in the cochleae of aging mice, we 
next studied whether inflammasomes-related 
factors are activated in the development of 
ARHL. Markedly increased expression of mRNA 
(Figure 3A) and cleaved proteins (Figure 3B) of 
Caspase-1 were evident. Most proteins were 
revealed in SGN cells using immunofluores-
cence (Figure 3C). Cleaved IL-1β and IL-18, 
which are two substrates of Caspase-1, were 
also up-regulated and activated in aging cochle-

Figure 1. Degradation of phenotypes and function in aging mouse cochleae. A. Representative photograph of a 
young and aging mouse. B. Statistical analysis of ABR thresholds in young and aging mice (n = 3; ***P<0.001 vs. 
young mice). C. Representative images of ABR thresholds in young and aging mice. D. Degradation of hair cells and 
SGN cells in aging mice cochleae detected through HE staining. The organ of Corti and SGN cells are indicated by 
the arrow head and arrow, respectively. E. DCF fluorescence staining showing the increased ROS in SGN cells de-
rived from cochleae of aging mice compare to young mice.
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Figure 2. Up-regulation of inflammatory factors in the inner ears of aging mice. A. Quantitative real-time PCR results 
showing increased levels of IL-6 and TNF-α mRNA in aging mouse cochleae compared to the one-month-old mouse 
cohort (n = 3; *P<0.01 vs. young mice). B. Western blotting results showing increased accumulation the precursor 
protein of IL-6 and TNF-α in aging mouse cochleae. C. ELASA results showing increased accumulation of secreted 
IL-6 and TNF-α in aging mouse cochleae (n = 3; ***P<0.001 vs. young mice).

Figure 3. Inflammasome activation in the inner ear of aging mice. A. Increased mRNA levels of Caspase-1, IL-1β and 
IL-18 detected by Q-PCR (n = 3; #P<0.05 vs. the young group). B. Cleaved Caspase-1 and downstream factors IL-1β 
and IL-18 detected by Western blot. C. ELISA showing increased accumulation of secreted IL-1β and IL-18 in aging 
mouse cochleae (n = 3. ***P<0.001 vs. young mice).
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ae (Figure 3A-C), indicating that inflamma-
somes were activated and played an important 
role in triggering inflammation during the ARHL 
process.

NLRP3 is responsible for inflammasome acti-
vation during ARHL

For many aging-related diseases, ROS-induced 
overexpression of NLRP3 is responsible for  
regulating caspase-1-dependent maturation of 
IL-1β and IL-18 [19]. Presently, the expression 

of NLRP3 was markedly increased in aging 
mouse cochleae at both the mRNA and protein 
levels (Figure 4A and 4B). The proteins were 
primarily located in SGN cells (Figure 4C), si- 
milar fashion to that of Caspase-1 proteins. 
Therefore, NLRP3 is likely involved in inflamma-
somes activation during ARHL.

Discussion

While the relationships between presbyacusis 
in mice with ROS accumulation [19] and inflam-

Figure 4. NLRP3 responsible for inflammasomes activation in the inner ears of aging mice. A. Up-regulated mRNA 
detected by Q-PCR (n = 3, #P<0.05 vs. young mice). B. Upregulated NLRP3 proteins detected by Western blot. C. 
Immunofluorescence showing increased NLRP3 in SGN cells.
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matory cell infiltration in inner ears [20] have 
been studied, the exact molecular mechanism 
behind ROS-induced inflammatory response  
in aging cochleae is a considerably less re- 
searched subject. We explored the assumed 
involvement of inflammasomes activation in AR- 
HL and found that the inflammasomes assem-
bly process was dependent on NLRP3 as an 
inflammasomes-forming PRR. The NLRP3-
related inflammasomes is an intracellular plat-
form that helps activate pro-inflammatory cyto-
kines IL-1β and IL-18 upon receiving host- or 
pathogen-derived “danger” signals, and medi-
ates pyroptosis, a form of inflammatory cell 
death. Initially known for playing a role in rare 
autoinflammatory syndromes called cryopyri-
nopathies, this important component of innate 
immune systems soon came to be recognized 
as a mediator of injurious inflammation in a 
broad array of diseases. While inflammasomes 
activation is a phenomenon most likely to oc- 
cur in immune cells like macrophages, dendrit-
ic cells, as well as essential kidney cells like 
renal tubular epithelium, NLRP3-related inflam-
masomes also have proven implications in the 
pathogenesis of renal conditions, among them 
acute kidney injury, chronic kidney disease, dia-
betic nephropathy and crystal-related nephrop-
athy [21]. Abundant evidence shows that si- 
milar pathological pathways might also have 
contributed to age-related cochleae diseases. 

The hypothesis that inflammasomes play a piv-
otal role in hearing lesions as a result of exces-
sive immune reaction is supported by research 
findings for cytomegalovirus infection-induced 
sensorineural hearing loss [18] and Muckle- 
well syndrome [22], another rare hearing dis-
ease triggered by a mutation in the NLRP3 
gene that leads to excessive production of 
interleukin IL-1β. In both of these syndromes, 
IL-1β causes inflammatory manifestations ac- 
companied by progressive sensorineural hear-
ing loss [23]. Therefore, the attenuation of in- 

Possible signaling pathways are diagrammati-
cally illustrated in Figure 5. In addition to ROS 
accumulation that may directly trigger hearing 
system lesions, the NLRP3 ROS sensor can 
engage with ASCs to form an inflammasomes 
and regulate caspase-1-dependent activation 
of IL-1β and IL-18, as well as downstream 
inflammation in aging mouse cochlea. These 
inflammations can potentially lead to tissue 
damage and ARHL.

We proposed a novel strategy for ARHL treat-
ment. Inhibiting inflammasomes activation may 
avoid organ and tissue damage as a result of a 
persistent inflammatory state. Supporting this 
view, drugs like anakinra are used to treat sen-
sory deafness by inhibiting activity of cryopyrin 
inflammasomes for patients with Muckle-Wells 
syndrome [24]. The strategy is recommended 
for alleviating clinical and laboratory manifesta-
tions of ARHL.
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Figure 5. Diagram of pos-
sible pathways of inflamma-
somes involved in ARHL.

flammasomes activation may 
provide a new strategy to con-
tain hearing impairments in-
duced by excessive immune 
responses. 

In this study, we confirmed 
inflammasomes as a key initia-
tor of inflammation in inner 
ears in the lead-up to ARHL. 
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