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ARTICLE INFO ABSTRACT
Keywords: The ABCC1 gene belongs to the ATP-binding cassette membrane transporter superfamily, which plays a crucial
ABCC1 knockout role in the efflux of various endogenous and exogenous substances. Mutations in ABCC1 can result in autosomal

Noise-induced hearing loss

R . dominant hearing loss. However, the specific roles of ABCC1 in auditory function are not fully understood.
Stria vascularis

Through immunofluorescence, we found that ABCC1 was expressed in microvascular endothelial cells (ECs) of
the stria vascularis (StV) in the murine cochlea. Then, an Abccl knockout mouse model was established by using
CRISPR/Cas9 technology to elucidate the role of ABCC1 in the inner ear. The ABR threshold did not significantly
differ between WT and Abcc1 ™/~ mice at any age studied. After noise exposure, the ABR thresholds of the WT and
Abccl ™/~ mice were significantly elevated. Interestingly, after 14 days of noise exposure, ABR thresholds largely
returned to pre-exposure levels in WT mice but not in Abccl ™/~ mice. Our subsequent experiments showed that
microvascular integrity in the StV was compromised and that the number of outer hair cells and the number of
ribbons were significantly decreased in the cochleae of Abccl ~/~ mice post-exposure. Besides, the production of
ROS and the accumulation of 4-HNE significantly increased. Furthermore, StV microvascular ECs were cultured
to elucidate the role of ABCC1 in these cells under glucose oxidase challenge. Notably, 30 U/L glucose oxidase
(GO) induced severe oxidative stress damage in Abccl /™ cells. Compared with WT cells, the ROS and 4-HNE
levels and the apoptotic rate were significantly elevated in Abccl ™~ cells. In addition, the reduced GSH/
GSSG ratio was significantly decreased in Abccl ™~ cells after GO treatment. Taken together, Abccl ™/~ mice are
more susceptible to noise-induced hearing loss, possibly because ABCC1 knockdown compromises the GSH
antioxidant system of StV ECs. The exogenous antioxidant N-acetylcysteine (NAC) may protect against oxidative
damage in Abcc1 ™/~ murine cochleae and ECs.

Oxidative stress
Glutathione

.who.int). Hereditary hearing loss accounts for more than 60 % of
1. Introduction hearing loss [1,2]. Most patients with autosomal dominant hearing loss
exhibit delayed onset and experience a gradual progression of hearing

Hearing loss is one of the most prevalent sensory disorders world- loss, which can eventually lead to severe or profound hearing loss [3].
wide. According to statistics from the World Health Organization We previously reported that the ABCCI mutation was associated
(WHO), the global population with hearing disabilities has reached 466 with autosomal dominant nonsyndromic hearing loss in a large Chinese
million, accounting for 6.1 % of the total world population (http://www family [4]. The protein ABCCI, also known as multidrug resistance
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Abbreviations

4-HNE  (4-hydroxy-2-nonenal glutathione conjugate)

ABCC1 (ATP-binding cassette membrane transporter superfamily
1)

ABR (Auditory brainstem response)

CCK-8 (Cell Counting Kit-8)

DAPI (4,6-diamidino-2-phenylindole)

DHE (Dihydroethidium)

EB (Evans blue)

ECs (Endothelial cells)

GO (Glucose oxidase)

GSH (Glutathione)

GSSG (Oxidized glutathione)

1B4 (Isolectin B4)

IHCs (Inner hair cells)

MCs (Marginal cells)

MRP1 (Multidrug resistance protein 1)
NAC (N-acetylcysteine)

NS (Normal saline)

OHCs (Outer hair cells)

PCR (Polymerase chain reaction)
PFA (paraformaldehyde)

PVM/Ms (Perivascular-resident macrophage-like melanocytes)
ROS (Reactive oxygen species)

SGNs (Spiral Ganglion Neurons)

SPL (Sound pressure level)

StV (Stria vascularis)

vWF (Von Willebrand Factor)

WT (Wild type)

protein 1 (MRP1), is an ATP-binding cassette (ABC) transporter involved

inflammatory response [5,6]. ABCC1 may also play a crucial role in

in contributing to multidrug resistance in some cancer cells, protecting
certain tissues by outward transportation of various exogenous and

mitigating the detrimental effects of oxidative stress, mainly because it
mediates the efflux of glutathione (GSH), one of the most potent

endogenous toxic metabolites and regulating the leukotriene-mediated endogenous antioxidants, oxidized glutathione (GSSG),
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Fig. 1. Generation of C57BL/6Smoc-Abcc1™S™ mice. (A) The murine Abccl gene contains 31 exons, and the exons 6-7 were knockout using CRISPR/Cas9
technology. (B) PCR analysis for WT (lanes 4-6), Abcc1™~ (lanes 1-3) and Abccl~/~ (lanes 7 and 8) mice. For primer I, an expected band of 2320-bp was detected in
WT mice; the 425-bp bands were detected in the Abccl */~ and Abcc1™/~ mice. For primer II, no band was detected in Abccl ~/~ mice; and the 590-bp bands were
detected in the WT and Abcc1t/~ mice. (C) Western blot analysis revealed the protein expression levels of ABCC1 in the cochlea, brain, and liver following
ABCC1 knockout.
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4-hydroxy-2-nonenal glutathione conjugate (4-HNE), and other
GSH-conjugated metabolites in various tissues [7-9].

ABCC1 is widely expressed in biological barriers, such as the blood-
testis barrier, placental barrier and blood-brain barrier [10-12]. In the
cochlea, Saito et al. first reported that ABCC1 was expressed in the stria
vascularis (StV) and participated in the transportation of several
chemotherapeutic drugs to avoid drug-induced ototoxicity [13]. As
previously confirmed by our group, ABCC1 is located in the intermediate
layer of the StV in the murine cochlea [4]. Intermediate cells mainly
comprise  perivascular-resident = macrophage-like = melanocytes
(PVM/Ms) and endothelial cells (ECs), which construct the
blood-labyrinth barrier and play an essential role in regulating the
transport of inner ear substances and maintaining homeostasis in the
inner ear [14]. However, the pathophysiological roles of ABCC1 in the
inner ear and the mechanisms underlying its mutation-associated
hearing loss remain unclear.

In this study, we confirmed the precise location of ABCC1 in the StV
of the murine cochlea. Then, an Abccl knockout mouse model was
established using CRISPR/Cas9 technology to elucidate the role of
ABCC1 in the murine inner ear under normal and noisy conditions. StV
microvascular ECs were cultured from WT and Abccl ™/~ murine
cochleae to investigate the molecular changes associated with ABCC1
deficiency under oxidative stress in these cells.

2. Materials and methods
Ethical statement

The use of animals in this study and all the experiments were per-
formed by the Animal Ethics Committee of the Institute of Xiangya
Hospital, Central South University. We confirm that all the procedures
were performed in accordance with the relevant rules.

2.1. Generation of Abccl™'~ mice

C57BL/6Smoc-Abcc1“™S™¢ mice were generated by Shanghai
Model Organisms Center (Cat. NO. NM-KO-18012). Exons 6-7 of Abccl
were knockout using CRISPR/Cas9 technology in this mouse model
(Fig. 1A). The mice were genotyped by polymerase chain reaction (PCR)
using the following primers: primer I-F, 5-GGGAGTGTA-
GATCAGTGAGG-3’; primer I-R, 5-CACGGGAGCAGTCCCTGAAT-3’;
primer II-F, 5-CACTGTGACTGGTTCTGGTT-3’; and primer II-R, 5-
CCTACTTTGTCCCAATGCCT-3’ (Fig. 1B). Western blot analysis revealed
that ABCC1 protein was successfully knockout in the cochleae, brains,
and livers of Abcc1™/~ mice compared to those of WT mice (Fig. 1C).
Mice of both sexes were used. The animals were housed in the Labora-
tory Animal Facility at Central South University with the temperature
maintained at 22 °C and a 12 h light/12 h dark-light cycle. The labo-
ratory chow diet and sterilized water were provided ad libitum. The
ambient noise around the mice was approximately 55 dB SPL.

2.2. Auditory brainstem response

ABR thresholds were recorded in mice after they were anesthetized
with 375 mg/kg Avertin (Sigma, USA) and kept warm. To assess the
effect of ABCCl knockout on murine auditory function, the ABR
thresholds of the mice were recorded at 2-month-old and 5-month-old.
To assess the impact of noise exposure on murine auditory function,
the ABR thresholds were recorded in mice before noise exposure and at 1
day and 2 weeks after noise exposure. Thresholds at click, 8, 16, 24, and
32 kHz were measured using a Tucker-Davis Technologies System
workstation with SigGen32 software (Tucker-Davis Technologies Inc.,
Alachua, FL, USA). Stimulation was performed using a MF1 Multi-Field
Magnetic Speakers (Tucker-Davis Technologies Inc., Alachua, FL, USA)
calibrated with a sensor signal conditioner (model 480C02, PCB, NY,
USA) and RZ6 Multi I/O Processor (Tucker-Davis Technologies Inc.,
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Alachua, FL, USA). The live electrode was placed in the middle of the
scalp, the ground electrode was placed in the shoulder blade on the back,
and the reference electrode was placed under the skin of the test ear. The
response was amplified 5020 times by a TDT Medusa4Z biological
amplifier (bandpass filter: 30-3000 Hz, notch filter with 50 Hz), aver-
aging 512 times. At each frequency, the sound level progressively de-
creases from 90 to 10 dB SPL. The ABR threshold is the lowest level
defined to produce a significant ABR response.

2.3. Immunofluorescence

After the cochlea was removed, the tip of the cochlea was drilled and
perfused with 4 % paraformaldehyde (PFA) and then fixed overnight
with 4 % PFA at 4 °C. After decalcification with 10 % EDTA for 3 days, 7
pm thick frozen sections were obtained from the cochlea. Then, the
sections were incubated with 0.5 % Triton X-100 (Sigma, USA) at room
temperature for 15 min and blocked with 10 % goat serum at room
temperature for 1 h. Then, the sections were incubated with monoclonal
rabbit anti-ABCC1 antibody (Abcam, ab260038), polyclonal rabbit anti-
4-HNE antibody (Alpha Diagnostic, HNE11-S), monoclonal rabbit anti-
CtBP2 antibody (Abcam, ab128871), monoclonal rat anti-F4/80 anti-
body (Abcam, ab6640), or polyclonal rabbit anti-Von Willebrand Factor
(VWF) antibody (Abcam, ab6994) at 4 °C overnight. The slides were
subsequently washed three times with 0.01 M PBS. Then, the sections
were incubated with goat anti-rabbit IgG H&L (Cy3®) (Abcam, ab6939),
goat anti-rabbit IgG H&L (Alexa Fluor® 488) (Invitrogen, A11034), and
goat anti-rat IgG H&L (Alexa Fluor® 568) (Abcam, ab175476) second-
ary antibodies for 1 h or with Phalloidin-iFluor 594 (Abcam, ab176757)
for 30 min at room temperature under light-protected conditions. The
nuclei were counterstained with 4°,6-diamidino-2-phenylindole (DAPI).
Immunofluorescence images were taken with a confocal laser scanning
microscope (Leica Microsystems).

2.4. Noise exposure and drug/placebo administration

Two-month-old mice in the experimental groups were placed in an
anechoic chamber. After 1 day of environmental adaptation and
acquisition of the baseline auditory brainstem, the mice were exposed to
80 dB SPL noise for 12 h per day for 7 consecutive days. The anechoic
chamber has a loudspeaker (MS6520, JBL) mounted on the top. The
speaker is driven by a TDT RZ6 multifunction processor and dedicated
attenuator and controlled by TDT RPvdsEx sound processing software.
The sound levels were calibrated with a sound meter (2550, Bruel &
Kjeer). The sound level was measured directly below the speaker at the
height of the murine ear. The sound level at the edges of the cage was
generally reduced by 1-3 dB. Individual cohorts of mice were intra-
peritoneally administered normal saline (NS) or 350 mg/kg NAC
(51623, Selleck) dissolved in NS. The administration commenced one
day before noise exposure and continued for a duration of 7 days.

2.5. Evans blue (EB) infusions

The vessel integrity of the StV was determined by measuring EB
extravasation. One hundred microliters of 2 % EB solution was intra-
venously administered via the tail vein. Two hours after infusion, the
mice were perfused with 100 ml of NS and 100 ml of PFA. Then, the
cochleae were dissected and fixed overnight with 4 % PFA at 4 °C. The
StV was carefully dissected from the cochlea and tiled on glass slides.
Fluorescence was detected under a confocal laser scanning microscope
at an excitation wavelength of 594 nm. Evans blue leakage was
measured using the fluorescence intensity of whole image, which
included blood vessels.

2.6. DHE staining

Dihydroethidium (DHE), an ROS fluorescent probe, can freely
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penetrate the cell membrane and be oxidized by intracellular ROS to
form ethidium oxide. Ethidium oxide can be incorporated into chro-
mosomal DNA to produce red fluorescence [15]. The cochleae were
incubated with 1 pM DHE (Invitrogen, D23107) in 0.01 M PBS at 37 °C
for 30 min and washed three times with 0.01 M PBS. Then, the cochlear
specimens were perfused with 4 % PFA and fixed overnight with 4 %
PFA at 4 °C, and 10 % EDTA was used for decalcification. The cochlear
sections were isolated from the cochlea and sealed with an
anti-fluorescent solution. A Leica laser confocal microscope was used to
image the stained sections.

2.7. Primary culture of microvascular ECs from the StV

The procedure for preparing and primary culturing of microvascular
ECs from the StV was described by Neng et al. [16]. In detail, WT and
Abccl™~ postnatal day 7 (P7) mouse pups were sacrificed, and the
auditory bullae were rapidly separated and placed in a Petri dish with
cold, fresh Hank’s solution. Then, the StV was gently pulled away from
the spiral ligament. After washing in fresh Hank’s solution, the StV was
transferred to an attachment factor (Gibco, USA)-coated 35 mm Petri
dish with 2 ml of endothelial culture medium (ScienCell, USA) con-
taining 5 % fetal bovine serum (Gibco, USA), 1 % endothelial cell growth
factor (ScienCell, USA) and 1 % penicillin-streptomycin solution and
cut into small pieces. Then, the fragmented pieces of StV were incubated
in an incubator (37 °C, 5 % CO3). The third to fifth passages of ECs were
used.

To assess the purity of the ECs, the cells were resuspended and
incubated with Isolectin B4 (IB4)-FITC conjugated (20 pg/ml) (Sigma-
Aldrich, USA), an endothelial cell marker, for 30 min in the dark at 4 °C.
Then, the cells were washed three times with 0.01 M PBS. The fluores-
cence signals were analyzed by fluorescence microscopy and flow
cytometry.

2.8. Cell counting Kit-8 (CCK-8) assay

The viability of WT and Abcc1~/~ ECs after oxidative stress challenge
was measured by a CCK-8 assay (APExBIO, Texas, USA) according to the
manufacturer’s protocol. Briefly, WT and Abcc1 ™/~ cells were resus-
pended, and 1 x 10* cells/well were seeded into 96-well plates. The next
day, the WT and Abccl ~/~ cells were treated with 0, 10, 20, 30, 40, 50,
60, 70 or 80 U/L GO (Sigma-Aldrich, USA) or 0 U/L GO, 10 mM NAC,
30 U/L GO or 30 U/L GO + 10 mM NAC for 4 h, and each treatment was
tested in triplicate. To determine the viability of the cells, 10 pl of CCK-8
test solution was added to each well and incubated for another 2 h. After
that, the cell viability was determined by the absorbance at 450 nm
using a microplate reader.

2.9. Measurement of reactive oxygen species (ROS) production

WT and Abccl /= cells were resuspended, and 2 x 10° cells/well
were seeded into 6-well plates. The next day, the WT and Abccl ™~ cells
were treated with 0, 10, 30 or 80 U/L GO or 0 U/L GO, 10 mM NAC, 30
U/L GO or 30 U/L GO + 10 mM NAC for 4 h. After treatment, the cells
were harvested and incubated with 100 pM DHE for 30 min in the dark
at 37 °C. Then, the cells were washed three times with 0.01 M PBS. The
fluorescence signals were analyzed by flow cytometry.

2.10. Annexin V/PI double staining

WT and Abccl ™/~ cells were resuspended, and 2 x 10° cells/well
were seeded into 6-well plates. The next day, the WT and Abcc1 ™/~ cells
were treated with 0, 10, 30 or 80 U/L GO or 0 U/L GO, 10 mM NAC, 30
U/L GO or 30 U/L GO + 10 mM NAC for 4 h. After treatment, the cells
were harvested, washed three times with 1 x binding buffer and then
incubated in 1 x binding buffer supplemented with 5 % FITC-Annexin V
and 10 % PI (Yeasen, China) for 15 min in the dark at room temperature.
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Then, the cells were resuspended in cold and fresh 1X binding buffer and
analyzed by flow cytometry.

2.11. GSH/GSSG assay

WT and Abccl ™~ cells were resuspended, and 2 x 10° cells/well
were seeded into 6-well plates. The next day, the WT and Abcc1 /™ cells
were treated with 0, 10, 30 or 80 U/L GO for 4 h. After treatment, the
concentrations of total glutathione (GSH) and oxidized GSH (GSSG) in
treated cells were measured using GSH and GSSG assay kits (Beyotime,
China) according to the manufacturer’s protocol. Then, the concentra-
tions of reduced GSH and the ratio of reduced GSH/GSSG were calcu-
lated according to the manufacturer’s protocol (reduced GSH = total
glutathione- 2x GSSG).

2.12. Western blot

The mice were deeply anesthetized, and the cochlea was promptly
removed from the skull. Subsequently, the samples were rinsed with
cold 10 mM PBS (pH 7.4) and thoroughly homogenized using a grinding
rod in RIPA lysis buffer supplemented with protease inhibitors (APEx-
BIO, K1007, diluted at a ratio of 1:100). Following centrifugation at
13,000 rpm for 15 min at 4 °C, the supernatant was collected. WT and
Abcc1™’~ cells were resuspended for the experiments with primary
cultured cells, and 4 x 10° cells/well were seeded into 6-well plates. The
next day, the WT and Abccl ~/~ cells were treated with 0, 10, 30 or 80 U/
L GO or 0 U/L GO, 10 mM NAC, 30 U/L GO or 30 U/L GO + 10 mM NAC
for 4 h. After treatment, the total proteins of the treated cells were
extracted using RIPA lysis buffer with protease inhibitor cocktail, and
the nuclear and cytoplasmic extracts were prepared using an NE-PER™
nuclear and cytoplasmic extract reagent kit following the manufac-
turer’s protocol. Ten micrograms of protein extract per sample was
mixed with protein loading buffer (Yessen, China), separated on SDS-
polyacrylamide gels, and transferred onto polyvinylidene difluoride
membranes. The membranes were blocked in TBST containing 5 % skim
milk for 1 h and incubated with primary antibodies overnight at 4 °C.
After washing with TBST three times, the membranes were incubated
with HRP-conjugated secondary antibodies at room temperature for 1 h.
Then, the protein bands were detected using an enhanced ECL reagent
(Zen Bioscience, China) from Azure Biosystems C300 (Azure Biotech,
USA). The following antibodies were used: rabbit anti-4-HNE antibody
(1:1000, Alpha Diagnostic, USA), rabbit anti-GPX4 antibody (1:1000,
Abmart, China), rabbit anti-KEAP1 antibody (1:1000, HuaBio, China),
rabbit anti-NRF2 antibody (1:1000, Proteintech, China), rabbit anti-
Lamin B1 antibody (1:1000, HuaBio, China), rabbit anti-HO-1 antibody
(1:5000, Abcam, USA), mouse anti-GAPDH antibody (1:5000, Zen
Bioscience, China), goat anti-rabbit IgG (H + L)-HRP (1:10,000, Abcam,
USA), and goat anti-mouse IgG (H + L)-HRP (1:10,000, Abcam, USA).

2.13. Cell counting and statistical analysis

To quantify the survival rate of hair cells, three segments obtained
from the apical turn, middle turn and basal turn were selected from the
tip to the bottom of the cochlea, and immunostained positive cells were
counted. The data are expressed as the mean + SD. A t-test was used to
analyze the differences between the two groups. Differences between
groups were compared using one-way ANOVA and a Bonferroni post hoc
correction for multiple comparisons. For comparisons of differences in
other data between three or more groups, multiple comparisons were
performed using two-way ANOVA and the Bonferroni post hoc correc-
tion. P values less than 0.05 were considered to indicate statistical
significance.



J. Liu et al.
3. Results
3.1. ABCC1 was expressed in microvascular ECs of the StV

Consistent with our previous findings, ABCC1 was expressed in the
intermediate layer of the StV in the murine cochlea at different devel-
opmental stages (Fig. 2A(a, b)) [4]. Since the intermediate layer of StV
comprises several types of cells, we further identified the precise loca-
tion of ABCC1 in 2-month-old murine StV through immunofluorescence.
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As shown in Fig. 2A(c-e, i-1), ABCC1 colocalized with vWF, which is an
endothelial cell marker. Furthermore, ABCC1 was not expressed in
perivascular resident macrophage-type melanocytes labeled with F4/80
(Fig. 2A(f-h)). These results indicated that ABCCl was specifically
expressed in microvascular ECs within the StV and may play a critical
role in the cochlea.
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Fig. 2. ABCC1 was expressed in microvascular ECs in the stria vascularis of the cochlea, and AbccI ™~ mice exhibited normal cochlear development and hearing
function. (A) ABCC1 immunofluorescence staining in the cochleae. (a, b) Frozen sections of P3 and P60 mouse cochleae showing ABCC1 (red) distributed in the
intermediate layer of the StV. Sections were counterstained with DAPI (blue) to identify nuclei. Scale bar: 50 pm. (c-e) The frozen sections of P60 mouse cochleae
exhibited colocalization of ABCC1 (green) and vWF (red). Scale bar: 20 pm. (f~h) No colocalization of ABCC1 (green) and F4/80 (red) was detected. (e, h) The white
dashed line delineates the outline of the StV. (i-1) The expression of ABCC1 (red) was further examined through immunofluorescence in whole mounts of the StV.
VWF labeled vascular endothelial cells; F4/80 labeled PVM/M; PVM/M: perivascular melanocytic macrophage-like cell; StV: stria vascularis; Corti: organ of Corti;
SGNis: spiral ganglion neurons. Scale bar: 20 pm. (B) ABR thresholds of 2-month-old WT and Abcc1 ™/~ mice (n = 10 for each group). (C) Confocal images showing the
whole mounts of organ of Corti and the marginal and intermediate layers of the StV in WT and Abcc1 ™/~ mice. The white pentagrams indicate the absence of OHCs.
The scale bar for the organ of Corti: 40 pm; the scale bar for the StV: 20 pm. OHCs: outer hair cells. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)



J. Liu et al.
3.2. Abccl™'~ mice had normal hearing function and cochlear structure

To evaluate the impact of ABCC1 knockout on auditory function, we
successively detected the ABR threshold of Abccl ™~ mice until 5
months of age. There were no significant differences in the ABR
threshold between WT mice (n = 10) and Abccl ™/~ mice (n = 10) at 2
and 5 months of age (Fig. 2B). Immunofluorescence images revealed
that compared with WT mice, Abccl™~ mice exhibited no obvious
morphological changes in the StV, sensory hair cells or SGNs (Fig. 2C).
Taken together, these findings indicate that the auditory function of
Abccl™/~ mice was not compromised under normal conditions at least
up to the oldest age studied, 5 months. This result indicated that ABCC1
mutation-induced hearing loss may involve a complex interplay be-
tween the environment and genetics.

3.3. Abccl ™~ mice hardly recovered from noise-induced hearing loss

Further investigation of the previous ABCC1 mutant family revealed
that this family was exposed to more noise at work and in life [4].
Therefore, to investigate whether ABCC1 mutation-induced hearing loss
was associated with noise exposure, WT and Abccl ™~ mice were
exposed to 80 dB SPL noise conditions for 1 week (Fig. 3A). Before noise
exposure, the ABR threshold did not obviously differ between WT and
Abccl ™/~ mice (Fig. 3B and C). One day after noise exposure, the ABR
thresholds of the WT and Abccl ™~ mice were significantly elevated
(Fig. 3B and C). Interestingly, the ABR threshold of the WT mice
returned to baseline after 14 days of recovery, while the ABR threshold
of the Abcc1 ™/~ mice did not change between 1 day and 14 days after
noise exposure recovery (Fig. 3B and C).

EB can bind to serum albumin immediately following intravenous
injection and exhibits red fluorescence [17]. The vessel integrity of the
StV in WT and Abcc1 ~/~ mice was assessed through EB infusions. Before
noise exposure, EB was barely detectable in the vascular lumen of the
StV in WT and AbccI ™/~ mice. However, 14 days after noise exposure,
EB entered the perivascular interstices of the StV in the WT and
Abccl ™/~ mice, and the fluorescence intensity of EB was significantly
greater in the Abcc1 ™/~ murine StV (Fig. 3D-F). This result indicated
that vessel leakage was more severe in Abccl ™~ murine StV after noise
exposure.

Furthermore, morphological changes in the organ of Corti were
tested in Abcc1 ™/~ mice after 14 days of recovery. Although the inner
hair cells (IHCs) remained intact, the number of OHCs in the Abccl ™/~
mice was significantly lower than that in the WT mice (Fig. 3G and H). In
addition, the number of ribbons was significantly decreased in the
cochleae of Abccl™ ™ mice (Fig. 31 and J). In summary, the auditory
function of Abccl ™/~ mice was more susceptible to noise-induced
hearing loss. These morphological changes indicated that noise expo-
sure may result in a permanent threshold shift in Abccl ™/~ mice.

3.4. Oxidative stress products accumulated in the cochleae of Abcc1 ™/~
mice after noise exposure

Since oxidative stress plays a major role in noise-induced hearing loss
[18], we further detected oxidative stress products in the cochleae of
Abccl ™~ mice 14 days after noise exposure. Immunofluorescence im-
ages revealed that reactive oxygen species (ROS) accumulated mainly in
the StV, sensory hair cells and spiral ganglion neurons (Fig. 4). Before
noise exposure, there were no significant differences in the immuno-
fluorescence intensities of DHE and 4-HNE, an oxidative product, be-
tween the WT and Abccl ™/~ groups (Fig. 4A-D). Compared to those in
WT mice, the fluorescence intensities of DHE and 4-HNE were signifi-
cantly greater in the cochleae of Abccl =/~ mice (Fig. 4A-D). Moreover,
the expression of 4-HNE was significantly increased in the cochleae of
Abccl™/~ mice (Fig. 4E and F). These results indicated that the
compromised auditory function in Abccl ™~ mice may be linked to
excessive oxidative stress after noise exposure.
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3.5. Abccl™/~ ECs are more susceptible to GO-induced oxidative stress

To further investigate the specific role of ABCC1 in the cochlea under
oxidative stress, we cultured StV microvascular ECs from WT and
Abcc1 ™/~ mice (Fi g. S1). Primary ECs climbed out from the tissue block
and gradually formed a “paved stone” monolayer, which is typical of
endothelial cell morphology (Fig. S1A). IB4, a specific endothelial cell
marker, was used to identify endothelial cells among primary cultured
cells [16]. Through flow cytometry analysis, more than 90 % of the
primary cultured cells were IB4 positive cells (Fig. S1B).

ABCC1 deficiency had no apparent adverse effect on the viability of
ECs under standard culture conditions. GO can continuously generate
hydrogen peroxide to induce oxidative stress [19]. After GO treatment,
the viability of the WT and Abccl ™~ cells decreased in a
concentration-dependent manner. GO concentrations exceeding 20 U/L
significantly decreased the viability of WT and Abcc1 /'~ cells, and this
effect was further enhanced by ABCC1 knockout (Fig. S2). In subsequent
experiments, the cells were treated with 0, 10, 30 or 80 U/L (repre-
senting the control group, low, intermediate and high concentration
groups, respectively) GO for 4 h to investigate the molecular changes
between the WT and Abccl ™/~ cells.

After 0 and 10 U/L GO treatment, the intracellular ROS levels, 4-HNE
levels and apoptotic rates were not significantly different between the
WT and Abccl ™/~ cells (Fig. 5A-F). Compared with those in the 0 U/L
GO treated control group, only the 80 U/L GO treatment significantly
increased the intracellular ROS levels and apoptotic rates in the WT cells
(Fig. 5A, B, E, F). In Abccl =/~ cells, compared with those in the 0 U/L GO
treated control group, intracellular ROS levels and apoptotic rates were
significantly elevated after 30 and 80 U/L GO treatment (Fig. 5A, B, E,
F). Compared with those in WT cells, the intracellular ROS levels, 4-HNE
levels and apoptotic rates were significantly greater in Abccl ™~ cells
after 30 U/L GO treatment (Fig. 5SA-F). Taken together, these findings
indicate that primary cultured StV microvascular ECs are more suscep-
tible to GO-induced oxidative stress damage.

3.6. ABCC1 knockout compromised the antioxidant capacity of ECs

We further examined the impact of ABCC1 deficiency on endogenous
antioxidants under oxidative stress. GSH is a major endogenous anti-
oxidant, and its metabolites can be directly transported by ABCC1 [7,
20]. GSH and GSSG levels did not change in Abccl ™~ cells without GO
challenge. After 30 U/L GO treatment, the intracellular GSH and GSSG
levels were barely changed in the WT cells (Fig. 6A). Nevertheless, in
Abccl ™/~ cells, the reduced GSH/GSSG ratio was significantly decreased
after 30 U/L GO treatment. Compared with those in WT cells, although
total GSH and reduced GSH levels were barely changed, the GSSG levels
in Abcc1™/~ cells were significantly greater than those in WT cells,
leading to a marked decrease in the reduced GSH/GSSG ratio after 30
U/L GO treatment (Fig. 6A). After 80 U/L GO treatment, the total GSH
levels, reduced GSH levels and reduced GSH/GSSG ratio were signifi-
cantly decreased, while the GSSG levels were elevated significantly in
the WT and Abccl ™~ cells (Fig. 6A).

Next, we investigated the NRF2/HO-1/GPX4 signaling pathway,
which is a main signaling pathway that protects various cells and tissues
against oxidative stress [21]. In Abccl /= cells, the expression of KEAP1
was significantly decreased, and the expression of nuclear NRF2 was
significantly increased after 10 U/L and 30 U/L GO treatment (Fig. 6B,
C, F, G). In addition, after 30 and 80 U/L GO treatment, the expression of
KEAP1 and GPX4 significantly decreased, while the expression of HO-1
significantly increased (Fig. 6B-E). Compared with WT cells, Abcc1 ™/~
cells showed changes in the expression of KEAP1 and nuclear NRF2 after
10 U/L GO treatment (Fig. 6B, C, F, G). These results indicate that
Abccl ™~ cells may need to recruit the NRF2 signaling pathway to
protect against low doses of oxidative stress, which is not a cytotoxic
dose for WT cells. In addition, after 30 U/L GO treatment, the expression
of cytosolic NRF2 did not change, yet the levels of nuclear NRF2 and
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vessel leakage. (F) The bar graph showed the quantification of EB intensity (n = 3 for each group). (G) Confocal images of the organ of Corti in the WT and Abccl /=
mice 14 days post-exposure. The white pentagrams indicate the absence of OHCs. Scale bar: 40 pm. (H) Percentage of OHC loss at different cochlear locations in WT
and Abcc1 ™/~ mice (n = 5 for each group). (I) Confocal images of ribbons in WT and Abccl ™~ mice 14 days after noise exposure. Scale bar: 20 pm. (J) Number of
ribbons per IHC at different cochlear locations in WT and Abccl ™/~ mice (n = 5 for each group). Comparison of pre-exposure and 14 days post-exposure: ns P > 0.05,
#P < 0.05, ##P < 0.01. Comparison of 1 day post-exposure and 14 days post-exposure: *P < 0.05, **P < 0.01. Comparison of the WT and Abcc1~/~ groups 14 days
after exposure: A P < 0.05, AA P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



J. Liu et al. Redox Biology 74 (2024) 103218
o 25 DHE-StV
A WT Abcc1 B . R &
‘0 = 20 T
g 8
c 1S
[0 o
— > 2
S g :
= 2 .
o
N N e . N N e .
(@) &« 00““0\ 00‘\\‘0 <o° ,\»_<\°\66 (.00‘\\‘?' 00““34‘»0\%*\'\— "\0\56
WA ¢ W A ¢
poc po° po© po
25 DHE-Corti 25 DHE-SGNs
2
2 g 20 ns
o] S ns
€ € 15 o
0 i T
2 z 10
g &
% T 8 o5
) 00
© & G 6P
=z ,‘,c,o“)‘ ,y,oo(\\ <O | oo
W o o
C WT Abcc1” D 25 4-HNE-StV
22
0y .
9 g
£ E
& 2 2
) © 2
: & :
O o -1
RS O o o ‘_00\\\‘0,(,00\6 1 09°
,‘,c;) s s e N @ I A
WA W o o
po¢ PO PO
25 4-HNE-Corti 25 4-HNE-SGNs
>
= >
2 20 o i
5]
[0} €15 ns ns 2
2 & o = B 2
o kS k3
zZ & '3

Control

¥ v

GAPDH

Fig. 4. Noise induced oxidative stress and 4-HNE accumulation in the inner ears of Abcc1

N § O O g P
o &© ;,0‘\\‘0 ,‘\0\5 3 \N’\’ 000\ g 00‘\“ ¥ J,_‘\o\%
O % AT <
C C
N P"C‘O« o oo PO

~/~ mice. (A, C) Representative confocal images of cryosections (10 pm) of

the cochlea showing enhanced DHE (A) and 4-HNE (C) fluorescence signals of the organ of Corti, SGN, and StV within the Abccl™/~ cochlea. StV: stria vascularis;
Corti: organ of Corti; SGNs: spiral ganglion neurons. (B, D) Quantification of the fluorescence signals of DHE and 4-HNE in different parts of the cochlea (organ of
Corti, StV, and SGNs) as measured by optical density (data normalized to the control) (n = 3 for each group). 14 days after noise exposure, the immunofluorescence
intensities of both DHE and 4-HNE were significantly greater in most of the cochlear structures of the Abcc1 ™/~ mice than in those of the WT mice. Scale bar: 50 pm.

(D, E, F) Western blotting and densitometric analysis of 4-HNE in cochlear tissue homogenates from WT and Abcc1
a loading control for 4-HNE. Compared with WT group, expression of 4-HNE in Abccl

~/~ mice (n = 3 for each group). GAPDH served as

~/~ groups was significantly increased in both of before exposure and 14 days

after exposure. Comparison of the WT and AbccI~/~ groups under the same treatment conditions: ns P > 0.05, *P < 0.05, **P < 0.01.

HO-1 in Abccl ™~ cells were significantly greater than those in WT cells
(Fig. 6B, E-H). This indicates that the NRF2 signaling pathway was more
active in Abccl ™/~ cells.

Overall, we speculated that the loss of ABCC1 in ECs may compro-
mise the GSH antioxidant system, leading to decreased antioxidant ca-
pacity in Abccl =/~ cells after GO treatment (Fig. 61 and J).

3.7. Treatment with NAC alleviated oxidative stress damage in Abcc1 ™/~
mice and ECs

NAC is a potent glutathione precursor that increases intracellular
glutathione levels after its entry into cells [22]. Our data showed that

after 7 consecutive days of NAC administration, noise-induced hearing
loss was mitigated in Abccl ™/~ mice. After 14 days of recovery, there
was no obvious threshold shift in the WT mice. Compared with those in
the NS treated group, the ABR thresholds of the AbccI ™/~ mice in the
NAC treated group were significantly lower. (Fig. 7A and B). Consis-
tently, the fluorescence intensity of EB in the StV of Abccl ™/~ mice was
significantly reduced in the NAC treated group (Fig. 7C and D). In
addition, the damage to OHCs and ribbons in Abccl™~ mice was
significantly alleviated in the NAC treated group (Fig. 7E-H).

We further investigated the protective role of NAC in Abcc1 ™/~ ECs.
NAC treatment significantly increased the viability of primary cultured
WT and Abccl '~ cells after 30 U/L GO treatment (Fig. S3). In addition,
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Fig. 5. Compared with WT ECs, Abcc1 ™~ ECs suffer more severe oxidative stress damage. (A) Representative images showing the fluorescence intensities of DHE in
GO treated WT and Abccl ~/~ cells. (B) Bar graph showing the relative mean fluorescence intensities of GO treated WT and Abccl ~/= cells (n = 3 for each group). (C)
Western blot analysis of 4-HNE expression in GO treated WT and Abcc1 ™~ cells. (D) Bar graph showing the relative mean expression of 4-HNE in GO treated WT and
Abcc1™~ cells (n = 3 for each group). (E) Annexin V/PI staining and flow cytometry analysis of apoptosis in GO treated WT and Abcc1 /™ cells. (F) Bar graph
showing the percentages of apoptotic WT and Abcc1 ™ cells (n = 3 for each group). Comparation between the GO treated groups and the 0 U/L control group among
the same genotype: #P < 0.05, ##P < 0.01, ###P < 0.001. Comparison of different genotypes under the same experimental conditions: *P < 0.05, **P < 0.01.

compared with those in the GO treated groups, ROS production, 4-HNE
accumulation and apoptosis in the WT and Abccl ™~ cells were
ameliorated to different extents after NAC administration (Fig. 8A-F).
This result indicated that NAC may compensate for the increase in
antioxidant capacity of Abccl ™~ cells.

4. Discussion

In this study, we established an Abccl knockout mouse model to
explore the pathophysiological role of ABCC1 in the inner ear and the
mechanism underlying ABCC1 mutation-associated hearing impair-
ment. After 5 months of observation, we detected no noticeable patho-
logical changes in auditory function or inner ear morphology in the
Abccl ™~ mice (Fig. 2). After low-intensity noise exposure for 7 days, the
ABR thresholds of both the WT and Abccl ™~ mice were elevated.
Fourteen days after recovery, the ABR threshold of the WT mice declined
to baseline, yet there was no improvement in the ABR threshold of the
Abccl ™~ mice (Fig. 3). In addition, morphological damage, including
vessel leakage in the StV, OHC loss and ribbon decreases in organ of
Corti, was detected in Abcc1 ™/~ mice after noise exposure, and the levels
of ROS and 4-HNE were significantly increased in the cochleae of
Abcc1 ™/~ mice (Fig. 4). Furthermore, we found that primary cultured
Abccl ™~ StV ECs were more susceptible to GO-induced oxidative stress
damage than WT ECs, and the GSH antioxidant system was compro-
mised in the AbccI ™~ ECs (Figs. 5 and 6).

It was reported that mice with knockout of ABCB1, the other ABC
transporter expressed in the blood-labyrinth barrier, exhibited normal
hearing, while they were more susceptible to anticancer drug-induced
ototoxicity [23]. Similarly, Abccl ~/~ mice did not exhibit an abnormal

phenotype under normal condition. However, AbccI ™~ mice were more
susceptible to noise induced hearing loss. It indicated that environ-
mental factors may be involved in ABCC1 mutation induced hearing
loss.

As a transporter with multiple physiological functions, ABCC1 can
not only mediate ATP-dependent drug efflux from cells but also trans-
port exogenous and endogenous toxic metabolites and regulate the
leukotriene-mediated inflammatory response [24]. ABCC1 can mediate
the efflux of GSH, which is the most potent endogenous antioxidant,
GSSG and oxidized metabolites from cells to modulate redox biology in
various tissues and cells [25-27]. Under conditions of endogenous
oxidative stress, the accumulation of GSSG and other GSH-conjugated
metabolites in ABCC1 mutant cells can lead to cell damage [28,29].
Some studies have shown that overexpression of ABCC1 sensitized
multidrug-resistant cancer cells to ferroptosis through its capacity to
generate GSH efflux [30,31]. In this study, increased free radical pro-
duction and lipid peroxide accumulation were observed in the cochleae
of Abcc1 ™/~ mice after noise exposure. It may be due to efflux disorder of
GSH-conjugated oxidized metabolites in Abcc1 ™/~ mice.

Low-intensity noise causes metabolic damage by interfering with
metabolism in the cochlea, which is mainly caused by noise-induced
oxidative stress damage [32]. ABCC1 is mainly expressed in the micro-
vascular ECs of the StV, which construct the blood-labyrinth barrier. It
indicated that in the cochleae of AbccI ™~ mice, ABCC1 was deleted in
the microvascular ECs of the StV. Our results showed that after noise
exposure, blood vessel integrity in the StV of Abccl ™/~ mice was
compromised, which may be caused by excessive oxidative stress dam-
age. In addition to the StV, Abccl ™~ mice also exhibited ROS over-
accumulation in the organ of Corti. It has been reported that the survival
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cells was compromised. (A) Bar graphs showing the relative mean levels of total GSH, reduced GSH, and GSSG and the

GSH/GSSG ratio in WT and Abccl /™ cells after 0, 10, 30 and 80 U/L GO treatment for 4 h. (B) Western blot analysis of the expression of KEAP1, GPX4 and HO-1 in
GO treated WT and Abcc1 ™ cells. GAPDH served as a loading control for KEAP1, GPX4 and HO-1. (C-E) Bar graphs showing the relative mean expression of KEAP1,
GPX4 and HO-1. (F) Western blot analysis of the expression of nuclear and cytosolic NRF2 in GO treated WT and Abcc1 ™/~ cells. Lamin B1 served as a loading control
for nuclear NRF2. GAPDH served as a loading control for cytosolic NRF2. (G-H) Bar graphs showing the relative mean expression of nuclear and cytosolic NRF2.
Comparation between the GO treated groups and the 0 U/L control group among the same genotype: #P < 0.05, ##P < 0.01, ###P < 0.001. Comparison of
different genotypes under the same experimental conditions: *P < 0.05, **P < 0.01, ***P < 0.001. (I) Schematic representation of the oxidative stress response
induced by glucose oxidase in WT cells. (J) Schematic representation of the oxidative stress response induced by glucose oxidase in cells following ABCC1 deletion.

of hair cells in organ of Corti relies on the normal morphology and
function of the StV [33]. Therefore, damage to the organ of Corti,
including OHC loss and decreased ribbons, may be secondary to StV
damage in Abcc1 ™'~ mice.

Endothelial cells are sensitive to oxidative stress. ABCC1 is expressed
in vascular ECs and can protect against oxidative stress damage by
preventing intracellular GSSG  accumulation [34,35]. The
blood-labyrinth is a physical barrier between the blood and the

10

interstitial space in the cochlea and plays a crucial role in the mainte-
nance of cochlear homeostasis [36,37]. Destruction of the
blood-labyrinth barrier is closely related to many hearing disorders,
including autoimmune inner ear diseases, age-related hearing loss and
noise-induced hearing loss [38-41]. Based on the localization of ABCC1,
we used primary cultures of StV microvascular ECs to further investigate
the specific role of ABCC1 in the inner ear. Our results demonstrated that
Abccl ™~ cells were more susceptible to GO-induced oxidative stress
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mice treated with NS or NAC 14 days after noise exposure. Scale bar:

20 pm. (H) The number of ribbons per IHC was quantified in WT and Abccl ~/~ mice subjected to NS or NAC administration 14 days after noise exposure (n = 3 for
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Fig. 8. NAC mitigated oxidative damage in both WT and Abcc1~/~ ECs. (A) Representative images showing the fluorescence intensities of DHE in 0 U/L GO, 10 mM
NAC, 30 U/L GO or 30 U/L GO + 10 mM NAC treated WT and Abcc1 /"~ cells. (B) The bar graph of the relative mean fluorescence intensities of WT and Abcc1 /= cells
with various treatment. (C) Western blot analysis of 4-HNE expression in 0 U/L GO, 10 mM NAC, 30 U/L GO or 30 U/L GO + 10 mM NAC treated WT and Abccl /=
cells. (D) The bar graph showing the relative mean expression of 4-HNE in WT and Abcc1 /'~ cells subjected to various treatments. (E) Annexin V/PI staining and flow
cytometry analysis of apoptosis in 0 U/L GO, 10 mM NAC, 30 U/L GO or 30 U/L GO + 10 mM NAC treated WT and Abcc1™/~ cells. (F) Bar graph showing the
percentages of apoptotic WT and Abccl ™/~ cells after treatment with 0 U/L GO, 10 mM NAC, 30 U/L GO or 30 U/L GO + 10 mM NAC. Comparison of different
treatment groups with the same genotype: ##P < 0.01, ###P < 0.001. Comparison of different genotypes under the same experimental conditions: *P < 0.05, **P
< 0.01, ***P < 0.001.
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the prevention and intervention of oxidative damage-induced hearing administration, Funding acquisition, Conceptualization.

loss caused by Abccl gene defects.
In conclusion, we investigated the potential pathogenesis of ABCC1

mutation-associated hearing impairment by using an Abccl knockout Declaration of competing interest

mouse model. We demonstrated that Abccl knockdown may compro-

mise the antioxidant system of GSH, increasing the susceptibility of the The authors declare that they have no known competing financial
cochleae of Abccl ™~ mice to oxidative stress damage. NAC may be a interests or personal relationships that could have appeared to influence
therapeutic agent for protecting the auditory function of ABCC1 mutant the work reported in this paper.

patients from oxidative stress damage. Our work may provide new in-

sights for studying the pathogenesis and treatment strategies of hered- Data availability

itary, late-onset, progressive sensorineural hearing loss.
Data will be made available on request.
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