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ABSTRACT

Age-related hearing loss (AHL) is a prevalent and multifaceted condition that significantly impacts a substantial
portion of the aging population. Oxysterol Binding Protein-like 2 (OSBPL2) has been identified as a causal gene
for hearing loss. However, its role in AHL is still unclear. In this study, we investigated the effect of OSBPL2 on
the survival of cochlea hair cells. To simulate AHL in vitro, hair cell-like inner ear cells (HEI-OC1) were exposed
to H202 treatment. OSBPL2 expression was significantly increased in HEI-OC1 cells after H202 treatment.
OSBPL2 knockdown augmented cell death and apoptosis in H202-induced HEI-OC1 cells. Besides, H202
treatment also led to the inactivation of the AKT and FOXG1 signaling pathways in HEI-OC1 cells.
Mechanistically, OSBPL2 silencing reinforced the inactivation of the FOXG1 signaling pathway in H202-treated
HEI-OC1 cells by inhibiting the AKT signaling pathway. Under H202 treatment, AKT inhibition by MK2206
augmented the apoptosis of HEI-OC1 cells; on the contrary, AKT activation by SC79 treatment partially rescued
the apoptosis of OSBPL2-knockdown HEI-OC1 cells. In addition, FOXG1 silencing significantly reversed the
effects of AKT activation on OSBPL2-knockdown HEI-OC1 cells. Moreover, OSBPL2 expression and the activation
status of the AKT/FOXG1 signaling pathway were confirmed in the cochleae of young and old C57BL/6 mice. In
conclusion, our study provides evidence that OSBPL2 inhibition sensitizes HEI-OC1 cells to H202-induced
apoptosis via inactivation of the AKT/FOXG1 signaling pathway, suggesting that OSBPL2 acts as an important
regulator in AHL.

INTRODUCTION Globally, the incidence of AHL is increasing due to the
aging population, which has become a major burden on
Age-related hearing loss (AHL), also known as families and society [7].

presbycusis, is the most frequently occurring sensory

disorder affecting the aging population [1, 2]. AHL
is characterized by a progressive decline in auditory
function with aging, often manifesting as difficulty in
hearing high-frequency sounds, speech comprehension,
and increased sensitivity to background noise [3, 4].
This age-associated sensory impairment not only affects
interpersonal communication but also has broader
implications, contributing to social isolation, cognitive
decline, and diminished overall well-being [5, 6].

Generally, AHL is associated with an age-dependent loss
of sensory hair cells, spiral ganglion neurons, and stria
vascularis cells in the inner ear [8]. Sensory hair cells,
highly specialized sensory receptors located in the inner
ear cochlea, are responsible for the mechano-transduction
of sound waves into electrical signals [9]. Unfortunately,
auditory HCs are naturally differentiated only during
the embryonic development course in mammals and are
unable to regenerate once damaged [10]. As a result, loss
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or degeneration of cochlea HCs may result in permanent
and irreversible hearing loss [11]. In addition, apoptosis of
cochlea HCs has been proposed to be the classic theory
behind the AHL development [7, 12]. Thus, it is highly
important to explore the intricate mechanism governing
survival and apoptosis of cochlea HCs in ALH.

Oxysterol-binding protein like 2 (OSBPL2), a member
of the oxysterol-binding protein (OSBP) family [13],
plays a critical role in cellular lipid homeostasis and
intracellular lipid transport. OSBPL2 is expressed in
the developing mouse cochlea [14], suggesting its
potential involvement in the intricate process of hair cell
development. In addition, OSBPL2 has been identified
as a novel causal gene for autosomal dominant non-
syndromic hearing loss (ADNSHL) [15]. Furthermore,
previous studies have shown that OSBPL2 knockout
leads to severe hearing loss in mice, suggesting its
crucial role in maintaining the auditory function of
the inner ear [14, 16]. However, the role of OSBPL2
in cochlea HC apoptosis in ALH and the underlying
molecular mechanisms remain largely unexplored.

In this work, we aimed to investigate the specific effects
of OSBPL2 on the survival and apoptosis of H;O.-
induced HEI-OC1 cells. The results indicated that
OSBPL2 deficiency led to hearing loss in mice and
caused HEI-OC1 cell apoptosis by inhibiting the AKT/
FOXG1 signaling pathway. These findings provide a
further understanding of the molecular function of
OSBPL2 in the apoptosis of cochlea HCs.

MATERIALS AND METHODS
Cell culture and treatment

House Ear Institute-Organ of Corti 1 (HEI-OC1) cells
were purchased from BioFeng (Shanghai, China). As
previously described [17], HEI-OC1 cells were cultured
under non-permissive (39° C; 5% CO>) conditions in
high-glucose DMEM (10% FBS) without antibiotics.

HEI-OC1 cells were exposed to H»O, at different
concentrations (50, 100, 200, 400, 800, or 1000 pM)
for 1 h [18]. Then, treated HEI-OC1 cells were washed
with PBS and then cultured for the indicated time,
and cell viability assays were performed under these
experimental conditions.

Cell transfection

Short hairpin RNA (shRNA; CAACAAGATGAAGAG
CACCAA) targeting OSBPL2 (sh-OSBPL2; GCAGCC
TTGGAATCCTCAAAT), shRNA targeting FOXGL1 (sh-
FOXG1; GTCTTCTTCCAACCCTTTAAT), negative
control (shNC), FOXG1 pcDNA3.1 plasmid (FOXG1-

OE), and empty pcDNA3.1 vector (Vector) were
obtained from GenePharma (Shanghai, China). HEI-
OC1 cells were transfected with the above plasmids via
Lipofectamine® 3000 (Invitrogen, USA) at 37° C [19].

CCK-8

CCK-8 assay was applied to assess HEI-OC1 cell
viability [20]. Briefly, HEI-OC1 cells were cultivated
in 96-well plates (5x10° cells/well). After incubation
for the indicated time, 10 pl CCK-8 was added to each
well. Then, cell viability was determined via a microplate
reader at 490 nm.

TUNEL

HEI-OCL1 cell apoptosis was assessed by Bright Green
Apoptosis Detection kit (Vazyme, Nanjing, China) 24 h
after H,O, treatment [21]. In brief, cells were fixed
in 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and then treated with TUNEL reaction
mixture. TUNEL-positive cells were calculated under a
fluorescence microscope.

Western blotting

Total proteins were obtained from HEI-OC1 cells and
cochleae. After concentration determination, total protein
was separated by SDS-PAGE and electroblotted to
PVDF membranes. Following blocking with 5% skim
milk for 1 h, the membranes were probed with primary
antibodies against OSBPL2 (ab235298; Abcam, UK),
Bax (ab32503; Abcam), Bcl-2 (ab182858; Abcam), p-
AKT (ab38449; Abcam), AKT (ab8805; Abcam), p-
PI3K (ab278545; Abcam), PI3K (ab154598; Abcam),
PDK1 (ab202468; Abcam), FOXG1 (ab196868; Abcam),
WNT3A (ab219412; Abcam), FOXO1 (#2880; Cell
Signaling Technology, USA), and GAPDH (ab9485;
Abcam) overnight, and then probed with HRP-
conjugated secondary antibody (ab6721; Abcam). Finally,
the immunoreactive bands were visualized through the
ECL plus Kit (Beyotime, Jiangsu, China) [22].

Animal study

C57BL/6 mice were purchased from the Animal Model
Institute of Nanjing (Nanjing, China). Mice were
divided into Young (4 weeks old) and Old (12 months
old) groups [23]. The mice were euthanized by cervical
dislocation under 5% isoflurane anesthesia. Then,
cochleae were isolated from mice for further studies.

Auditory brainstem responses (ABR) testing

ABR measurements were performed as previously
described [11]. In brief, mice were anesthetized with
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0.007 g/ml pentobarbital sodium and were placed in a
soundproof room. Needle electrodes were introduced
just under the skin, with the active electrode placed
between the ears above the vertex of the skull, the
ground electrode between the eyes, and the reference
electrode underneath the left ear. Mice were presented
with click stimuli generated using a Tucker Davis
Technologies (TDT) workstation running SigGen32
software (TDT). Auditory thresholds were determined
by decreasing the sound intensities from 90 to
10 dB until the waveforms lost their reproducible
morphology.

Statistical analysis
Every experiment was repeated three times. All data
were represented as mean+SD. Comparisons were

severally assessed by Student’s t-test or one-way
ANOVA. P< 0.05 was deemed significant.

A 1509

Availability of data and materials

The datasets used and/or analyzed during the current
study are available from the corresponding author
upon reasonable request.

RESULTS

OSBPL2 is associated with H2O-induced cytotoxic
effects on HEI-OC1 cells

To simulate AHL in vitro, hair cell-like inner ear
cells (HEI-OC1 cells) were exposed to H»O, (50—
1000 uM) for 1 h. As evidenced by CCK-8 assay,
H20, treatment decreased cell viability of HEI-OC1
cells in a concentration-dependent manner (Figure
1A). In addition, 400 uM H,0 treatment decreased
cell viability of HEI-OC1 cells in a time-dependent
manner (Figure 1B). Since HEI-OC1 cell viability was
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Figure 1. OSBPL2 is associated with H20:-induced cytotoxic effects on HEI-OC1 cells. (A) HEI-OC1 cells were exposed to H,0, for 1
h at designated concentrations (50, 100, 200, 400, 800, and 1000 uM). The viability of HEI-OC1 cells was measured by CCK-8 assay. (B) The
viability of HEI-OC1 cells was measured by CCK-8 assay at the indicated time after H,0, (400 uM) treatment. (C) OSBPL2 protein expression
levels in HEI-OC1 cells from Control and H,0; groups. All in vitro experiments were performed in triplicate (n = 3). ¥*P<0.05; **P<0.01.
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markedly reduced to about 50 % at 24 h after treatment
with 400 uM H»0,, 400 pM was applied as the
concentration of H.O, treatment for subsequent
functional assays. Western blotting results revealed that
OSBPL2 expression was significantly decreased in
HEI-OCL cells after H,O; treatment (Figure 1C). These
data suggested that OSBPL2 might be associated with
H»0,-induced HEI-OC1 cell damage.

OSBPL2 absence induces apoptosis in H.O,-treated
HEI-OC1 cells

To investigated the effects of OSBPL2 disruption on the
survival and apoptosis of H,O»-treated HEI-OCL1 cells,
OSBPL2 was first knocked down in HEI-OC1 cells
and the efficiency was confirmed by western blotting
(Figure 2A). CCK-8 results showed that OSBPL2
knockdown significantly inhibited the survival of H2O,-
induced HEI-OC1 cells (Figure 2B). As illustrated
by TUNEL results, OSBPL2 inhibition remarkably
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increased the apoptotic rate of HEI-OC1 cells in the
presence of H»O, (Figure 2C). Western blotting
results further confirmed that OSBPL2 knockdown led
to a significant increase in Bax/Bcl-2 ratio in HxOs-
challenged HEI-OC1 cells (Figure 2D). Therefore,
OSBPL2 knockdown promoted HEI-OC1 cell apoptosis.

OSBPL2 deletion inactivates AKT signaling pathway

The inhibition of the PI3K/AKT signaling pathway
is closely related to the development of AHL
[24]. In addition, the PI3K/AKT signaling pathway
development and survival of cochlea HCs [10].
Therefore, the expression of OSBPL2 and related
proteins in the AKT signaling pathway (p-AKT, AKT,
p-PI3K, PI3K, and PDK1) was detected by western
blotting. Western blotting results showed that p-AKT,
p-PI3K, and PDK1 protein levels were decreased in
H20,-treated HEI-OC1 cells, compared with normal
HEI-OC1 cells (Figure 3A). Next, the interaction
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Figure 2. OSBPL2 absence induces apoptosis in H20:-treated HEI-OC1 cells. (A) OSBPL2 protein levels in HEI-OC1 cells transfected
with shNC and sh-OSBPL2. (B) CCK-8 assay for the viability of HEI-OC1 cells from H,0, and H,0,+sh-OSBPL2 groups. (C) TUNEL assay for the
apoptosis of HEI-OC1 cells from each group. (D) Bax and Bcl-2 protein levels in HEI-OC1 cells from each group. All in vitro experiments were

performed in triplicate (n = 3). * P<0.05; ** P<0.01.
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between OSBPL2 and p-AKT was assessed by co-IP
assay. As shown in Figure 3B, there was an interaction
between OSBPL2 and p-AKT in HEI-OC1 cells. To
verify the interaction between OSBPL2 and p-AKT,
an AKT inhibitor (MK2206) and an AKT activator
(SC79) were applied to treat HEI-OC1 cells. H20a,
H»0,+MK2206, H02+sh-OSBPL2, and H»Oa+sh-
OSBPL2+SC79 groups. Western blotting results
showed that MK2206 significantly inhibited the
expression levels of OSBPL2 and AKT-related
proteins in HEI-OC1 cells; SC79 upregulated OSBPL2
expression in OSBPL2-silenced HEI-OC1 cells and

partially reversed the inhibition of the AKT signaling
pathway mediated by OSBPL2 deletion (Figure 3C).
These results indicated that OSBPL2 knockdown led
to AKT inactivation in vitro.

OSBPL2 inhibition causes HEI-OCL1 cell apoptosis
by inhibiting AKT activation

Next, the effects of the AKT signaling on HEI-OC1 cell
apoptosis were further evaluated. CCK-8 and TUNEL
results showed that MK2206 reduced the viability of
HEI-OCL1 cells and promoted HEI-OC1 cell apoptosis,
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Figure 3. OSBPL2 deletion inactivates AKT signaling pathway. (A) The levels of AKT-related proteins (p-AKT, AKT, p-PI3K, PI3K, and
PDK1) in HEI-OC1 cells from Control and H,0; groups. (B) Co-IP assay for OSBPL2 and p-AKT in HEI-OC1 cells. (C) The levels of OSBPL2 and
AKT-related proteins in HEI-OC1 cells from H203, H,0,+MK2206, H,05+sh-OSBPL2, and H;0,+sh-OSBPL2+SC79 groups. All in vitro experiments

were performed in triplicate (n = 3). * P<0.05; ** P<0.01.
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whereas SC79 treatment abrogated the effects of
OSBPL2 silencing on HEI-OC1 cell viability and
apoptosis (Figure 4A, 4B), which was further confirmed
by the changes in Bax/Bcl-2 rate in HEI-OC1 cells
(Figure 4C). These results indicated that AKT activation
reversed OSBPL2 knockdown-mediated HEI-OC1 cell
apoptosis.

OSBPL2 deficiency inhibits the FOXG1 signaling
pathway in HO-treated HEI-OCL1 cells via AKT
inactivation

Besides, FOXG1 plays a key role in hair cell
development and survival [25, 26]. Therefore, related
proteins of the FOXGL1 signaling pathway (FOXG1,
WNT3A, and FOXO1) were detected. It was shown
that OSBPL2 silencing suppressed FOXG1 and
WNT3A protein levels and increased FOXO1 protein
level in H2O2-challenged HEI-OCL1 cells (Figure 5A).
Interestingly, AKT has been reported as an upstream
regulator of FOXGL1 signaling pathway [27]. Therefore,
OSBPL2 might regulate the FOXG1 signaling pathway
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via the AKT signaling pathway. The results of Co-IP
assay revealed an interaction between p-AKT and
FOXGL1 (Figure 5B), indicating that OSBPL2 regulated
FOXGL1 expression via AKT inactivation.

To further verify the relationship between OSBPL2, AKT
signaling pathway, and FOXG1, HEI-OC1 cells were
assigned to Hx0O; H0+MK2206, H,0.+MK2206+
FOXG1-OE, H,0.+sh-OSBPL2, H»0,+sh-OSBPL2+
SC79, and H202+sh-OSBPL2+SC79+sh-FOXGL1 groups.
First, FOXG1 overexpression and knockdown efficiencies
were verified by western blotting (Figure 5C). Western
blotting results showed that FOXG1 overexpression
reversed MK2206-induced inhibition of AKT and
FOXG1 signaling pathways in HzO»-induced HEI-OC1
cells; moreover, FOXGL1 silencing partially abated the
effects of SC79 on OSBPL2 knockdown-mediated
inactivation of AKT and FOXG1 signaling pathways in
H.O,-challenged HEI-OC1 cells (Figure 5D). These
results suggested that OSBPL2 activated the FOXG1
signaling pathway by activating the AKT signaling
pathway in HEI-OC1 cells.
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Figure 4. OSBPL2 inhibition causes HEI-OC1 cell apoptosis by inhibiting AKT activation. (A) The cell viability of HEI-OC1 cells from
H,0,, H,0,+MK2206, H,0,+sh-OSBPL2, and H,0,+sh-OSBPL2+SC79 groups. (B) The cell apoptosis of HEI-OC1 cells from each group. (C) Bax
and Bcl-2 protein levels in HEI-OC1 cells from each group. All in vitro experiments were performed in triplicate (n = 3). * P<0.05; ** P<0.01.
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Figure 5. OSBPL2 deficiency inhibits the FOXG1 signaling pathway in H20:-treated HEI-OC1 cells via AKT inactivation. (A) The
levels of FOXG1-related proteins (FOXG1, WNT3A, and FOXO1) in HEI-OC1 cells from Control and H,0; groups. (B) Co-IP assay for p-AKT and
FOXG1 in HEI-OC1 cells. (C) FOXG1 protein level in HEI-OC1 cells transfected with Vector, FOXG1-OE, shNC or sh-FOXG1. (D) The levels of
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H202+sh-OSBPL2+SC79+sh-FOXG1 groups. All in vitro experiments were performed in triplicate (n = 3). * P<0.05; ** P<0.01.
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OSBPL2 deletion promotes H,O-induced HEI-OC1
cell apoptosis by downregulating FOXG1 expression

Next, the impact of FOXG1 on H202-induced HEI-OC1
cells was assessed. It was shown that FOXG1 silencing
significantly reversed the mitigatory effects of SC79
on HEI-OC1 cell apoptosis caused by OSBPL2 knock-
down (Figure 6A-6C). Therefore, OSBPL2 inhibition
promoted HEI-OC1 cell apoptosis by downregulating
FOXG1 expression via AKT deactivation.

OSBPL2 downregulation and inactivation of
AKT/FOXGL1 signaling pathways in the cochleae of
aged C57BL/6 mice

C57BL/6 mice are recognized for their propensity for
early-onset hearing loss, making them commonly
employed as in vivo models for AHL [23]. To examine
the hearing function of C57BL/6 mice, we performed

ABR tests on young (4 weeks old) and old (12 months
old) C57BL/6 mice. As shown in Figure 7A, the ABR
thresholds of old mice were significantly higher than
those of young mice; In addition, the hearing loss also
appeared severe at a higher frequency range, indicating
a decline of auditory function in aged mice. Then, the
expression levels of OSBPL2, AKT-related proteins,
and FOXG1-related proteins were detected in the
cochleae of young and old C57BL/6 mice. Consistent
with the results obtained from in vitro assays, aged
C57BL/6 mice exhibited significantly lower OSBPL2
expression and inactivation of the AKT and FOXG1
signaling pathways (Figure 7B). OSBPL2 expression
was positively correlative to p-AKT and FOXG1
expression (Figure 7C, 7D). In addition, p-AKT
expression was also positively correlated to FOXG1
expression (Figure 7E). These results further supported
our in vitro findings that OSBPL2 inhibition contributed
to AHL via the AKT/FOXGL1 signaling pathway.
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Figure 6. OSBPL2 deletion promotes H202-induced HEI-OC1 cell apoptosis by downregulating FOXG1 expression. (A) The cell
viability of HEI-OC1 cells from H,0;, H;0,+MK2206, H,0,+MK2206+FOXG1-OE, H,0,+sh-OSBPL2, H,0,+sh-OSBPL2+SC79, and H,0,+sh-
OSBPL2+SC79+sh-FOXG1 groups. (B) The cell apoptosis of HEI-OC1 cells from each group. (C) Bax and Bcl-2 protein levels in HEI-OC1 cells
from each group. All in vitro experiments were performed in triplicate (n = 3). * P<0.05; ** P<0.01.
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DISCUSSION

Due to the increasing incidence in recent years, AHL
has become a major issue for individuals and society
[28]. Apoptosis is known as a programmed form of cell
death [29]. Accelerated apoptosis of cochlea hair cells is
considered a key factor leading to AHL [30]. Therefore,
HEI-OC1 cells were exposed to H,O, treatment to
imitate AHL in vitro in this study. HEI-OC1 cell
apoptosis was investigated to uncover the underlying
mechanism of AHL.

OSBPL2 has been identified as a novel candidate gene
for progressive non-syndromic hearing loss, autosomal
dominant hearing loss, and ADNSHL [15, 16, 31]. In
addition, OSBPL2 deletion may also lead to dysfunction
of auditory cells by promoting excessive cholesterol
biosynthesis and reactive oxygen species (ROS)
production, indicating OSBPL2 deficiency may be
implicated in the pathogenesis of sensorineural hearing
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loss [13]. However, the role of OSBPL2 in AHL has
not been previously reported. Our results revealed a
decline of OSBPL2 expression in H2Oo-treated HEI-
OC1 cells, compared with normal HEI-OC1 cells.
Another study demonstrated that OSBPL2-knockout
pigs exhibited increased apoptosis of cochlea hair cells
[32], suggesting a crucial regulatory role of OSBPL2
in cochlea hair cell apoptosis. As expected, OSBPL2
knockdown in HEI-OCL1 cells potentiated the decrease
of cell survival and the increase of cell apoptosis caused
by H.O, treatment, which was also evidenced by the
reinforced Bax/Bcl-2 ratio in HEI-OC1 cells. To sum
up, OSBPL2 plays a crucial role in the regulation of the
apoptosis of H202-induced HEI-OC1 cells.

Recent studies suggest that inhibition of the PISK/AKT
signaling pathway is associated with hearing loss
following a variety of insults and stimuli, including
AHL [24, 33, 34]. To wunravel the molecular
mechanisms underlying the role of OSBPL2 in the
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Figure 7. OSBPL2 downregulation and inactivation of AKT/FOXG1 signaling pathways in the cochleae of aged C57BL/6 mice.
(A) ABR thresholds of C57BL/6 mice from Young (n=6) and Old (n=6) groups in response to tone pips of 8, 12, 16, 20, 24, 28, and 32 kHz.
(B) Western blotting for expression levels of OSBPL2 and proteins related to AKT and FOXG1 signaling pathways in the cochleae of young and
old C57BL/6 mice. (C, D) Association between OSBPL2 and p-AKT or FOXG1 expression in the cochleae of aged C57BL/6 mice. (E) Association
between p-AKT and FOXG1 expression in the cochleae of aged C57BL/6 mice. * P<0.05; ** P<0.01.
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survival of HO.-induced HEI-OC1 cells, the
involvement of AKT and FOXG1 was investigated. In
the present work, H,O; induction led to inactivation of
AKT and FOXGL1 signaling pathways in vitro, which
was augmented by OSBPL2 knockdown. Co-IP assay
showed an interaction between OSBPL2 and p-AKT in
HEI-OC1 cells. Under H,O; treatment, AKT inhibition
by MK2206 significantly reduced OSBPL2 expression
in HEI-OC1 cells, while AKT activation by SC79 partly
reversed the inhibitory effects on OSBPL2 expression
and AKT activation mediated by OSBPL2 depletion.
The PI3K/AKT signaling pathway has been reported to
participate in the survival of cochlea HCs [25, 35, 36].
Consistent with the above findings, AKT inactivation
increased the apoptotic rate of H.O-induced HEI-OC1
cells; AKT activation partially counteracted the
detrimental effects of OSBPL2 deficiency on HEI-OC1
cells exposed to H»O, treatment. FOXG1 plays an
important role in inner ear morphogenesis [37, 38].
Interestingly, AKT has been reported as a positive
regulator of the FOXG1 signaling pathway [27].
Consistently, the interaction between p-AKT and
FOXG1 was confirmed in HEI-OC1 cells. Additionally,
FOXG1 overexpression reversed MK2206-induced
inhibition of AKT/FOXGL1 signaling pathways in H2O»-
treated HEI-OC1 cells; moreover, FOXG1 silencing
also abated SC79-induced activation of AKT/FOXG1
signaling pathways in OSBPL2-silenced HEI-OC1
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