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Abstract

The glutathione transferase (GST) detoxification system converts exogenous and endogenous 

toxins into a less toxic form by conjugating the toxic compound to reduced glutathione (GSH) by 

a variety of GST enzymes. Of the ~20 GST isoforms, GSTA4 exhibits high catalytic efficiency 

toward 4-hydroxynonenal (4-HNE), one of the most abundant end products of lipid peroxidation 

that contributes to neurodegenerative diseases and age-related disorders. Conjugation to GSH by 

GSTA4 is thought to be a major route of 4-HNE elimination. In the current study, we investigated 

the effects of Gsta4 deficiency on age-related cochlear pathology and hearing loss using young (3–

5 months old) and old (24–25 months old) Gsta4+/+ and Gsta4−/− mice that were backcrossed onto 

the CBA/CaJ mouse strain, a well-established model of age-related hearing loss (AHL). At 3–5 

months of age, loss of Gsta4 resulted in decreased total GSTA activity toward 4-HNE in the inner 

ears of young mice. However, there were no differences in the levels of 4-HNE in the inner ears 

between Gsta4+/+ and Gsta4−/− mice at 3–5 or 24–25 months of age. No histological abnormalities 

were observed in the cochlea and no hearing impairments were observed in young Gsta4−/− mice. 

At 24–25 months of age, both Gsta4+/+ and Gsta4−/− mice showed elevated ABR thresholds 

compared to 3-month-old mice, but there were no differences in ABR thresholds, cochlear spiral 

ganglion neuron densities, or stria vascularis thickness between Gsta4+/+ and Gsta4−/− mice. 

Together, these results suggest that under normal physiological conditions or during normal aging, 

GSTA4 is not essential for removal of 4-HNE in mouse inner ears.
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1. Introduction

Glutathione transferases (GSTs) are phase II detoxification enzymes that protect cellular 

macromolecules against naturally occurring toxins and foreign chemicals (Ayyadevara et al., 

2007; Nebert and Vasiliou, 2004; Park et al., 2019; Sheehan et al., 2001). GSTs catalyze 

conjugation reactions of toxic compounds to reduced glutathione (GSH), producing a 

hydrophilic product that can be excreted from the cell through transmembrane transporters 

(Ayyadevara et al., 2007; McElwee et al., 2007; Nebert and Vasiliou, 2004; Park et al., 2019; 

Sheehan et al., 2001). GSTs are dimeric enzymes and widely distributed from bacteria to 

animals. Because of the diversity of potential xenobiotics and stressors, GSTs display 

extensive functional diversification in gene expression, enzyme activities, and substrate 

specificities. The most well characterized cytosolic GST classes have been named alpha 

(GSTA), mu (GSTM), pi (GSTP), and theta (GSTT). Because of their cytoprotective role 

and involvement in the development of resistance to anti-cancer agents, GSTs have become 

attractive drug targets (Nebert and Vasiliou, 2004; Sheehan et al., 2001).

Of the ~20 mammalian GSTs that have been identified to date, GSTA4 possesses high 

catalytic efficiency toward cytotoxic lipid-derived aldehydes, including 4-hydroxynonenal 

(4-HNE), one of the most abundant end products of lipid peroxidation that contributes to 

neurodegenerative diseases, aging, and cancer (Bared et al., 2010; Chen et al., 2014; Han et 

al., 2016; Rahman et al., 2007; Van Eyken et al., 2007). Conjugation to GSH by GSTA4 is 

thought to be a major route of 4-HNE elimination. Previous studies have shown that 

knockdown of either gst-5 or gst-10 with high catalytic activity toward 4-HNE, shortens life 

span, while overexpression of gst-10 or murine Gsta4 extends lifespan in C. elegans 
(Ayyadevara et al., 2007, 2005). A cross-species comparative analysis has also shown that 

GST and other cellular detoxification gene categories were significantly up-regulated in 

long-lived C. elegans (daf-2), D. melanogaster (chico1/+), Ames dwarf mice (Prop1df/df), and 

Little dwarf mice (Ghrhrlit/lit) (McElwee et al., 2007), suggesting that cellular detoxification 

might play a broader role in longevity or protection against aging in multiple species. 

Consistent with those reports, Ames dwarf mice (Prop1df/df), which show a 50% increase in 

lifespan, display increased levels of liver glutamate-cysteine ligase, the rate-limiting enzyme 

in the glutathione biosynthesis pathway, and increased total GST activity in the kidneys at 3 

and 24 months of age (Brown-Borg and Rakoczy, 2005). In humans, GSTM1, GSTP1, and 

GSTT1 polymorphisms were detected in noise-exposed workers in Taiwan (Lin et al., 2009), 

while a significant association between AHL and GSTT1 and GSTM1 polymorphisms was 

found in a Finnish population (Van Eyken et al., 2007) and Hispanic population (Bared et 

al., 2010). Together, these results suggest that GSTA4 detoxification or GSTA4-mediated 

detoxification of 4-HNE might play an important role in slowing age-related disorders.

Hearing loss is the third most prevalent chronic health condition affecting older adults and 

AHL, also known as presbycusis, is the most common form of hearing impairment (Gates 
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and Mills, 2005; Ozmeral et al., 2016; Yamasoba et al., 2013). AHL is characterized by poor 

speech understanding particularly in noise, impaired temporal resolution, and central 

auditory processing deficits (Gates and Mills, 2005; Ozmeral et al., 2016; Yamasoba et al., 

2013). WHO estimates that one-third of persons over 65 years are affected by disabling 

hearing loss (2019). Worldwide, approximately 466 million people suffer from hearing 

impairment and this number is expected to rise to 630 million by 2030 and over 900 million 

in 2050 (WHO 2010). Because the prevalence of AHL is expected to rise dramatically as the 

world’s population ages, AHL will become a major social and health care problem.

In the current study, we investigated the effects of Gsta4 deficiency on age-related cochlear 

pathology and hearing loss using young (3–5 months old) and old (24–25 months old) 

Gsta4+/+ and Gsta4−/− mice that were backcrossed onto the CBA/CaJ mouse strain, a well-

established model of AHL (Ahmed et al., 2010; Park et al., 2019; Voghel et al., 2008; 

Zimniak et al., 1994). At 3–5 months of age, loss of Gsta4 resulted in decreased total GSTA 

activity toward 4-HNE in the inner ears of young mice. However, there were no differences 

in the levels of 4-HNE in the inner ears between Gsta4+/+ and Gsta4−/− mice at 3–5 or 24–25 

months of age. No histological abnormalities were observed in the cochlea and no hearing 

impairments were observed in young Gsta4−/− mice. At 24–25 months of age, both Gsta4+/+ 

and Gsta4−/− mice showed elevated ABR thresholds compared to 3-month-old mice, but 

there were no differences in ABR thresholds or cochlear spiral ganglion neuron densities 

between Gsta4+/+ and Gsta4−/− mice. Together, these results suggest that under normal 

physiological conditions or during normal aging, GSTA4 is not essential for removal of 4-

HNE in mouse inner ears.

2. Materials and Methods

2.1. Animals

Male and female Gsta4+/− mice were obtained from the Mutant Mouse Regional Resource 

Centers (MMRRC) (https://www.mmrrc.org/catalog/sds.php?mmrrc_id=11713) at Lexicon 

Genetics. The Gsta4 knockout allele was generated by inserting a gene trap cassette (5174 

nucleotides) into intron 1 and it is expected to be completely null in GSTA4 expression. 

Male and female CBA/CaJ mice were obtained from Jackson Laboratory (https://

www.jax.org/strain/000654). All animal studies were conducted at the AAALAC-approved 

University of Florida Animal Facility. Experiments were performed in accordance with 

protocols approved by the University of Florida Institutional Animal Care and Use 

Committee. Gsta4+/− heterozygous males were mated with Gsta4+/− heterozygous females 

and their offspring were genotyped with DNA extracted from a tail clip obtained at weaning 

as previously described (Park et al., 2019). Male and female Gsta4-deficient mice have been 

backcrossed for 6 generations onto the CBA/CaJ mouse strain that does not carry the 

recessive AHL-susceptibility allele (Cdh23753A). To confirm that Gsta4+/+ and Gsta4−/− 

mice have the same wild-type Cdh23753G/753G genotype for Cdh23, we isolated DNA from 

these animals, amplified by PCR and then sequenced the region of DNA containing the 

753rd nucleotide in the Cdh23 gene as previously described (Park et al., 2019). Both male 

and female Gsta4+/+ and Gsta4−/− littermates were used in the current study.
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2.2. Assessment of ABR

Auditory brainstem responses (ABRs) were measured with a tone burst stimulus at 4, 8, 16, 

32, 48 and 64 kHz using the TDT neurophysiology workstation (Tucker-Davis 

Technologies) in a sound isolation booth as previously described (Han et al., 2016). Briefly, 

mice were anesthetized with a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg) by 

intraperitoneal injection and placed on a warm heating pad. Needle electrodes were placed 

subcutaneously at the vertex (non-inverting or active), ipsilateral ear (reference), and 

contralateral ear (ground). At each frequency, the sound level was decreased in 5–10 dB SPL 

steps from 90 to 10 dB sound pressure level (SPL). A hearing threshold was defined as the 

lowest level that produced a noticeable ABR. ABR amplitudes and latencies for wave I were 

measured at 8, 16, 32, and 48 kHz at 90 dB SPL for all animals. A wave I amplitude was 

determined by measuring the voltage difference between the highest positive value (peak) 

and greatest negative value (trough) for the first ABR wave as previously described by Chen 

et al. (Chen et al., 2014). A wave I latency was measured as the amount of time elapsed from 

the onset of the stimulus to the peak of the first wave. We used 6–8 mice per group for ABR 

threshold, amplitude, and latency assessments. Following the ABR hearing measurements, 

tissues from the same mice were used to conduct histological, biochemical, or molecular 

analyses.

2.3. GST activity

Labyrinth tissues including bony shell, cochlear lateral wall, cochlear basilar membrane, 

cochlear modiolus, utricle, saccule, and three semicircular canals were homogenized using a 

tissue grinder (Wheaton Dounce Tissue Grinder, Fisher Scientific) containing 1 ml of Tris 

buffer (10 mM Tris, 1 mM EDTA, 320 mM sucrose, pH 7.4) on ice and then centrifuged at 

10,000 g for 10 min at 4 °C. The supernatant (cytosolic fraction) was used for GST analyses. 

For GST activity toward 4-hydroxynonenal (4-HNE), 10 μl of cytosolic lysate was added to 

a well in the 96 well plate and then 190 μl of mixture containing 5 mM L-Glutathione 

reduced and 2 mM 4-HNE in 100 mM potassium phosphate buffer (pH 6.5) added to the 

well. The absorbance was read at 225 nm every 30 s for 10 min in a spectrophotometer (Bio-

Tek) to calculate activity. The GST activity was normalized to total protein. All samples 

were run in duplicate. GST activity toward 1-chloro-2,4- dinitrobenzene (CDNB) was 

measured using the GST Assay kit (Sigma-Aldrich) according to the manufacturer’s 

instructions. In brief, 20 μl of cytosolic lysate was added to a well in the 96 well plate and 

then 180 μl of mixture containing 176.4 μl of Dulbecco’s phosphate buffered saline (DPBS), 

1.8 μl of 200 mM L-Glutathione reduced, and 1.8 μl of 100 mM CDNB was added to the 

well. The absorbance was read at 340 nm every minute for 6 min in a spectrometer (Bio-

Tek) to calculate the activity. All samples were run in duplicate.

2.4. Glutathione redox state

Labyrinth tissues were homogenized using a tissue grinder (Wheaton Dounce Tissue 

Grinder, Fisher Scientific) containing 1 ml of lysis buffer (10 mM Tris, 20 mM EDTA, 320 

mM sucrose, pH 7.4) on ice and then centrifuged at 10,000 g for 10 min at 4 °C to obtain a 

cytosolic lysate (supernatant). One hundred microliter of the cytosolic lysate was used for 

the measurements of GSH, GSSG, and GSH/GSSG levels. Total glutathione (GSH + GSSG) 
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and GSSG levels were determined by the method of Rahman et al. (Rahman et al., 2007). 

Briefly, the rates of 5’-thio-2-nitrobenzoic acid (TNB) formation were calculated, and the 

total glutathione (tGSH) and GSSG concentrations in the samples were determined by using 

linear regression to calculate the values obtained from the standard curve. The GSH 

concentration was determined by subtracting the GSSG concentration from the total 

glutathione concentration. All samples were run in duplicate. All reagents used in this assay 

were purchased from Sigma-Aldrich unless indicated otherwise.

2.5. Protein carbonyl

Labyrinth tissues were homogenized using a tissue grinder (Wheaton Dounce Tissue 

Grinder, Fisher Scientific) containing 1 ml of Tris buffer (10 mM Tris, 1 mM EDTA, 320 

mM sucrose, pH 7.4) on ice and then centrifuged at 15,000 × g for 10 min at 4 °C. Levels of 

the oxidative protein damage marker, protein carbonyl, were measured with inner ear whole 

cell lysate using the Oxyblot Protein Oxidation Detection kit (EMD Millipore) according to 

the manufacturer’s instructions. In brief, 8 μg of lysates were denatured by adding the same 

volume of 12% SDS for a final concentration of 6% SDS and were derivatized by adding 2 

volumes of 1x DNPH solution to the tube and incubated at room temperature for 15 min. 

One and a half volumes of neutralization solution were added to the tube to stop the 

reaction. 2-mercaptoethanol (1–1.5μL; 5% v/v) was added to the tube to achieve a final 

concentration of 0.74 M solution. Samples were loaded into a polyacrylamide gel (4–20%) 

(Bio-Rad) and separated at 100 V for 90 min. Proteins on the gel were transferred to a 

nitrocellulose membrane (Bio-Rad). The membrane was incubated with blocking buffer (4 

% skim milk in PBS) for 1 h. The membrane was incubated with the primary antibody 

(1:150, diluted in the blocking buffer) overnight at 4 °C. The membrane was washed with 

PBS-T containing 0.05 % (v/v) tween-20 (Sigma-Aldrich) in PBS for 10 min three times. 

The membrane was incubated with the secondary antibody (1:300, diluted in the blocking 

buffer) for 1 h at room temperature. The membrane was washed with PBS-T for 10 min 

three times. The membrane was developed with Amersham ECL Prime (GE healthcare). The 

intensity of bands was quantified using ImageJ software (National Institutes of Health).

2.6. Assessment of Cochlear Pathology

2.6.1. Cochlear tissue preparation—Following the ABR measurements, the animals 

were sacrificed by cervical dislocation and the temporal bones were excised from the head 

as previously described (Someya et al., 2010). The temporal bones were immersed in a 

fixative containing 4% paraformaldehyde (Sigma-Aldrich) in phosphate buffered saline 

(PBS) solution for 1 d, decalcified in 10% EDTA for 1 week, divided into cochlear and 

vestibular parts, and then embedded in paraffin. The paraffin-embedded specimens were 

sliced along the mid-modiolar axis into 5 μm sections, mounted on silane-coated slides, 

stained with H&E, and observed under a light microscope (Leica). Rosenthal’s canal was 

divided into three regions: apical, middle and basal and the three regions were used for 

evaluation of cochlear pathology. Tissues from the same animals were used for 

cochleograms, spiral ganglion neuron (SGN) counting, and stria vascularis thickness 

measurements.
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2.6.2. Cochleogram—The number of inner hair cells (IHCs) and outer hair cells 

(OHCs) were counted over 0.24 mm intervals along the entire length of the cochlea under 

the microscope at 400× magnification as previously described (Ding et al., 2013, 1999). The 

counting results were then entered into a custom computer program designed to compute a 

cochleogram that shows the number of missing IHCs and OHCs as a function of percentage 

distance from the apex of the cochlea. The frequency-place map for mouse cochlea was 

shown on the abscissa in the figures as previously described (Ding et al., 2016; Müller et al., 

2005).

2.6.3. SGN Density—SGN densities were measured in the apical, middle, and basal 

regions of the cochlear sections using a 40x objective as previously described (Someya et al., 

2010). Type I and type II neurons were not differentiated. Cells were identified by the 

presence of a nucleus. The corresponding area of the Rosenthal canal was measured in 

digital photomicrographs of each canal profile. The perimeter of the canal was traced with a 

cursor using ImageJ software (National Institutes of Health). The software then calculated 

the area within the outline. The SGN density was calculated as the number of SGNs per 

mm2. Four to twenty sections of the apical, middle, and basal turns were evaluated in one 

cochlea per mouse. We used 3–5 mice per group for assessment of SGN density.

2.6.4. SV thickness—SV thickness was measured in 40X images of H&E-stained 

mouse cochlear tissues. Stria vascularis thickness was measured by using a cursor to draw a 

line from the margin of the stria to the junction of the basal cells with the spiral ligament 

halfway between the attachment of Reissner’s membrane and the spiral prominence using 

the ImageJ software (National Institutes of Health) (Han et al., 2016). Measurements were 

made at the basal, middle and apical regions of the cochlea for each mouse. Five to twenty 

sections of the apical, middle and basal turns were evaluated in one cochlea per mouse. We 

used 3–5 mice per group for stria vascularis thickness measurements.

2.7. Statistical analysis

Two-way ANOVA with Bonferroni’s post hoc test (GraphPad Prism 4.03) was used to 

analyse ABR threshold, SGN density, SV thickness, and hair cell loss. Student t-tests 

(GraphPad Prism 4.03) was used to analyse GST activities and levels of GSH and GSSG and 

protein carbonyl.

3. Results

3.1. Gsta4 deficiency does not affect auditory function in young mice

To investigate the effects of Gsta4 deficiency on age-related cochlear pathology and hearing 

loss, Gsta4+/− mice were backcrossed for 6 generations onto the CBA/CaJ mouse strain, a 

normal-hearing strain that does not carry the recessive early-onset hearing loss-susceptibility 

allele (Cdh23753A) (Noben-Trauth et al., 2003; Zheng et al., 1999). We confirmed the 

absence of Gsta4 by PCR genotyping and then sequenced the Cdh23 gene in the DNA 

obtained from tails of young Gsta4+/+ and Gsta4−/− mice. We confirmed that all Gsta4+/+ 

and Gsta4−/− mice had the same wild-type genotype (Cdh23753G/753G) as previously 
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described (Park et al., 2019). Mice lacking the Gsta4 gene on the CBA/CaJ background 

appeared phenotypically normal, are viable and fertile (Park et al., 2019).

To investigate the effects of Gsta4 deficiency on auditory function, we first measured ABR 

(auditory brainstem response) thresholds with a tone burst stimulus over a broad frequency 

range (4–64 kHz) in male and female Gsta4+/+ and Gsta4−/− mice at 3–5 months. There were 

no differences in ABR thresholds at 4, 8, 16, 32, 48 or 64 kHz between male (Fig. 1A) or 

female (Fig. 1B) Gsta4+/+ and Gsta4−/− mice (Fig. 1A–B). In rodents, ABRs typically 

consist of 5 positive waves; waves I-II represent activity from the auditory nerve, while 

waves III-V represent neural transmission within the central auditory system (Zhou et al., 

2006). To further assess hearing sensitivity and the functional integrity of the auditory nerve, 

ABR latencies and amplitudes for wave I were measured at 8, 16, 32, and 48 kHz at 90 dB 

SPL in male and female WT and Gsta4−/− mice at 3–5 months of age. Consistent with the 

ABR threshold results, there were no differences in ABR wave I amplitudes (Fig. 1C–D) or 

latencies (Fig. 1E–F) at 8, 16, 32 or 48 kHz between male or female Gsta4+/+ and Gsta4−/− 

mice. Together, these results indicate that Gsta4 deficiency does not affect auditory function 

in young mice.

3.2. Gsta4 deficiency decreases GST activity, but does not increase 4-HNE, GSSG, or 
protein carbonyl levels in the inner ears of young mice

GSTA4 has high-catalytic efficiency toward 4-HNE, a cytotoxic end product of lipid 

peroxidation that covalently modifies protein and DNA (Bared et al., 2010; Park et al., 2019; 

Rahman et al., 2007; Van Eyken et al., 2007). Hence, we hypothesized that Gsta4 deficiency 

may result in elevated levels of 4-HNE in inner ear tissues from young mice. To test this 

hypothesis, we first measured GST activities using 4-HNE as a specific substrate for GSTA4 

and CDNB, a general substrate for most GSTs, in inner ear tissues from 3–5 months old 

Gsta4+/+ and Gsta4−/− mice. Because there were no gender differences in ABR thresholds, 

wave I amplitudes or latencies at all the frequencies measured between young Gsta4+/+ and 

Gsta4−/− mice, subsequent tissues analysis was conducted in male mice. As expected, young 

Gsta4−/− mice displayed a 75% decrease in GSTA4 activities toward 4-HNE in the inner ears 

compared to Gsta4+/+ mice (Fig. 2A). But, there was no difference in GST activities toward 

CDNB between Gsta4+/+ and Gsta4−/− mice (Fig. 2B). Next, to investigate whether Gsta4 
deficiency results in elevated levels of inner ear 4-HNE, we counted 4-HNE-positive SGNs 

in cochlear sections from 3–5 months old male Gsta4+/+ and Gsta4−/− mice. There were no 

differences in 4-HNE levels in the apical, middle, or basal cochlear regions between 

Gsta4+/+ and Gsta4−/− mice (Fig. 2C).

GSTs convert exogenous and endogenous toxins into a less toxic form by conjugating the 

toxic compound to GSH by a variety of GST enzymes (Henderson and Wolf, 2011; Laborde, 

2010). Thus, GSH plays a critical role in Phase II cellular detoxification by serving as a 

substrate for GSTs in detoxifying toxins. To investigate the effects of Gsta4 deficiency on 

glutathione redox state, we measured the levels of oxidized glutathione (GSSG), reduced 

glutathione (GSH), and total glutathione in the cytosol of the inner ear tissues from 3–5 

months old male Gsta4+/+ and Gsta4−/− mice. There were no differences in GSH, GSSG or 

GSH/GSSG in the inner ears between Gsta4+/+ and Gsta4−/− mice (Fig. 3A). We also 
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measured levels of protein carbonyl, a marker of oxidative protein damage, in the inner ears 

from 3–5 months old male Gsta4+/+ and Gsta4−/− mice. There were no differences in the 

levels of protein carbonyl in the inner ears between Gsta4+/+ and Gsta4−/− mice (Fig. 3B). 

Together, these results indicate that Gsta4 deficiency results in decreased GST activity 

toward 4-HNE in the inner ears of young mice; however, Gsta4 deficiency does not result in 

accumulation of 4-HNE in the inner ears of young mice.

3.3. Gsta4 deficiency does not promote AHL in mice

To investigate the effects of Gsta4 deficiency on auditory function in older mice, we 

measured ABR thresholds with a tone burst stimulus over a broad frequency range (4–64 

kHz) in Gsta4+/+ and Gsta4−/− mice at 24–25 months. Because there were no gender 

differences in ABR thresholds, wave I amplitudes or latencies at all the frequencies 

measured between young Gsta4+/+ and Gsta4−/− mice, subsequent ABR and pathological 

analyses were conducted in males. As expected, both old Gsta4+/+ and Gsta4−/− mice 

showed elevated ABR thresholds at 4–64 kHz compared to young mice (Fig. 4A–B). 

However, there were no differences in ABR thresholds at all the frequencies measured 

between old Gsta4+/+ and Gsta4−/− mice (Fig. 4C). To further assess hearing sensitivity and 

the functional integrity of the auditory nerve in old Gsta4+/+ and Gsta4−/− mice, we 

measured ABR amplitudes and latencies for wave I at 8, 16, 32, and 48 kHz at 90 dB SPL at 

24–25 months. Both old Gsta4+/+ and Gsta4−/− mice showed decreased ABR wave I 

amplitudes at 8–48 kHz compared to young mice (Fig. 5A–D), but there were no differences 

in ABR wave I amplitudes or latencies at all the frequencies measured between old Gsta4+/+ 

and Gsta4−/− mice (Fig. 5A–H).

The major sites of cochlear pathology typically include cochlear hair cells, SGN and stria 

vascularis (Gates and Mills, 2005; Yamasoba et al., 2013). To validate the ABR test results 

and to investigate the effects of Gsta4 deficiency on age-related cochlear pathology, mean 

cochleograms were prepared from 3–5 month-old and 24–25 month-old male Gsta4+/+ and 

Gsta4−/− mice. At 3–5 months of age, no loss of inner hair cells (IHCs) (Fig. 6A) or outer 

hair cells (OHCs) (Fig. 6B) were observed in the cochleae from Gsta4+/+ and Gsta4−/− mice. 

At 24–25 months of age, little or no loss of IHCs was observed in the apical or middle 

cochlea regions from both Gsta4+/+ and Gsta4−/− mice. In the basal region, Gsta4−/− mice 

showed a slight but significantly greater loss of IHCs compared to age-matched Gsta4+/+ 

mice (Fig. 6C). Little or no loss of OHCs was observed in the middle or basal cochlea 

regions from both Gsta4+/+ and Gsta4−/− mice. In the apical region, Gsta4−/− mice showed a 

slight but significantly greater loss of OHCs compared to age-matched Gsta4+/+ mice (Fig. 

6D).

Next, we measured the densities of SGNs in the apical, middle, and basal regions of the 

cochleae from 3–5 month-old and 24–25 month-old male Gsta4+/+ and Gsta4−/− mice. At 3–

5 months of age, there were no differences in SGN densities in the cochleae between 

Gsta4+/+ and Gsta4−/− mice (Fig. 7A–F, M-O). At 24–25 months of age, there were no 

differences in SGN densities in the apical, middle, or basal regions between Gsta4+/+ and 

Gsta4−/− mice (Fig. 7G–O). Atrophy of the stria vascularis is one of the most prominent 

features of AHL (Gates and Mills, 2005; Shuknecht et al., 1974; Yamasoba et al., 2013). To 
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investigate the effects of Gsta4 deficiency on age-related stria vascularis (SV) atrophy, we 

measured the SV thickness in the apical, middle, and basal regions of the cochlea from 3–5 

month-old and 24–25 month-old male Gsta4+/+ and Gsta4−/− mice. At 3–5 months of age, 

there were no differences in SV thickness in the cochlea between Gsta4+/+ and Gsta4−/− 

mice (Fig. 8A–F, M–O). At 24–25 months of age, there were no differences in SV thickness 

in the apical, middle, or basal regions between Gsta4+/+ and Gsta4−/− mice (Fig. 8G–O).

Lastly, to investigate whether Gsta4 deficiency results in elevated levels of 4-HNE in aged 

cochlear tissues, we measured 4-HNE levels in the apical, middle, and basal regions of the 

cochleae from 3–5 month-old and 24–25 month-old male Gsta4+/+ and Gsta4−/− mice. As 

expected, both Gsta4+/+ and Gsta4−/− mice showed elevated levels of 4-HNE in the apical 

and middle regions of the cochleae (Fig. 2E–F), but there were no differences in 4-HNE 

levels in any cochlear regions between old Gsta4+/+ and Gsta4−/− mice (Fig. 2D). Taken 

together, these physiological and histological results indicate that during normal aging, 

Gsta4 deficiency does not result in increased levels of 4-HNR, more profound loss of SGNs 

or more profound hearing impairments in mice.

4. Discussion

A growing body of evidence indicates that ROS play a major role in the age-related 

degeneration of cochlear hair cells and SGNs during aging (Cheng et al., 2005; Someya et 

al., 2009; Yamasoba et al., 2013). At the membrane levels, ROS cause the oxidation of 

polyunsaturated fatty acids, leading to the formation of cytotoxic aldehydes, including 4-

HNE, one of the most abundant end product of lipid peroxidation that covalently modifies 

protein and DNA (Ayyadevara et al., 2005; Board, 1998; Di Domenico et al., 2017; Engle et 

al., 2004; Zimniak et al., 1994). The central nervous system and the peripheral nervous 

system are particularly sensitive to ROS damage because of the high levels of 

polyunsaturated fatty acids in neuronal cell membranes (Di Domenico et al., 2017). 

Accordingly, elevated levels of 4-HNE have been observed in brain tissues of Alzheimer 

disease, Parkinson disease, and Huntington disease patients and animal models of these 

neurodegenerative diseases. GSTA4 is thought to be a major detoxification enzyme which 

removes 4-HNE by catalysing the conjugation reaction of 4-HNE to GSH (Ayyadevara et al., 

2005; Board, 1998; Engle et al., 2004; Zimniak et al., 1994). This idea is supported by 

previous reports that GST activity toward 4-HNE is significantly reduced in the kidney, lung, 

heart, brain, muscle, spleen, and intestine of Gsta4 KO mice (Engle et al., 2004) and that 4-

HNE-adducts accumulate with aging in vivo and in vitro (Ahmed et al., 2010; Voghel et al., 

2008). Moreover, accumulation of 4-HNE is linked to age-related diseases associated with 

increased levels of oxidative stress or redox imbalance, including Alzheimer’s disease 

(Rockwell et al., 2000; Shringarpure et al., 2000), Parkinson disease (Ebara et al., 2003; 

Jenner, 2003), cancer (Feng et al., 2004), atherosclerosis (Herbst et al., 1999), and liver 

diseases (Singh et al., 2009). 4-HNE is also considered as an apoptosis inducer in vitro and 

in vivo (Dalleau et al., 2013). In C. elegans, loss of gst-10 that encodes a detoxifying 

enzyme with high catalytic activity toward 4-HNE results in reduced lifespan (Ayyadevara et 

al., 2007). In the current study, we demonstrated that loss of Gsta4 resulted in a significant 

decline in GST activity toward 4-HNE in the inner ears of young mice. However, although 

both 24-month-old Gsta4+/+ and Gsta4−/− mice showed elevated levels of 4-HNE compared 
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to young mice, there were no differences in 4-HNE levels in the cochlea between old 

Gsta4+/+ and Gsta4−/− mice (Fig. 2). Both Gsta4+/+ and Gsta4−/− mice also showed elevated 

ABR thresholds and wave I amplitudes at 24–25 months of age (Fig. 5A–D), but there were 

no differences in ABR thresholds or ABR wave I amplitudes between old Gsta4+/+ and 

Gsta4−/− mice (Fig. 5A–H). In agreement with the physiological results, there were no 

differences in SGN densities (Fig. 7) or SV thickness (Fig. 8) in the cochleae between aged 

Gsta4+/+ and Gsta4−/− mice. Old Gsta4−/− mice showed slightly greater loss of OHCs in the 

apical region, but in general, there were no major differences in IHC or OHC loss in the 

cochleae between aged Gsta4+/+ and Gsta4−/− mice (Fig. 6). Together, these previous reports 

and our findings suggest that during normal aging, GSTA4 is not essential for removal of 4-

HNE in mouse inner ears or that Gsta4 deficiency is not sufficient to promote age-related 

cochlear pathology or hearing loss in mice.

Shearn et al. have shown that chronic consumption of ethanol resulted in increased levels of 

HNE-protein adducts in the liver of Gsta4 KO mice (Shearn et al., 2016), while chronic 

treatment of the herbicide paraquat significantly shortened the survival of Gsta4 KO mice 

compared to wild-type mice (Zimniak et al., 1994). Dwivedi et al have also shown that 

administration of hepatotoxic carbon tetrachloride resulted in significantly higher levels of 

4-HNE in the liver of Gsta4−/− mice compared to Gsta4+/+ mice (Dwivedi et al., 2006). Our 

group has recently shown that administration of cisplatin, an ototoxic chemotherapeutic 

drug, resulted in more profound hearing loss, and more profound loss of SGNs, and atrophy 

of SV in female Gsta4−/− mice (Park et al., 2019). Cisplatin treatment also resulted in 

increased levels of 4-HNE in the cochlea of female Gsta4−/− mice compared to age-matched 

Gsta4+/+ mice (Park et al., 2019). In the current study, aging did not result in higher levels of 

inner ear 4-HNE, more profound loss of SGNs, or hearing loss in Gsta4−/− mice when 

compared to age-matched Gsta4+/+ mice. Therefore, under treatment with ototoxic drugs/

chemicals or higher levels of 4-HNE, loss of Gsta4 likely leads to more profound loss of 

cochlear neurons and hair cells and accelerated hearing loss.

Cells possess a wide range of mechanisms for detoxifying 4-HNE: Reduced glutathione 

(GSH) can sequester 4-HNE by forming GSH-HNE adducts, while carnosine can sequester 

4-HNE via intramolecular Michael addition (Di Domenico et al., 2017). 4-HNE can also be 

detoxified by aldo-keto reductase, aldose reductase, and aldehyde dehydrogenase (Srivastava 

et al., 1995; Black et al., 2012). Furthermore, GSTA1, GSTA2, GSTM1, and GSTT1 also 

possess antioxidant activity toward lipid hydroperoxides, including 4-HNE (Ayyadevara et 

al., 2007; Brown-Borg and Rakoczy, 2005; Han et al., 2016; Park et al., 2019; Sheehan et al., 

2001). Therefore, under normal physiological conditions, low-moderate levels of 4-HNE, or 

during normal aging, one or some of these antioxidants and/or enzymes likely compensates 

for the loss of GSTA4 in removing 4-HNE in inner ears.
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Highlights

• Loss of Gsta4 does not increase inner ear 4-HNE levels in young or aged mice

• Loss of Gsta4 does not promote age-related cochlear pathology in mice

• Loss of Gsta4 does not accelerate age-related hearing loss in mice

• GSTA4 is not essential for removal of 4-HNE in mouse inner ears under 

normal physiological conditions
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Fig 1. Assessment of ABR thresholds and wave I amplitudes and latencies in young Gsta4+/+ and 
Gsta4−/− mice.
(A-B) ABR thresholds were measured at 4, 8, 16, 32, 48 and 64 kHz in 3–5 month-old male 

(A) and female (B) Gsta4+/+ and Gsta4−/− mice (N=8). (C-F) ABR amplitudes (C-D) and 

latencies (E-F) of wave I at 90 dB were measured at 8, 16, 32, and 48 kHz in 3–5 month-old 

male (C,E) and female (D,F) Gsta4+/+ and Gsta4−/− females (B, C) (N=8). Data are shown as 

means ±SEM.
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Fig 2. Assessment of GST activity in the inner ears of young Gsta4+/+ and Gsta4−/− mice.
(A-B) The activities of GST toward 4-hydroxynonenal (4-HNE) (A) or CDNB (B) were 

measured in the cytosol of the inner ear tissues from 3–5 month-old male Gsta4+/+ and 

Gsta4−/− mice (N=4). Data are means ±SEM. *p < 0.05 vs. +/+. (C-F) 4-HNE-positive 

SGNs were counted and quantified in the apical, middle, and basal regions of cochlear 

tissues from male Gsta4+/+ and Gsta4−/− mice at 3–5 (C, E) and 24–25 (D, F) months of age 

(N=4–5). Data are means ±SEM. *p < 0.05 vs. 3 mo.
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Fig 3. Assessment of glutathione redox state in the inner ears of young Gsta4+/+ and Gsta4−/− 

mice.
(A) The levels of GSH, GSSG, and GSH/GSSG were measured in the cytosol of the inner 

ear tissues from 3–5 month-old Gsta4+/+ and Gsta4−/− males (N=4). (B) The levels of 

protein carbonyl were measured in the inner ear tissues from 3–5 month-old Gsta4+/+ and 

Gsta4−/− males (N=4–5). Data are means ±SEM.
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Fig 4. Assessment of ABR thresholds in young and old Gsta4+/+- and Gsta4−/− mice.
(A-C) ABR thresholds were measured at 4, 8, 16, 32, 48 and 64 kHz in 3–5 month-old male 

Gsta4+/+ (A) and Gsta4−/− (B) mice at 3–5 (N=8) and 24–25 (N=6–7) months of age. Data 

are shown as means ±SEM. *P < 0.05 vs. 3 mo +/+ or 3 mo −/−.
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Fig 5. Assessment of ABR wave I amplitudes and latencies in young and old Gsta4+/+- and 
Gsta4−/− mice.
ABR amplitudes (A-D) and latencies (E-H) of wave I at 90 dB were measured at 8 (A, E), 

16 (B, F), 32 (C, G), and 48 (D, H) kHz in 3–5 month-old male Gsta4+/+ and Gsta4−/− mice 

at 3–5 (N=8) and 24–25 (N=6–7) months of age. Data are shown as means ±SEM. *P < 0.05 

vs. 3 mo +/+ or 3 mo −/−.
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Fig 6. Cochleograms of young and old Gsta4+/+ and Gsta4−/− mice.
Cochleograms were recorded and averaged in the cochlear tissues of male Gsta4+/+ and 

Gsta4−/− mice at 3–5 (A-B) (N=4) and 24–25 month-old (C-D) (N=5–6). Graphs show 

percent loss of inner hair cells (IHC) (A, C) and outer hair cells (OHCs) (B, D) as function 

of percent distance from the apex. Lower x-axes show the frequency-place map for the 

mouse cochlea. Data are shown as means ±SEM. *P < 0.05 vs. +/+.
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Fig 7. Assessment of cochlear SGN density in young and old Gsta4+/+ and Gsta4−/− mice.
(A-L) SGN regions in the apical (A, D, G, J), middle (B, E, H, K), and basal (C, F, I, L) 

regions of cochlear sections from male Gsta4+/+ and Gsta4−/− mice at 3–5 month-old (A-F) 

and 24–25 month-old (G-L). Scale bar = 20μm. SGN densities were counted and quantified 

in the apical (M), middle (N), and basal (O) regions of cochlear sections of male Gsta4+/+ 

and Gsta4−/− mice at 3–5 month-old (N=3–4) and 24–25 month-old (N=5). Data are shown 

as means ±SEM. *P < 0.05 vs. 3 mo +/+. **P < 0.05 vs. 3 mo −/−.
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Fig 8. Assessment of SV thickness in young and old Gsta4+/+ and Gsta4−/− mice.
(A-L) SV thickness in the apical (A, D, G, J), middle (B, E, H, K), and basal (C, F, I, L) 

regions of cochlear sections from male Gsta4+/+ and Gsta4−/− mice at 3–5 month-old (A-F) 

and 24–25 month-old (G-L) (5). Scale bar = 20 μm. SV thickness were measured in the 

apical (M), middle (N), and basal (O) regions of cochlear sections of male Gsta4+/+ and 

Gsta4−/− mice at 3–5 month-old (N=3–4) and 24–25 month-old (N=5). Data are shown as 

means ±SEM. *P < 0.05 vs. 3 mo +/+. **P < 0.05 vs. 3 mo −/−.
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