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Background: Despite the high prevalence of noise-induced hearing loss (NIHL), no
effective treatments exist currently. Underlying mechanisms behind NIHL include
elevated reactive oxygen species and inflammation, all which ultimately lead to
cellular apoptosis. Z-VAD-FMK, an apoptosis inhibitor, has demonstrated protective
effects against cochlear hair cells exposed to ototoxic agents; however, its potential
for treating NIHL remains unexplored. This study assessed the efficacy of Z-VAD-
FMK as a therapeutic for noise-induced cochlear injury in a rodent model.

Methods: Rodents were assigned to one of four groups: (1) unexposed, (2)
noise-exposed, (3) noise + vehicle, and (4) noise + Z-VAD-FMK. Noise delivery
consisted of 1 h of 110 dB continuous white-noise, with Z-VAD-FMK administered
intraperitoneally 6 h afterward. Auditory brainstem responses (ABRs), cochlear
hair cell density, and protein levels were evaluated post-interventions.

Results: Noise exposure caused a permanent threshold shift across all
frequencies, with minimal recovery by day 28. However, post-exposure
treatment with Z-VAD-FMK significantly mitigated ABR threshold, amplitudes,
and latencies shifts particularly at low and mid frequencies. Treatment rescued
outer hair cells across middle and basal cochlear turns and reduced caspase-9
and IL-1p levels, as indicated by protein analysis.

Conclusion: Our findings indicate that a single intraperitoneal injection of
Z-VAD-FMK can partially mitigate cochlear dysfunction induced by acoustic
overexposure in a rodent model, highlighting its potential as a therapeutic
intervention for NIHL.

KEYWORDS

NIHL, noise induced hearing loss, cochlea, ABR, auditory brainstem responses, inner
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1 Introduction

Noise-induced hearing loss (NIHL) is an irreversible condition affecting millions worldwide,
with significant implications for quality of life and public health (Stucken and Hong, 2014; Basner
etal, 2014; Arlinger, 2003). Despite advances in hearing protection and awareness, the lack of
effective pharmacological interventions leaves individuals vulnerable to the detrimental effects of
acoustic trauma. The pathophysiology of NIHL is complex and multifaceted, involving a cascade
of damaging events within the cochlea that includes oxidative stress, free radical production,
neuronal excitotoxicity, and the generation of reactive oxygen species (ROS) (Ohinata et al., 2000;
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Ohlemiller et al., 1999; Van Campen et al., 2002; Puel et al., 1998; Pujol
et al., 1993; Zhao et al., 1996; Hu et al., 2002; Le et al., 2017). These
processes collectively disrupt neuronal integrity and compromise hair
cell survival by activating programmed cell death pathways, such as
apoptosis, as indicated by elevated levels of caspases 3, 8, 9, and 10 in
inner and outer hair cells following noise exposure (Hu et al., 2002; Hu
et al,, 2006; Nicotera et al., 2003; Pirvola et al., 2000; Gregoli and
Bondurant, 1999). The resulting molecular and cellular damage leads to
functional deficits, including elevated auditory thresholds and
diminished auditory brainstem response (ABR) wave amplitudes
(Kujawa and Liberman, 2009).

Currently, no FDA-approved treatments exist to prevent or alleviate
NIHL, with existing strategies focusing primarily on ear protection and
limiting noise exposure. Although preclinical research has explored
various therapeutic agents—such as antioxidants (Kopke et al., 20005
Lu et al,, 2014), lipid peroxidation inhibitors (Ohinata et al., 2000;
Quirk et al., 1994), vasodilators (Ceylan et al., 2019; Kansu et al., 2011;
Sakat et al., 2016; Davidenko and Antzelevitch, 1984), vitamins (Sies
and Stahl, 1995; McFadden et al., 2005), and calcium modulators (Shen
et al., 2007)—these approaches have yet to be successfully translated
into clinical practice, likely due to conflicting results, challenges in drug
delivery, and potential side effects. Consequently, the search for new
and effective therapeutic interventions remains a pressing priority.

One promising approach involves the use of Z-VAD-FMK, a
pan-caspase inhibitor derived from benzyloxy carbonyl and
fluoromethylketone (Chauvier et al., 2007). Z-VAD-FMK functions
by binding to the catalytic site of caspases, effectively halting both the
initiation and execution phases of apoptosis (Gregoli and Bondurant,
1999; Chauvier et al., 2007). Its mechanism of action has been visually
corroborated by electron microscopy, which shows a reduction in
apoptotic features in cultured cells treated with Z-VAD-FMK
(Salvesen and Dixit, 1997). Initially explored as a protective agent in
cardiac ischemic injuries (Huang et al., 2000; Iwata et al., 2002),
Z-VAD-FMK has since demonstrated efficacy in auditory research,
particularly in preventing cochlear hair cell loss induced by ototoxic
agents such as gentamicin, actinomycin-D, and streptomycin (Chang
et al., 2020; Matsui et al., 2003; Cheng et al., 2003). Notably, Z-VAD-
FMK’s broad inhibition of multiple caspases offers superior protection
for cochlear hair cells compared to therapies targeting individual
caspases (Cunningham et al., 2002). In vivo studies further reinforce
these findings, with rodents treated with Z-VAD-FMK showing
significantly lower ABR threshold shifts after exposure to ototoxic
agents compared to untreated controls (Okuda et al., 2005). So far,
there is only one study that has explored the potential of Z-VAD-FMK
in protecting against noise-induced cochlear damage, demonstrating
reduced ABR threshold shifts in rodents subjected to a single impulse
gunshot trauma (Abaamrane et al., 2011).

In this study, we investigated functional, histological, and protein-
level changes to elucidate the neuroprotective effects of Z-VAD-FMK
on the auditory organ following continuous noise exposure.

2 Methods
2.1 Experimental design

The use of rodents in this study was approved by the University of
Miami Animal Care and Use Committee and adhered to the NIH
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Guidelines for the Care and Use of Laboratory Animals. Equal number
of male and female Brown Norway rats (15-17 weeks old, Charles
River Laboratories) were randomly allocated into four groups: (1)
unexposed (n = 8), (2) noise-exposed (n = 8), (3) noise + vehicle
(n =8), and (4) noise + Z-VAD-FMK (3 mg/kg) (n = 8). Functional
assessments were conducted prior to any trauma or treatment, and
subsequently at days 1, 3, 7, 14, and 28 post interventions. Euthanasia
of all animals took place on day 28 for immunobiological studies.
Protein quantification analyses were conducted on tissues 24 h
after interventions.

2.2 Noise exposure

Acoustic exposure (4-8 kHz octave-band noise, 110 dBA, 1 h) was
administered continuously to all animals. Rats were kept awake and
unrestrained in equally spaced compartments within a cage, with one
animal per compartment and four animals housed simultaneously.
The cage was positioned above a rotating platform moving at a
consistent speed. A soundproof chamber equipped with four speakers,
evenly distributed, ensured uniform sound distribution. Prior to noise
exposure, noise calibration was conducted using a Bluetooth SPL
meter (Uni-T, UT353 Mini Sound Level Meter) placed inside the
compartments. Sound pressure levels showed minimal variation (<2
dB) across different compartments within the cage. Animals were
closely monitored at 15-min intervals to ensure their well-being
throughout the procedure.

2.3 Drug delivery

Z-VAD-FMK (TOCRIS R&D Systems, Minneapolis, MN; Cat
#2163), a broad-spectrum caspase inhibitor, was diluted in 10%
DMSO and administered intraperitoneally at a dosage of 3 mg/kg. A
single injection was given 6 h after the conclusion of noise exposure.
Z-VAD-FMK was stored at —20°C and prepared immediately before
each use.

2.4 Functional measurements

2.4.1 Auditory brainstem response

Auditory brainstem responses (ABRs) were recorded both before
and at days 1, 3, 7, 14, and 28 post-interventions. Animals were
anesthetized using a cocktail of ketamine (44 mg/kg, i.m.) and
xylazine (5mg/kg, im), with supplemental half-dose injections
administered as needed to maintain anesthesia. Body temperature was
maintained near 37°C using a heating pad. Subdermal needle
electrodes were positioned on the vertex, near the left leg, and
ventrolateral to the left and right auricles. ABR recordings were
conducted in a soundproof chamber using a pre-amplified data
acquisition system (Intelligent Hearing Systems, HIS, Miami, FL).
Stimuli were delivered at frequencies of 2 kHz, 4 kHz, 8 kHz, 16 kHz,
24 kHz, and 32 kHz, and response waves were recorded starting at 90
dB in decreasing 5 dB steps. Auditory sensitivity thresholds were
determined as the lowest intensity at which response peaks,
particularly wave I and IV, were visually detected. To assess the effects
of trauma and treatment on the peripheral portion of the cochlear
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nerve, peak amplitudes and latencies of ABR wave I at a suprathreshold
level of 80 dB were documented using a node-to-peak measurement.
Threshold, amplitude, and latency shifts were calculated as the
difference between post-exposure values to pre-exposure
measurements. Data was reviewed by principal investigators and a

blinded research technician for accuracy.

2.5 Immunohistochemistry and imaging

Twenty-eight days post-interventions, female and male subjects
were euthanized via a cardio-perfusion technique. Cochleae were
harvested and fixed with 4% paraformaldehyde (Sigma-Aldrich Inc.,
Missouri, #158127) for 2 days. Samples were subsequently washed
three times with phosphate-buffered saline (PBS) and decalcified for
3 weeks using 10% ethylenediaminetetraacetic acid (EDTA, Sigma-
Aldrich Inc., Missouri, #EDS). Specimens were stored in PBS with
0.05% Sodium Azide (Sigma-Aldrich Inc., Missouri, #71289) at 4°C
until dissections were performed. For immunostaining, cochleae were
incubated in a lysis buffer solution consisting of 0.3% Triton-X diluted
in 1X PBS for 1 h. After three washes at 10-min intervals, samples
were placed in a blocking solution of 5% normal horse serum diluted
in 1X PBS. Alexa Fluor 546 Phalloidin (1:2,000, Invitrogen Cat
#A2228), was then added to each sample for 1 h, followed by three
5-min washes before mounting on top of a 20uL Vectashield Antifade
Mounting Medium with DAPI (Vector Laboratories Inc., Cat
#H-1200) solution.

Cochleae were imaged using a High-Speed Confocal Microscope
(Oxford Instruments, model 200) with excitation wavelengths of
546 nm for Phalloidin and 405 nm for DAPI. Confocal z-stack images
of the apical, middle, and basal regions of the cochlea were acquired
at 20x magnification. Cell counts of inner hair cells (IHCs) and outer
hair cells (OHCs) were determined using Image]J software.

2.6 Protein quantification

Cochlear tissues from male Brown Norway subjects were collected
at 24 h after interventions and were immediately snap-frozen in liquid
nitrogen. Total protein was extracted using ice-cold RIPA lysis buffer
(Millipore Sigma, Cat #R0278) supplemented with a 1X protease
inhibitor cocktail (Millipore Sigma, Cat #109M4068V). Samples were
then homogenized for 15 s utilizing a handheld homogenizer fitted
with a stainless-steel saw teeth bottom generator (Fisherbrand™
Model). Homogenates were then centrifuged at 12,000 g for 8 min at
4°C, after which the supernatant was collected. Protein concentration
was measured using the Bradford Assay at a wavelength of 495 nm
protein assay (ThermoFisher Scientific, Cat #1861426). Subsequently,
5X Laemmli loading buffer was added to the samples, followed by
heating at 100°C for 6 min to denature the proteins. A 15 pL aliquot
of each sample was then loaded onto an SDS-PAGE gel (Bio-Rad
Laboratories, Cat #5678094) for electrophoresis, which was conducted
for 1 h. Following electrophoresis, proteins were transferred to a
nitrocellulose membrane (Bio-Rad Laboratories, Cat #1704157). For
protein detection, primary antibodies were used as follows: Rabbit
anti-Caspase-8 (1:1,000, Novus, Cat #NB100-56116) Rabbit anti-
Caspase-9 (1:100, Santacruz Biotech, Cat #SC-7885), Mouse anti-
IL-1P (1:1,000, Cell Signaling, Cat #12242S) and Rabbit anti-TNF-a
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(1:500, Invitrogen, Cat #PA1-4028). Membranes were incubated with
the primary antibodies overnight at 4°C on a rocking platform.
Following primary antibody incubation, membranes were washed
with TBST for a total of 30 min and incubated with secondary
antibodies, including goat anti-rabbit IgG (1:1,000, Cell Signaling Cat
#7074S) and goat anti-mouse IgG (1:1,000, Cell Signaling, Cat
#7076S), diluted in 10 mL of blocking solution at room temperature
for 1 h. After secondary antibody incubation, the membranes were
treated with ECL luminescence reagent (Cell Signaling Technology,
Cat #95538S) for 1 min and developed using a Bio-Rad ChemiDoc
MP Imaging system (Bio-Rad Laboratories, Cat #17001402). Vinculin
(1:100, Invitrogen, Cat #14-9777-82) was employed as the internal
normalization loading control. Bands were identified by accurate
molecular weight estimation using Precision Plus Protein Dual Color
Standards (Bio-Rad, Cat #1610374) and subsequently quantified using
Image Lab 6.1 software.

2.7 Statistical analysis

Statistical analyses were performed to assess the significance of
differences in mean and standard error (SE) values for ABR thresholds
shifts, wave I amplitudes and latencies shifts, hair cell counts, and
protein levels across different groups, frequencies, and time points.
Statistical significance was defined as a p-value of <0.05. A mixed-
effects model based on two-way ANOVA was employed to compare
group means at each timepoint and frequency. For data that did not
meet the assumptions of normality, nonparametric tests were applied.
Post hoc Tukey’s multiple comparison tests and appropriate corrections
were conducted to identify significant statistical relationships. All
statistical analyses were performed using GraphPad Prism10.

3 Results

3.1 Post-noise delivery of Z-VAD-FMK
significantly reduced auditory threshold
shifts

To determine functional differences between groups,
we performed auditory brainstem responses (ABRs) at five
different time points following noise trauma. Figure 1A presents
a schematic illustration of the experimental timeline that shows
the four groups and time points for functional measurements,
protein expression analysis and immunohistochemistry. Figure 1B
shows the pattern of threshold shifts across all time points and
frequencies for the noise-exposed and noise-exposed + Z-VAD-
FMK-treated groups. Noise-exposed animals exhibited increased
threshold shifts on day 1 at all frequencies which did not recover
over the 28-day period, indicating a permanent threshold shift.
The mean + SE threshold shift across all frequencies in this group
was 47.5 + 2.7 dB on day 1 and 43.8 + 3.8 dB on day 28. Animals
(I.P)
Z-VAD-FMK after noise exposure showed an initial increase in

treated with a single intraperitoneal injection of
threshold shifts across all frequencies; however, these shifts
gradually recovered over time. The mean + SE threshold shift for
the treated group across all frequencies was 33.5 + 4.5 dB on day
1 and 18.6 + 4.4 dB on day 28.
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FIGURE 1

Post-noise administration of Z-VAD-FMK reduces ABR threshold shifts. (A) Schematic of the experimental setup. (B) ABR threshold shifts in the noise-
exposed and noise + Z-VAD-FMK groups measured at 1, 3, 7, 14, and 28 days post-noise exposure for frequency stimuli of 2, 4, 8, 16, and 24 kHz.

(C) ABR threshold shifts analyzed by individual frequencies across all groups: unexposed (n = 8, black dashed line), noise-exposed (n = 8, black), noise-
exposed + vehicle (n = 8, gray), and noise + Z-VAD-FMK (n = 8, red). Data are presented as mean + SE of ABR threshold shifts. Statistical significance
between the noise-exposed and noise + Z-VAD-FMK groups at individual time points is denoted by colored boxes (*p < 0.05, **p = 0.05-0.001, and
***p < 0.001).

Figure 1C depicts ABR threshold shifts for all groups, Unexposed animals showed minimal threshold shifts across all
stratified by individual frequencies. Data between groups were  frequencies, averaging —0.25 + 2.6 dB on day 1 and —0.8 + 2.5 dB on
compared using two-way ANOVA with Tukey’s correction for  day 28. Significant differences were consistently observed between
multiple comparisons (*p <0.05, **p=0.01-0.05, and unexposed and noise-exposed groups, with no variations between
***p < 0.01). noise-exposed and noise + vehicle groups.
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Significant differences between noise-exposed and noise-exposed
+ Z-VAD-FMK groups were prominent at low (2 and 4 kHz) and mid
(8 and 16 kHz) frequencies across most timepoints, with exceptions
at day 3 post-intervention at 8 kHz. While a pattern of decreased shifts
was evident, fewer significant results were observed in high
frequencies, particularly at 24 kHz.

Sex-specific mean + SE of amplitude and latency thresholds
changes for all frequencies are presented in Supplementary Table S1.

3.2 Post-noise delivery of Z-VAD-FMK
preserved ABR amplitudes and latencies

ABR wave I peak amplitude changes at a suprathreshold level of
80 dBA were recorded to evaluate the effects of trauma and treatment
on the peripheral cochlear nerve. Changes across all frequency stimuli
are shown in Figure 2. Group comparisons at each time point were
performed using two-way ANOVA with Tukey’s correction (*p < 0.05,
“*p = 0.01-0.05, and ***p < 0.01).

Amplitude changes in the unexposed and noise-exposed groups
showed minimal variations across frequencies and timepoints. Overall,

10.3389/fnins.2025.1497773

changes averaged —0.08 + 0.02 dB and —0.61 + 0.02 dB, respectively.
Significant differences were observed between these groups, but were
not consistently found between noise-exposed and noise + vehicle
groups. Animals treated with Z-VAD-FMK exhibited reduced changes
compared to the noise-exposed group, with averages of —0.28 + 0.04
dB, —0.39 £ 0.07 dB, —0.11 + 0.05 dB, —0.14 + 0.03 dB, —0.29 + 0.05
dB, and —0.12 £ 0.03 dB at 2, 4, 8, 16, 24, and 32 kHz, respectively.
Significant changes were predominantly observed at low and
mid frequencies.

A similar pattern emerged in ABR latency changes (Figure 2B).
Latency changes in unexposed and noise-exposed groups remained
mostly consistent, averaging 0.04 + 0.02 dB and 0.57 + 0.03 dB,
respectively, with no significant differences between noise + vehicle
and noise-only groups.

Z-VAD-FMK-treated group showed notable differences from the
noise-exposed group, particularly at low and mid frequencies (8 and
16 kHz), averaging —0.02 + 0.07 dB and —0.43 + 0.06 dB. High
frequencies (24 and 32 kHz) showed averages of —0.19 + 0.07 dB and
—0.19 £ 0.06 dB, respectively.

Sex-specific mean + SE of amplitude and latency changes for all
frequencies are presented in Supplementary Table S2.
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3.3 Pan-caspase inhibitor protects against
noise-induced cochlear hair cell loss

To investigate histological differences between non-treated and
anti-apoptotic treatment groups, we assessed outer and inner hair cell
survival across apical, middle, and basal cochlear turns. Phalloidin
and DAPI staining allowed for quantification of cells (Figure 3A), with
statistical analysis performed by two-way ANOVA and Tukey
corrections (*p < 0.05, **p = 0.01-0.05, and ***p < 0.01).

Unexposed group hair cell counts were consistent across turns,
averaging 102 + 0.8 outer hair cells and 35 + 0.1 inner hair cells per
150 microns (Figure 3B). Noise-exposed animals showed decreased
hair cell counts: outer hair cells averaged 65 + 10.7 across turns while
inner hair cells averaged 33+ 0.6, with significant differences
compared to unexposed groups. No significant variations were
observed between noise-exposed and noise + vehicle groups.

Z-VAD-treated animals
survival, particularly in outer hair cells: 98 + 3.1 (apical), 95 + 2.8

demonstrated increased hair cell

(middle), and 88 + 3.8 (basal) turns. Inner hair cell counts averaged
35+0.9,36 + 0.9, and 36 £ 0.6 across turns.

3.4 Z-VAD-FMK attenuates noise-induced
inflammatory and apoptotic protein
responses

Western blot analyses were performed on male subjects 24 h post-
intervention to quantify apoptotic and inflammatory proteins in the
inner ear. Caspase-9, caspase-8 (apoptosis pathway indicators), IL-1f,

10.3389/fnins.2025.1497773

and TNF-a (inflammation markers) were analyzed across unexposed,
noise, noise-exposed + vehicle, and noise + Z-VAD-FMK groups
(Figure 4A).

Relative protein expression of caspase-9 averaged 1.5 + 0.4 in the
unexposed group, 2.8 + 0.3 in the noise-exposed group, 1.02 + 0.06 in
the noise + z-VAD-FMK, and 2.77 + 0.3 in the noise +vehicle group.
A significant reduction was observed between the noise-exposed and
noise + Z-VAD groups while no significant differences were detected
between the noise-exposed and noise + vehicle groups. IL-1 protein
expression showed a similar pattern, with averages of 0.38 + 0.1,
24+0.2,1.1+0.2,and 2.9 £ 0.5 for the unexposed, noise-exposed,
noise + z-VAD-FMK, and noise + vehicle groups, respectively, with
significant differences noted between the noise-exposed and noise +
Z-VAD groups (Figure 4B).

Caspase-8 and TNF-a levels followed a trend where treatment
reduced protein expression, although these reductions were not
statistically significant compared to the noise-exposed group.
Specifically, caspase-8 protein expression averaged 2.5 + 0.2 in the
noise-exposed group and 2.1 + 0.2 in the treated animals. TNF-a
levels were 0.06 + 0.1 in the noise-exposed group and 0.02 + 0.01 in
the noise + Z-VAD group (Figure 4B).

3.5 Treatment with Z-VAD-FMK is does not
impact the unexposed auditory system

To assess the safety of a single injection of Z-VAD-FMK and the
vehicle in non-exposed animals, two additional groups (n = 4 per
group) were included in this study. The aim was to determine whether
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FIGURE 3

Z-VAD-FMK preserves cochlear hair cell density. (A) Representative confocal images of cochlear hair cells from the middle turn, stained with DAPI
(blue) and phalloidin (yellow), captured at 20x magnification. Data were collected from unexposed, noise-exposed, noise + vehicle, and noise +
Z-VAD-FMK groups at 28 days post-intervention. (B) Cochlear hair cell counts from the apical, middle, and basal turns, corresponding to low, mid, and
high-frequency regions, respectively. Data are presented as mean + SE. Statistical comparisons between the noise-exposed (black) and noise + Z-VAD-
FMK (red) groups, as well as between the noise and noise + vehicle groups (gray), are shown (*p < 0.05, **p = 0.05-0.001, and ***p < 0.001). Group
sizes: unexposed (n = 8), noise (n = 8), noise + vehicle (n = 8), noise + Z-VAD-FMK (n = 8). IHC, inner hair cells; OHC, outer hair cells
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FIGURE 4

caspase-8; IL-1p, interleukin-1p; TNF-«, tumor necrosis factor-a.
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Z-VAD-FMK reduces noise-induced inflammatory and apoptotic protein levels. (A) Western blot analyses of inner ear protein levels of caspase-9,
caspase-8, IL-1p, and TNF-a across all groups at 24 h post-intervention. Vinculin was used for normalization. (B) Relative protein expression levels for
each group are presented as box plots showing the mean and upper and lower quartiles. Statistical comparisons between the noise-exposed (black)
and noise + Z-VAD-FMK (red) groups, as well as between the noise-exposed and noise + vehicle groups (gray), are indicated (*p < 0.05, **p = 0.05-
0.001, and ***p < 0.001). Group sizes: unexposed (n = 3), noise (n = 3), noise + vehicle (n

= 3), noise + Z-VAD-FMK (n = 3). Casp-9, caspase-9; Casp-8,

the drug and/or the vehicle alone had any inherent effects
independent of trauma. Male Brown Norway rats (total n = 8)
received the same dosing and timing as the other experimental
groups. Supplementary Figure S1A presents auditory threshold shift
data from both groups across all frequencies and time points, with
shifts ranging between 10 and —10 dBA for all groups. Amplitude
(Supplementary Figure S1B) and latency (Supplementary Figure S1C)
shifts are shown for all frequencies, with shifts ranging between 0.5
and —0.5 pV and mS, respectively. Outer and inner hair cells at the
apex, middle, and base of the cochlea were quantified following
immunohistochemistry (Supplementary Figures S2A,B). Hair cell
counts were not significantly different from those in the unexposed
group. Similarly, caspase-9, caspase-8, IL-1p, and TNF-a protein
levels did not differ from unexposed levels when quantified through
western blotting (Supplementary Figures S2C,D).

4 Discussion

In this study, we explored the neuroprotective properties of
Z-VAD-FMK, a pan-caspase inhibitor, in mitigating the functional,
histological, and molecular damage caused by noise overexposure.
Using validated assessments in a preclinical rodent model,
we demonstrated that Z-VAD-FMK can partially reduce auditory
dysfunction, preserve cochlear hair cells, and reduce levels of
apoptotic and inflammatory pathway proteins in noise-exposed inner
ears. Moreover, delivery of Z-VAD-FMK to naive animals did not
impact any of the outcomes measured, suggesting its potential safety
and lack of adverse effects on the auditory system independent
of trauma.

4.1 Therapeutic strategies for cochlear
damage

The management of noise-induced hearing loss (NIHL) today is

primarily centered on preventive strategies and symptomatic
treatment, as no current therapies can reverse cochlear damage once
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it occurs (Tikka et al., 2017; Neitzel and Seixas, 2005). Preventive
measures, such as the use of hearing protection devices and strict
regulation of noise exposure, are essential, particularly in occupational
settings, as recommended by NIOSH guidelines (Sriwattanatamma
and Breysse, 2000). Corticosteroids are commonly administered to
reduce cochlear inflammation in cases of acute acoustic trauma,
though their effectiveness in managing gradual hearing loss from
continuous lower-level noise exposure remains debated (Zloczower
etal., 2022; Chang et al., 2017; Choi et al., 2019; Takemura et al., 2004).
In addition, despite their frequent use, corticosteroids are not
universally considered the optimal standard of care due to potential
side effects, such as high blood pressure (Koochakzadeh et al., 2020).
This has led researchers to explore alternative treatments, including
vascular agents, antioxidants (Pisani et al., 2023), and hyperbaric
oxygen therapy (Lafére et al., 2010), although these approaches lack
sufficient clinical evidence for widespread adoption in practice.
Z-VAD-FMK has emerged as a compelling therapeutic candidate
for noise-induced hearing loss (NIHL) due to its targeted inhibition
of apoptosis, the primary biological process leading to cell death
following noise exposure (Hu et al, 2002; Hu et al, 2006).
Additionally, it inhibits caspases 8 and 1, preventing inflammasome
formation, pyroptotic pathways, and the subsequent inflammatory
cascades that may exacerbate cochlear damage (Chauvier et al,
2007). These mechanisms suggest that Z-VAD-FMK could be more
effective than other drugs targeting secondary processes, such as
inflammation or oxidative stress. Notably, while it has demonstrated
effectiveness in protecting hair cells from ototoxic drugs (Chang
et al., 2020; Okuda et al., 2005) and oxidative stress (Singh et al.,
2021),
remains unexplored.

its potential to mitigate noise-induced damage

4.2 Protective effects of Z-VAD-FMK

ABR analysis demonstrated a significant recovery of auditory
thresholds mostly on the low and mid-frequencies following
Z-VAD-FMK treatment. This recovery was evident as early as day
1 post-exposure and remained stable through day 28, indicating a
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sustained neuroprotective effect. ABR amplitudes and latencies,
which represent the strength and timing of auditory nerve firing,
respectively, were significantly improved with the anti-apoptotic
treatment, particularly in the low to mid frequencies
corresponding to apex and middle turns of the cochlea.
Furthermore, histological analysis showed that Z-VAD-FMK
significantly preserved outer hair cells, predominantly in the
middle and basal turns of the cochlea, compared to the noise-
only group.

Functional and histological evidence from this study highlights
several key findings: (1) systemic administration of Z-VAD-FMK
appears to have effectively reached multiple cochlear turns of the
cochlea, offering significant advantages over more invasive
methods, such as intratympanic or intracochlear injections, which
primarily target the basal turn (Wang et al., 2018; Patel et al., 2019).
This is particularly important given that broadband noise, both in
this study and in real-world conditions, impacts a wide range of
cochlear frequencies, necessitating treatments capable of reaching
multiple regions. To ensure comprehensive protection, higher
doses, repeated administrations, or combination therapies may
be required. (2) Z-VAD-FMK not only successfully reached its
target but also reduced outer hair cell (OHC) loss, especially in the
middle and basal turns. Preservation of OHCs in the middle turn
was correlated with improvements in auditory function at
corresponding frequencies; however, despite hair cell preservation
in the basal turn, functional gains in high-frequency regions, as
measured by ABR, were limited. This suggests that while hair cell
preservation is achieved, it does not fully restore function at these
frequencies, potentially due to additional damage mechanisms,
such as synaptic or neural deficits, which were not assessed in this
study. Interestingly, in the apical turn, Z-VAD-FMK treatment
improved functional measures without significantly affecting OHC
counts, suggesting that, at the given dose and delivery method,
Z-VAD-FMK may not fully address other damage mechanisms
leading to hair cell death, though surviving hair cells in the apex
appear capable of compensating to preserve function. Furthermore,
inner hair cells (IHCs) across all cochlear turns remained largely
unaffected in all groups, including those exposed to noise,
consistent with the understanding that OHCs are more susceptible
to less intense noise exposures. (3) Lastly, the absence of significant
differences in functional outcomes and hair cell counts between the
noise-exposed and noise + vehicle groups underscores the
specificity of Z-VAD-FMK’s protective effects, as the vehicle alone
did not provide substantial protection.

4.3 Underlying mechanisms of
Z-VAD-FMK's protective effects

Noise-induced cochlear damage is driven by several interrelated
biological processes (Wang et al., 2018). A key mechanism involves
the acceleration of cellular metabolism, resulting in the overproduction
of free radicals and reactive oxygen species (ROS) by the mitochondria
(Ohlemiller et al., 1999). This promotes the release of cytochrome ¢
and initiates the apoptotic cascade, as evidenced by elevated levels of
caspases 3, 8, and 9 in the inner ear of rodents exposed to noise
(Nicotera et al., 2003). These caspase levels have been shown to rise
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shortly after acoustic trauma, peaking on day 1 with a secondary peak
on days 7-8 (Wang et al., 2018). Furthermore, acoustic trauma triggers
an immune response in the cochlea, characterized by the production
of inflammatory mediators, such as interleukins and tumor necrosis
factor, alongside the recruitment of immune cells (Wood and Zuo,
2017; Kalinec et al, 2017). This inflammatory response begins
immediately post-trauma, with peaks observed between days 1-3 and
6-8 (Patel et al., 2019).

Based on the pathophysiological timeline, we conducted western
blot analysis 24 h post-exposure to evaluate the intrinsic and
extrinsic apoptosis pathways, targeting caspase-9 and caspase-8,
respectively. Caspase-9 exhibited significant inhibition, while
caspase-8 levels were reduced but not statistically significant. We also
measured IL-18 and TNF-«, as they are key components of the
inflammasome pathway activated by caspase-1 and are known to
increase following noise exposure. IL-1f expression was significantly
decreased with treatment, while TNF-a levels were reduced but not
significantly. These results suggest several important points. First,
although pharmacokinetic data for Z-VAD-FMK in the inner ear is
limited, the observed reduction in protein levels indicates effective
drug delivery to cochlear tissue (Shi, 2016). Second, the decrease in
capase-9 and IL-1p levels suggests that Z-VAD-FMK is not only
being effectively delivered but also successfully suppressing apoptosis
and inflammation within cochlear hair cells. Third, the significant
inhibition of caspase-9, alongside a non-significant reduction in
caspase-8, supports the hypothesis that the intrinsic pathway is more
heavily impacted in noise-induced hearing loss (NIHL), indicating
that Z-VAD-FMK may be particularly effective in targeting this
pathway. Fourth, timely administration of Z-VAD-FMK reduces
both apoptotic and inflammatory responses during their peak
activity, reinforcing the therapeutic window for the drug within the
first few days after noise exposure, as established by the
pathophysiological timeline. Finally, the lack of statistical significance
in some markers, despite observed trends, suggests that Z-VAD-FMK
may require higher doses or combination therapies for
comprehensive protection.

5 Conclusions and limitations

The findings from this study provide evidence for the potential of
Z-VAD-FMK as a therapeutic intervention for NTHL. Given the lack
of FDA-approved treatments, Z-VAD-FMK represents a promising
candidate for further development and clinical testing.

Future studies should explore the long-term effects of
Z-VAD-FMK treatment, including its impact on hearing function
beyond the 28-day post-noise exposure period. It will be important to
determine the bioavailability of the compound within the inner ear,
and monitor for any immediate or long-term adverse side effects
associated with Z-VAD-FMK, both in terms of systemic health and
auditory outcomes. Additionally, investigations into the optimal
timing and dosage of Z-VAD-FMK administration could help refine
its therapeutic application. Exploring combination therapies that
include Z-VAD-FMK alongside other protective agents may enhance
its efficacy and provide broader protection against the complex
pathophysiology of NIHL. Further research should also examine
synaptic integrity to assess the neuronal component of NTHL, offering
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a more complete understanding of how Z-VAD-FMK impacts both
hair cells and the auditory nerve.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the University of Miami
Animal Care and Use Committee. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

MY: Conceptualization, Investigation, Methodology, Data
curation, Formal analysis, Project administration, Supervision,
Visualization, Writing - original draft, Writing - review & editing.
KM: Data editing. FR:
Conceptualization, Methodology, Visualization, Writing - review &

curation, Writing - review &
editing. MS: Writing - review & editing, Data curation. SR:
Conceptualization, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Supervision, Visualization,

Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
partially funded by the National Institutes of Health (5R01DC019158),

References

Abaamrane, L., Raffin, E, Schmerber, S., and Sendowski, I. (2011). Intracochlear perfusion
of leupeptin and Z-VAD-FMK: influence of antiapoptotic agents on gunshot-induced
hearing loss. Eur. Arch. Otorrinolaringol. 268, 987-993. doi: 10.1007/s00405-011-1487-0

Arlinger, S. (2003). Negative consequences of uncorrected hearing loss—a review. Int.
J. Audiol. 42, 2817-2520

Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., et al. (2014).
Auditory and non-auditory effects of noise on health. Lancet 383, 1325-1332. doi:
10.1016/S0140-6736(13)61613-X

Ceylan, S. M., Uysal, E., Altinay, S., Sezgin, E., Bilal, N., Petekkaya, E., et al. (2019).
Protective and therapeutic effects of milrinone on acoustic trauma in rat cochlea.
Eur. Arch. Otorrinolaringol. 276, 1921-1931. doi: 10.1007/s00405-019-05417-5

Chang, Y. S., Bang, K. H,, Jeong, B, and Lee, G. G. (2017). Effects of early
intratympanic steroid injection in patients with acoustic trauma caused by gunshot
noise. Acta Otolaryngol. 137, 716-719. doi: 10.1080/00016489.2017.1280850

Chang, H., Sun, F, Tian, K., Wang, W., Zhou, K., Zha, D, et al. (2020). Caspase
inhibitor Z-VAD-FMK increases the survival of hair cells after actinomycin-D-induced
damage in vitro. Neurosci. Lett. 732:135089. doi: 10.1016/j.neulet.2020.135089

Chauvier, D., Ankri, S., Charriaut-Marlangue, C., Casimir, R., and Jacotot, E. (2007).
Broad-spectrum caspase inhibitors: from myth to reality? Cell Death Differ. 14, 387-391.
doi: 10.1038/sj.cdd.4402044

Cheng, A. G., Cunningham, L. L., and Rubel, E. W. (2003). Hair cell death in the avian
basilar papilla: characterization of the in vitro model and caspase activation. J. Assoc.
Res. Otolaryngol. 4, 91-105. doi: 10.1007/s10162-002-3016-8

Frontiers in Neuroscience

10.3389/fnins.2025.1497773

the Department of Veterans Affairs (5I01RX003532), and the
Department of Defense USAMRAA (HT94252310709).

Acknowledgments

We would like to express our gratitude to Dr. Fred Telischi, Dr.
Juan Pablo de Rivero Vaccari, Dr. Dalton Dietrich, and Dr. Hillary Snap
for their ongoing support throughout the development of this project.

Conflict of interest

SR is a founder of RestorEar Devices LLC. All conflict of interests
for SR are disclosed to and managed by the University of Miami.
RestorEar Devices did not financially contribute or play a role in any
aspect of this study.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1497773/
full#supplementary-material

Choi, N, Kim, J. ., and Chang, Y. S. (2019). Comparison of oral steroid regimens for
acute acoustic trauma caused by gunshot noise exposure. J. Laryngol. Otol. 133, 566-570.
doi: 10.1017/S002221511900121X

Cunningham, L. L., Cheng, A. G., and Rubel, E. W. (2002). Caspase activation in hair
cells of the mouse utricle exposed to neomycin. J. Neurosci. 22, 8532-8540. doi: 10.1523/
JNEUROSCI.22-19-08532.2002

Davidenko, ]. M., and Antzelevitch, C. (1984). The effects of milrinone on conduction,
reflection, and automaticity in canine Purkinje fibers. Circulation 69, 1026-1035. doi:
10.1161/01.CIR.69.5.1026

Gregoli, P. A., and Bondurant, M. C. (1999). Function of caspases in regulating
apoptosis caused by erythropoietin deprivation in erythroid progenitors. J. Cell. Physiol.
178, 133-143. doi: 10.1002/(SICI)1097-4652(199902)178:2<133::AID-JCP2>3.0.CO;2-5

Hu, B. H., Henderson, D., and Nicotera, T. M. (2002). Involvement of apoptosis in
progression of cochlear lesion following exposure to intense noise. Hear. Res. 166, 62-71.
doi: 10.1016/S0378-5955(02)00286-1

Hu, B. H,, Henderson, D., and Nicotera, T. M. (2006). Extremely rapid induction of
outer hair cell apoptosis in the chinchilla cochlea following exposure to impulse noise.
Hear. Res. 211, 16-25. doi: 10.1016/j.heares.2005.08.006

Huang, J. Q., Radinovic, S., Rezaiefar, P,, and Black, S. C. (2000). In vivo myocardial
infarct size reduction by a caspase inhibitor administered after the onset of ischemia.
Eur. J. Pharmacol. 402, 139-142. doi: 10.1016/S0014-2999(00)00477-5

Iwata, A., Harlan, J. M., Vedder, N. B., and Winn, R. K. (2002). The caspase inhibitor
Z-VAD is more effective than CD18 adhesion blockade in reducing muscle ischemia-

frontiersin.org


https://doi.org/10.3389/fnins.2025.1497773
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2025.1497773/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1497773/full#supplementary-material
https://doi.org/10.1007/s00405-011-1487-0
https://doi.org/10.1016/S0140-6736(13)61613-X
https://doi.org/10.1007/s00405-019-05417-5
https://doi.org/10.1080/00016489.2017.1280850
https://doi.org/10.1016/j.neulet.2020.135089
https://doi.org/10.1038/sj.cdd.4402044
https://doi.org/10.1007/s10162-002-3016-8
https://doi.org/10.1017/S002221511900121X
https://doi.org/10.1523/JNEUROSCI.22-19-08532.2002
https://doi.org/10.1523/JNEUROSCI.22-19-08532.2002
https://doi.org/10.1161/01.CIR.69.5.1026
https://doi.org/10.1002/(SICI)1097-4652(199902)178:2<133::AID-JCP2>3.0.CO;2-5
https://doi.org/10.1016/S0378-5955(02)00286-1
https://doi.org/10.1016/j.heares.2005.08.006
https://doi.org/10.1016/S0014-2999(00)00477-5

Yepes et al.

reperfusion injury: implication for clinical trials. Blood 100, 2077-2080. doi: 10.1182/
blood-2002-03-0752

Kalinec, G. M., Lomberk, G., Urrutia, R. A., and Kalinec, F. (2017). Resolution of
cochlear inflammation: novel target for preventing or ameliorating drug-, noise-and
age-related hearing loss. Front. Cell. Neurosci. 11:192. doi: 10.3389/fncel.2017.00192

Kansu, L., Ozkarakas, H., Efendi, H., and Okar, 1. (2011). Protective effects of
pentoxifylline and nimodipine on acoustic trauma in guinea pig cochlea. Otol. Neurotol.
32, 919-925. doi: 10.1097/MAO.0b013e3182267¢06

Koochakzadeh, S., Gupta, A., Nguyen, S. A., McRackan, T. R,, Kil, ], Bhenswala, P. N.,
et al. (2020). Hearing outcomes of treatment for acute noise-induced hearing loss: a
systematic review and meta-analysis. Otol. Neurotol. 41, e971-e981. doi: 10.1097/
MAO.0000000000002760

Kopke, R. D., Weisskopf, P. A., Boone, J. L., Jackson, R. L., Wester, D. C., Hoffer, M. E.,
etal. (2000). Reduction of noise-induced hearing loss using L-NAC and salicylate in the
chinchilla. Hear. Res. 149, 138-146. doi: 10.1016/S0378-5955(00)00176-3

Kujawa, S. G., and Liberman, M. C. (2009). Adding insult to injury: cochlear nerve
degeneration after “temporary” noise-induced hearing loss. J. Neurosci. 29, 14077-14085.
doi: 10.1523/J]NEUROSCI.2845-09.2009

Lafere, P, Vanhoutte, D., and Germonpre, P. (2010). Hyperbaric oxygen therapy for
acute noise-induced hearing loss: evaluation of different treatment regimens. Diving
Hyperb. Med. 40, 63-67

Le, T.N,, Straatman, L. V,, Lea, J., and Westerberg, B. (2017). Current insights in noise-
induced hearing loss: a literature review of the underlying mechanism, pathophysiology,
asymmetry, and management options. J. Otolaryngol. Head Neck Surg. 46:41. doi:
10.1186/s40463-017-0219-x

Ly, J., Li, W,, Du, X., Ewert, D. L., West, M. B., Stewart, C., et al. (2014). Antioxidants
reduce cellular and functional changes induced by intense noise in the inner ear and
cochlear nucleus. J. Assoc. Res. Otolaryngol. 15, 353-372. doi: 10.1007/s10162-014-0441-4

Matsui, J. I, Haque, A., Huss, D., Messana, E. P, Alosi, J. A, Roberson, D. W, et al.
(2003). Caspase inhibitors promote vestibular hair cell survival and function after
aminoglycoside treatment in vivo. J. Neurosci. 23, 6111-6122. doi: 10.1523/
JNEUROSCI.23-14-06111.2003

McFadden, S. L., Woo, J. M., Michalak, N., and Ding, D. (2005). Dietary vitamin C
supplementation reduces noise-induced hearing loss in guinea pigs. Hear. Res. 202,
200-208. doi: 10.1016/j.heares.2004.10.011

Neitzel, R., and Seixas, N. (2005). The effectiveness of hearing protection among
construction  workers. ] Occup.  Environ. Hyg. 2, 227-238. doi:
10.1080/15459620590932154

Nicotera, T. M., Hu, B. H., and Henderson, D. (2003). The caspase pathway in noise-
induced apoptosis of the chinchilla cochlea. J. Assoc. Res. Otolaryngol. 4, 466-477. doi:
10.1007/s10162-002-3038-2

Ohinata, Y., Miller, J. M., Altschuler, R. A., and Schacht, J. (2000). Intense noise
induces formation of vasoactive lipid peroxidation products in the cochlea. Brain Res.
878, 163-173. doi: 10.1016/S0006-8993(00)02733-5

Ohlemiller, K. K., Wright, J. S., and Dugan, L. L. (1999). Early elevation of cochlear
reactive oxygen species following noise exposure. Audiol. Neurootol. 4, 229-236. doi:
10.1159/000013846

Okuda, T., Sugahara, K., Takemoto, T., Shimogori, H., and Yamashita, H. (2005).
Inhibition of caspases alleviates gentamicin-induced cochlear damage in guinea pigs.
Auris Nasus Larynx 32, 33-37. doi: 10.1016/j.an1.2004.11.006

Patel, J., Szczupak, M., Rajgury, S., Balaban, C., and Hoffer, M. E. (2019). Inner ear
therapeutics: an overview of middle ear delivery. Front. Cell. Neurosci. 13:261. doi:
10.3389/fncel.2019.00261

Pirvola, U,, Xing-Qun, L., Virkkala, J., Saarma, M., Murakata, C., Camoratto, A. M.,
et al. (2000). Rescue of hearing, auditory hair cells, and neurons by CEP-1347/KT7515,
an inhibitor of c-Jun N-terminal kinase activation. J. Neurosci. 20, 43-50. doi: 10.1523/
JNEUROSCI.20-01-00043.2000

Frontiers in Neuroscience

10

10.3389/fnins.2025.1497773

Pisani, A., Paciello, E, Montuoro, R., Rolesi, R., Galli, J., and Fetoni, A. R. (2023).
Antioxidant therapy as an effective strategy against noise-induced hearing loss: from
experimental models to clinic. Life 13:1035. doi: 10.3390/life13041035

Puel, J. L., Ruel, J., Gervais d'Aldin, C., and Pujol, R. (1998). Excitotoxicity and repair
of cochlear synapses after noise-trauma induced hearing loss. Neuroreport 9, 2109-2114.
doi: 10.1097/00001756-199806220-00037

Pujol, R., Puel, J. L., Gervais d'Aldin, C., and Eybalin, M. (1993). Pathophysiology of
the glutamatergic synapses in the cochlea. Acta Otolaryngol. 113, 330-334. doi:
10.3109/00016489309135819

Quirk, W. S., Shivapuja, B. G., Schwimmer, C. L., and Seidman, M. D. (1994). Lipid
peroxidation inhibitor attenuates noise-induced temporary threshold shifts. Hear. Res.
74, 217-220. doi: 10.1016/0378-5955(94)90189-9

Sakat, M. S., Kilic, K., and Bercin, S. (2016). Pharmacological agents used for
treatment and prevention in noise-induced hearing loss. Eur. Arch. Otorrinolaringol. 273,
4089-4101. doi: 10.1007/s00405-016-3936-2

Salvesen, G. S., and Dixit, V. M. (1997). Caspases: intracellular signaling by proteolysis.
Cell 91, 443-446. doi: 10.1016/S0092-8674(00)80430-4

Shen, H., Zhang, B., Shin, J. H., Lei, D, Du, Y., Gao, X,, et al. (2007). Prophylactic and
therapeutic functions of T-type calcium blockers against noise-induced hearing loss.
Hear. Res. 226, 52-60. doi: 1041016/j.heares.2006.12.011

Shi, X. (2016). Pathophysiology of the cochlear intrastrial fluid-blood barrier (review).
Hear. Res. 338, 52-63. doi: 10.1016/j.heares.2016.01.010

Sies, H., and Stahl, W. (1995). Vitamins E and C, beta-carotene, and other carotenoids
as antioxidants. Am. J. Clin. Nutr. 62, 13155-1321S. doi: 10.1093/ajcn/62.6.1315S

Singh, J., Barrett, J., Sangaletti, R., Dietrich, W. D., and Rajguru, S. M. (2021). Additive
protective effects of delayed mild therapeutic hypothermia and antioxidants on PC12
cells exposed to oxidative stress. Ther. Hypothermia Temp. Manag. 11, 77-87. doi:
10.1089/ther.2019.0034

Sriwattanatamma, P,, and Breysse, P. (2000). Comparison of NIOSH noise criteria and
OSHA hearing conservation criteria. Am. J. Ind. Med. 37, 334-338. doi: 10.1002/(SICI
)1097-0274(200004)37:4<334::AID-AJIM2>3.0.CO;2-Z

Stucken, E. Z., and Hong, R. S. (2014). Noise-induced hearing loss: an occupational
medicine perspective. Curr. Opin. Otolaryngol. Head Neck Surg. 22, 388-393. doi:
10.1097/M0O0.0000000000000079

Takemura, K., Komeda, M., Yagi, M., Himeno, C., Izumikawa, M., Doi, T, et al. (2004).
Direct inner ear infusion of dexamethasone attenuates noise-induced trauma in guinea
pig. Hear. Res. 196, 58-68. doi: 10.1016/j.heares.2004.06.003

Tikka, C., Verbeek, J. H., Kateman, E., Morata, T. C., Dreschler, W. A., and Ferrite, S.
(2017). Interventions to prevent occupational noise-induced hearing loss. Cochrane
Database Syst. Rev. 2019:CD006396. doi: 10.1002/14651858.CD006396.pub4

Van Campen, L. E., Murphy, W. ], Franks, J. R., Mathias, P. I, and Toraason, M. A.
(2002). Oxidative DNA damage is associated with intense noise exposure in the rat.
Hear. Res. 164, 29-38. doi: 10.1016/S0378-5955(01)00391-4

Wang, Y., Han, L., Diao, T, Jing, Y., Wang, L., Zheng, H., et al. (2018). A comparison of
systemic and local dexamethasone administration: from perilymph/cochlea concentration
to cochlear distribution. Hear. Res. 370, 1-10. doi: 10.1016/j.heares.2018.09.002

Wood, M. B., and Zuo, J. (2017). The contribution of immune infiltrates to
ototoxicity and cochlear hair cell loss. Front. Cell. Neurosci. 11:106. doi: 10.3389/
fncel.2017.00106

Zhao, W,, Richardson, J. S., Mombourquette, M. J., Weil, J. A, Jjaz, S., and Shuaib, A.
(1996). Neuroprotective effects of hypothermia and U-78517F in cerebral ischemia are
due to reducing oxygen-based free radicals: an electron paramagnetic resonance study
with gerbils. J. Neurosci. Res. 45, 282-288. doi: 10.1002/(SICI)1097-4547(19960801)45
:3<282::AID-JNR10>3.0.CO;2-6

Zloczower, E., Tsur, N., Hershkovich, S., Fink, N., and Marom, T. (2022). Efficacy of oral
steroids for acute acoustic trauma. Audiol. Neurootol. 27, 312-320. doi: 10.1159/000522051

frontiersin.org


https://doi.org/10.3389/fnins.2025.1497773
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1182/blood-2002-03-0752
https://doi.org/10.1182/blood-2002-03-0752
https://doi.org/10.3389/fncel.2017.00192
https://doi.org/10.1097/MAO.0b013e3182267e06
https://doi.org/10.1097/MAO.0000000000002760
https://doi.org/10.1097/MAO.0000000000002760
https://doi.org/10.1016/S0378-5955(00)00176-3
https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1186/s40463-017-0219-x
https://doi.org/10.1007/s10162-014-0441-4
https://doi.org/10.1523/JNEUROSCI.23-14-06111.2003
https://doi.org/10.1523/JNEUROSCI.23-14-06111.2003
https://doi.org/10.1016/j.heares.2004.10.011
https://doi.org/10.1080/15459620590932154
https://doi.org/10.1007/s10162-002-3038-2
https://doi.org/10.1016/S0006-8993(00)02733-5
https://doi.org/10.1159/000013846
https://doi.org/10.1016/j.anl.2004.11.006
https://doi.org/10.3389/fncel.2019.00261
https://doi.org/10.1523/JNEUROSCI.20-01-00043.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00043.2000
https://doi.org/10.3390/life13041035
https://doi.org/10.1097/00001756-199806220-00037
https://doi.org/10.3109/00016489309135819
https://doi.org/10.1016/0378-5955(94)90189-9
https://doi.org/10.1007/s00405-016-3936-2
https://doi.org/10.1016/S0092-8674(00)80430-4
https://doi.org/10.1016/j.heares.2006.12.011
https://doi.org/10.1016/j.heares.2016.01.010
https://doi.org/10.1093/ajcn/62.6.1315S
https://doi.org/10.1089/ther.2019.0034
https://doi.org/10.1002/(SICI)1097-0274(200004)37:4<334::AID-AJIM2>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0274(200004)37:4<334::AID-AJIM2>3.0.CO;2-Z
https://doi.org/10.1097/MOO.0000000000000079
https://doi.org/10.1016/j.heares.2004.06.003
https://doi.org/10.1002/14651858.CD006396.pub4
https://doi.org/10.1016/S0378-5955(01)00391-4
https://doi.org/10.1016/j.heares.2018.09.002
https://doi.org/10.3389/fncel.2017.00106
https://doi.org/10.3389/fncel.2017.00106
https://doi.org/10.1002/(SICI)1097-4547(19960801)45:3<282::AID-JNR10>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4547(19960801)45:3<282::AID-JNR10>3.0.CO;2-6
https://doi.org/10.1159/000522051

	Pan-caspase inhibitor protects against noise-induced hearing loss in a rodent model
	1 Introduction
	2 Methods
	2.1 Experimental design
	2.2 Noise exposure
	2.3 Drug delivery
	2.4 Functional measurements
	2.4.1 Auditory brainstem response
	2.5 Immunohistochemistry and imaging
	2.6 Protein quantification
	2.7 Statistical analysis

	3 Results
	3.1 Post-noise delivery of Z-VAD-FMK significantly reduced auditory threshold shifts
	3.2 Post-noise delivery of Z-VAD-FMK preserved ABR amplitudes and latencies
	3.3 Pan-caspase inhibitor protects against noise-induced cochlear hair cell loss
	3.4 Z-VAD-FMK attenuates noise-induced inflammatory and apoptotic protein responses
	3.5 Treatment with Z-VAD-FMK is does not impact the unexposed auditory system

	4 Discussion
	4.1 Therapeutic strategies for cochlear damage
	4.2 Protective effects of Z-VAD-FMK
	4.3 Underlying mechanisms of Z-VAD-FMK’s protective effects

	5 Conclusions and limitations

	References

