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Decreased Expression of TRPV4 Channels
in HEI-OC1 Cells Induced by High Glucose
Is Associated with Hearing Impairment
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Purpose: Previous reports have shown that hyperglycemia-induced inhibition of transient receptor potential vanilloid sub type 4
(TRPV4), a transient receptor potential ion channel, affects the severity of hearing impairment (HI). In this study, we explored the
role of TRPV4 in HI using HEI-OCI1 cells exposed to high glucose (HG).

Materials and Methods: HEI-OC1 cells were cultured in a HG environment (25 mM D-glucose) for 48 hours, and qRT-PCR and
Western blotting were used to analyze the expression of TRPV4 at the mRNA and protein level. TRPV4 agonist (GSK1016790A) or
antagonist (HC-067047) in cultured HEI-OCI cells was used to obtain abnormal TRPV4 expression. Functional TRPV4 activity
was assessed in cultured HEI-OC1 cells using the MTT assay and a cell death detection ELISA.

Results: TRPV4 agonists exerted protective effects against HG-induced H], as evidenced by increased MTT levels and inhibition
of apoptosis in HEI-OC1 cells. TRPV4 overexpression significantly increased protein levels of phosphorylated p38 mitogen-acti-
vated protein kinase (p-p38 MAPK), while TRPV4 antagonists had the opposite effect. Our results indicated that TRPV4 is a hy-
perglycemia-related factor that can inhibit cell proliferation and promote cell apoptosis by activating the MAPK signaling path-

way in HEI-OC1 cells.

Conclusion: Our results show that the overexpression of TRPV4 can attenuate cell death in HEI-OC1 cells exposed to HG.
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INTRODUCTION

Hearing impairment (HI) is one of the most highly prevalent

Received: April 13,2018 Revised: July 21, 2018

Accepted: August 10, 2018

Co-corresponding authors: Ying Lin, MD, Department of Otorhinolaryngology
Head and Neck Surgery, Xijing Hospital, Forth Military Medical University, 127
Changle West Road, Xi‘an, Shaanxi 710032, China.

Tel: +86-029-84774327, Fax: +86-029-84774327, E-mail: yinglinres@163.com and
Dingjun Zha, MD, Department of Otorhinolaryngology Head and Neck Surgery, Xi-
jing Hospital, Forth Military Medical University, 127 Changle West Road, Xi‘an,
Shaanxi 710032, China.

Tel: +86-029-84774327, Fax: +86-029-84774327, E-mail: djzhaxian@21cn.com

*Ying Xing and Jie Ming contributed equally to this work.
«The authors have no financial conflicts of interest.

© Copyright: Yonsei University College of Medicine 2018

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

www.eymj.org

chronic diseases' and represents a huge burden on society
and on individuals in terms of reduced emotional, social,
mental, and physical health.** HI has many causes, the most
common of which is presbycusis, followed by noise exposure,
ototoxic drugs, and viral infections.> ® In addition to these fac-
tors, accumulating evidence suggests that HI is yet another
disabling complication of diabetes.” We believe that, as time
goes on, hyperglycemia may impair cochlear microvascular
circulation and affect the steady state of hearing cells, thereby
reducing patient hearing.®

Hearing is a complex system that depends on various tissue
and cell types in the inner ear. Damage to cochlear hair cells is
the main reason for threshold elevation in hearing loss.? Pre-
vious studies have shown that abnormalities of homeostasis
and apoptosis of cochlear hair cells are important contribut-
ing factors leading to HI." The way that auditory cell apoptosis
affects HI has been studied for a long time."! However, the
mechanisms of cochlear hair cell apoptosis during the pro-
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gression of HI remain poorly understood.

As a member of the TRP super family, transient receptor
potential vanilloid sub type 4 (TRPV4) is a receptor-activated
nonselective cation channel that is endogenously expressed in
many tissue and cell types, such as skin,"* cortical astrocytes,"
keratinocyte cell lines,* and tracheal epithelial cells,”® includ-
ing cochlear hair cells.'® Previous studies have found that
TRPV4 is linked to the development of diabetes.'” In addition,
multiple studies have found that damage to TRPV4 can cause
hearing delay, which makes the cochlea vulnerable to noise
injury. It has been suggested that TRPV4 is associated with
hearing loss.'®'® TRPV4 expression was down-regulated in
high glucose (HG)-cultured retinal microvascular endotheli-
al cells®; however, the potential role of TRPV4 expression in
HG-cultured cochlear hair cells has not been investigated. In
this study, we sought to detect the expression of TRPV4 and
discover its role in HG-mediated HI.

In mammals, mitogen-activated protein kinase (MAPK)
signaling cascades regulate important cellular processes, in-
cluding gene expression, cell proliferation, cell survival and
death, and cell motility.* Recently, research has shown that
TRPV4 channels, as TRP cation channel subfamily V mem-
bers, are involved in MAPK activation in dorsal root ganglion
neuropathic pain.* Research by Jie, et al.* has shown that the
TRPV4 gene contains two conserved MAPK-binding sites that
confer responsiveness to calcineurin-MAPK signaling, thus
making MAPK and its downstream signals promising targets
for therapeutic intervention. However, the specific mecha-
nism whereby MAPK signaling pathways affect HI has not
been fully understood.

Therefore, in this study, our aim was to confirm the expres-
sion levels of TRPV4 in HG-induced cochlear hair cells. Our ex-
perimental results show that the ectopic expression of TRPV4
in cochlear hair cells inhibits cell proliferation and promotes
cell apoptosis in vitro. In addition, we also demonstrate that the
MAPK signaling pathway is a direct target of TRPV4 and show
that TRPV4 activates the MAPK signaling pathway. These find-
ings show that TRPV4 could have potential implications for
therapeutic approaches to HI as a complication of diabetes.

MATERIALS AND METHODS

Cell culture and transfection

The cochlear auditory cell line HEI-OC1 was purchased from
the House Ear Institute (Los Angeles, CA, USA). HEI-OCI1 cells
were cultured in DMEM medium containing 10% fetal bovine
serum at 33°C under 10% CO, (permissive conditions). Glucose
was supplemented in the culture medium to induce a diabetes
cell model; an appropriate concentration of mannitol was sup-
plemented in the control culture medium. After 72 hours of cul-
ture, cells were divided into three groups: a euglycemic control
group (5 mM D-glucose), a hyperglycemia group (25 mM D-
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glucose), and an osmotic control group (5 mM D-glucose+20
mM mannitol). HEI-OC1 cells were transfected with pcDNA3.1
empty vector, pcDNA3.1-TRPV4 vector, TRPV4-siRNA, and
scrambled siRNA control using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.

Drug treatment

The TRPV4 antagonist HC-067047 and agonist GSK1016790A
were purchased from Calbiochem (Merck, Darmstadt, Ger-
many). Following pre-culture, HEI-OC1 cells were stimulated
either with GSK1016790A (100 nM?; Sigma-Aldrich, St. Louis,
MO, USA) or HC067047 (1 pM?*; Maybridge Ltd., Cambridge,
UK ) for 24 hours. The p38 inhibitor SB203580 (10 uM; Tocris
Bioscience, Bristol, UK) was given to the experimental groups
at the recommended concentrations.”

RNA extraction and RT-PCR

Total RNA was isolated from HEI-OC1 cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. For reverse transcription (RT), the oligonucleotide se-
quences of primers specific for TRPV4 were 5'-GATGGGCGAC
CAAATCTGC-3" and 5’-GAGGACTCATATAGGGTGGACTC-3!
Aliquots of the reaction mixture were used as templates under
the following conditions: initial denaturation at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for
45 s. PCR experiments were performed in triplicate. As a control,
fB-actin expression was analyzed (forward, 5’-ACCGAGCGCG
GCTACA-3' and reverse, 5'-CAGCCGTGGCCATCTCTT-3").

Western blot assays

Cultured cells were washed twice with PBS and lysed on ice
using ice-cold RIPA buffer for 20 minutes. The proteins were
then subjected to SDS-PAGE and transferred to a PVDF mem-
brane. The PVDF membrane was blocked in a 5% ECL priming
blocker for 1 hour and incubated overnight at 4°C with primary
antibody: rabbit anti-TRPV4 (1:800, Abcam, Cambridge, UK),
rabbit anti-p38 polyclonal antibody (1:200, CST, Beverly, MA,
USA), rabbit anti-Pp38 polyclonal antibody (1:1000, CST), and
anti-B-actin (1:1000, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After washing three times with TBST, the membrane
was placed in 1:5000 diluted secondary antibody (sc-2054,
Santa Cruz Biotechnology) and incubated for 1 hour at room
temperature. The immunoreaction products were visualized
using the chemiluminescence-emanating ChemiDocTM MP
Imaging System (Bio-Rad, Hercules, CA, USA).

Cell proliferation assay

HEI-OCI1 cells were cultured in a 96-well plate at a concentra-
tion of 2x10° cells/well. 20 pL of a 5 mg/mL MTT solution was
added to each well, and the plate was incubated at 33°C for 4
hours under 10% CO, and 95% air. The supernatants were re-
moved and 250 pL of DMSO added. An automatic microplate
reader was used to read the absorbance of each well at 540 nm.

https://doi.org/10.3349/ymj.2018.59.9.1131
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Apoptosis assay

To measure the influence of ectopic expression of TRPV4 pro-
tein on cell apoptosis, we using the cell death detection ELI-
SA-Plus (Roche, Indianapolis, IN, USA) to analyze the per-
centage of apoptotic cells, according to the manufacturer’s
protocol. The assay system quantifies the amount of histone-
coupled DNA fragments by measuring absorbance at 405 nm.

ELISA analysis

An ELISA was used to analyze p38 concentrations in the culture
medium according to the manufacturer’s protocol. Absorbance
was measured at 450 nm using a 680XR Microplate reader (Bio-
Rad). All of the samples were analyzed in duplicate.

Statistical analysis

All experiments were independently repeated at least three
times. Data are presented as means+SEM. All statistical analyses
were performed using GraphPad Prism 5.0 software (GraphPad
Software, La Jolla, CA, USA). Statistical significance was tested
with a one-way ANOVA test or Student’s t-test. p values <0.05
were considered to indicate statistically significant differences.

RESULTS

HGs reduce the expression of TRPV4 in HEI-OCI cells
To investigate the role of TRPV4 in HEI-OCI1 cells cultured in
HG, qRT-PCR and Western blotting were used to detect the
expression of TRPV4 at the mRNA level and the protein level,
respectively. As shown in Fig. 1A, TRPV4 expression was sig-
nificantly reduced in HEI-OC1 cells following culture in HG
for 48 h, compared with the euglycemic and osmotic controls.
Western blotting shows that the expression of the TRPV4 pro-
tein was decreased compared with the controls (Fig. 1B).

Expression of TRPV4 in agonist and inhibitor
stimulated HEI-OC1 cells

To investigate whether TRPV4 expression is affected by phar-
macological agonists or inhibitors, HEI-OC1 cells were treated
with 100 nM of a TRPV4 agonist or 1 uM of a TRPV4 antago-
nist. The control group was given normal saline in an equal
quantity. After stimulation of HEI-OC1 cells with the TRPV4
antagonist HC-067047, mRNA expression was significantly
decreased. Conversely, stimulation with the TRPV4 agonist
GSK1016790A significantly promoted mRNA expression (Fig.
2A). Western blotting showed that the expression of TRPV4
protein was similarly affected compared with the controls
(Fig. 2B). Moreover, our results suggested that TRPV4 expres-
sion significant decreased in HEI-OCI cells treated with HG,
compared with HEI-OC1 cells treated with TRPV4 agonist in
the euglycemic condition. While the HG condition induced
HEI-OCI cell death, we believe that TRPV4 agonist may res-
cue HEI-OC1 cell death from HG status.

https://doi.org/10.3349/ym;}.2018.59.9.1131
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Fig. 1. HG reduces the expression of TRPV4 in HEI-OC1 cells. HEI-OC1
cells were cultured under euglycemic, hyperglycemia, and osmotic
control conditions for 48 h, and gRT-PCR (A) and Western blot (B) were
used to analyze the expression of TRPV4 mRNA and protein. Results
are representative of three independent experiments. *Indicates differ-
ences from controls at p<0.05. TRPV4, transient receptor potential vanil-
loid sub type 4; HG, high glucose.

Effects of HG on cell proliferation and apoptosis in

HEI-OC1 cells

To identify the mechanisms of TRPV4 action on cellular be-
havior, we first examined the effects of HG on cell prolifera-
tion in HEI-OC1 cells. Cell proliferation was measured using
the MTT-8 assay in HEI-OCI cells. Overexpression of TRPV4
significantly increased cell proliferation following 48 h of ex-
posure to HG. Conversely, in the HG condition, down-regu-
lated TRPV4 inhibited cell proliferation in comparison with
the control group (Fig. 3A). The cell death detection ELISA-
Plus cell apoptosis assay showed that overexpression of TRPV4
inhibits cell apoptosis. Conversely, down-regulated TRPV4
promoted cell apoptosis in comparison with the correspond-
ing control group (Fig. 3B). To further confirm the effects of
TRPV4 on HEI-OCI cell proliferation and apoptosis, TRPV4

1133



YMJ

25+ 1 I Euglycemic control
T Hyperglycemia
S 40 1 Osmotic controls
3 .
3
S
&
< 154
= E
£
=3
% 1.0 .
2 *
+— *
3 05+ *
o
0.0 - T % \ T T T
T 2 ¥ T2 % T2 %
= =] = w = @
A 3 S S
Euglycemic control Hyperglycemia Osmotic controls

Control HC  GSK  Control HC  GSK Control HC  GSK
TRPVE o e s e —— — — —

B-actin -—--—,---

300.0 4 I Euglycemic control
t 3 Hyperglycemia
= 1 Osmotic controls
E i
« 200.0
o
3 t T
=
S
2
L
(=8 *
& 100.0
§ *
o *
= t
=
00— T \ \ T T T
2 T2 o3 T2 o3
(ds] = [&s) = (ds]
o o
(&S] (@S]

Control

Fig. 2. The effect of reagents on the expression of TRPVA. (A) The rela-
tive expression of TRPV4 mRNA in high glucose cultured HEI-OC1 cells
after treatment with HC-067047 (HC) or GSK1016790A (GSK), compared
with the untreated control, was determined by gRT-PCR. (B) Western
blotting was used to analyze the expression of TRPV4 protein in HEI-
0C1 cells after treatment with HC-067047 or GSK1016790A. Data are
representative of three experiments. *Indicates differences from eugly-
cemic controls at p<0.05, 'Indicates differences from euglycemic con-
trols at p<0.01, “Indicates differences from untreated controls at p<0.05,
respectively. TRPV4, transient receptor potential vanilloid sub type 4.

overexpression and silence HEI-OC1 cell were constructed
(Supplementary Fig. 1, only online). Moreover, we found that
TRPV4 overexpression induced HEI-OC1 cell proliferation and
impeded cell apoptosis, whereas TRPV4 depletion had the op-
posite effects (Supplementary Fig. 1, only online).

Overexpression of TRPV4 promotes activation of
MAPK pathways

In order to verify the relationships between TRPV4 and MAPK
pathways, we studied the effect of HG on the phosphorylation
of p38 MAPK in HEI-OCI1 cells. HEI-OC1 cells were incubated
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Fig. 3. TRPV4 directly affects proliferation and apoptosis in HEI-OC1
cells. (A) The effect of TRPV4 on cell proliferation of HEI-OC1 cells was
detected using the MTT assay. (B) The effect of TRPV4 on cell apopto-
sis of HEI-OC1 cells was detected using the cell death detection ELISA-
Plus apoptosis assay. Data are representative of three experiments.
*indicates differences from euglycemic controls at p<0.05, 'Indicates
differences from euglycemic controls at p<0.01, *Indicates differences
from untreated controls at p<0.05, respectively. TRPV4, transient recep-
tor potential vanilloid sub type 4; HC, TRPV4 antagonist HC-067047; GSK,
TRPV4 agonist GSK1016790A.

in a HG environment for 24 hours, and an anti-p-p38 polyclonal
antibody was used to quantify the phosphorylated form of the
p38 protein. The results showed that overexpression of TRPV4
significantly increased the concentrations of p-p38 in the HEI-
OCI1 cell culture medium (Fig. 4A). In addition, we also found
that the expression of TRPV4 could positively regulate the pro-
tein expression of p-p38 (Fig. 4B). This result indicated that
TRPV4 is involved in the activation of the MAPK pathway.

TRPV4 modulates HEI-OC1 cell proliferation and
apoptosis by targeting MAPK signaling pathways

To further clarify the effect of MAPK on TRPV4-modulated
HEI-OCI1 cell growth and apoptosis, the MAPK signaling in-
hibitor SB203580 was used. After a series of functional resto-
ration assays, we found that the decrease in HEI-OC1 cell
proliferation (Fig. 5A) induced by TRPV4 up-regulation was

https://doi.org/10.3349/ym;}.2018.59.9.1131
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Fig. 4. Overexpression of TRPV4 triggered activation of the MAPK signal-
ing pathway. (A) After pretreatment with the TRPV4 agonist GS-
K1016790A (GSK) or the TRPV4 antagonist HC067047 (HC), the p38 con-
centration in the culture medium of HEI-OC1 cells was assessed by
ELISA. (B) The protein expression of p38 was analyzed by Western blot-
ting. Data represent means=SD from three independent experiments.
*Indicates differences from euglycemic controls at p<0.05, 'Indicates dif-
ferences from euglycemic controls at p<0.01, *Indicates differences from
untreated controls at p<0.05, respectively. TRPV4, transient receptor po-
tential vanilloid sub type 4; MSPK, mitogen-activated protein kinase.

dramatically attenuated after stimulation with SB203580.
Moreover, disruption of MAPK signaling by SB203580 treat-
ment also significantly increased the apoptosis rate (Fig. 5B).
These results indicate that TRPV4 may promote cochlear
hair cell proliferation and repress apoptosis by modulating
MAPK signaling.

DISCUSSION

The calcium-permeable cation channel protein TRPV4 is
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Fig. 5. TRPV4 regulates cochlear hair cell development by targeting
MAPK signaling pathways. After pretreatment with the TRPV4 agonist
GSK1016790A (GSK) or a combination of GSK1016790A and the p38 in-
hibitor SB203580 (GSK+SB), the effect of TRPV4 on cell proliferation of
HEI-0C1 cells was detected using the MTT assay, and the effect of
TRPV4 on cell apoptosis of HEI-0C1 cells was detected using the cell
death detection ELISA-Plus apoptosis assay. (A) Inhibition of MAPK sig-
naling rescued cell proliferation induced by TRPV4 in HEI-OC1 cells. (B)
Disruption of MAPK signaling promoted cell apoptosis induced by
TRPV4 in HEI-OC1 cells. Data are represented as means®SD from three
independent experiments. *Indicates differences from euglycemic con-
trols at p<0.05, 'Indicates differences from euglycemic controls at p<0.01,
‘Indicates differences from untreated controls at p<0.05, respectively.
TRPV4, transient receptor potential vanilloid sub type 4; MSPK, mitogen-
activated protein kinase.

known to function as a Ca**-permeable TRP channel in cells
and is involved in a variety of different physiological pro-
cesses. TRPV4 has been reported to be expressed in the in-
ner-ear hair cells.” However, previous published reports on
TRPV4 expression in hearing tissues/cells were discordant.
TRPV4 family member expression has been reported in co-
chlear hair cells.”* A study by Zanini and Gopfert* indicat-
ed that TRP family members are associated with hearing im-
pairment; however, no TRPV4 transcripts were detected in
HEI-OC1 cells. Therefore, in this study, the expression of
TRPV4 in HEI-OCI1 cells was investigated. Our results
showed that TRPV4 was expressed in HEI-OC1 cells.
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As an intrinsic constituent of receptor-operated cation
entry, TRPV4 may participate in numerous physiological
functions.”**"* Increasing evidence suggests that TRPV4
may be involved in the development of HG-induced HI.*
Therefore, in our study, we demonstrated that HG influenc-
es the expression of TRPV4 in HEI-OC1 cells, inducing a
significant down-regulation thereof, consistent with the re-
sults of previous in vivo studies, which indicated signifi-
cantly decreased expression of TRPV4 following diabe-
tes.**** However, the exact functions and mechanisms of
TRPV4 in cochlear hair cells are largely unknown. We found
that the mRNA and protein levels of TRPV4 were much low-
er in HG-cultured HEI-OCI1 cells, compared with controls.
Our findings are consistent with previous reports, and allow
us to speculate that the high-expression of TRPV4 may be
conducive to improving the hearing of diabetic patients.

Studies have indicated that TRPV4 promotes activation of
MAPK signaling. MAPK is an important mediator of signal
transduction from the cell surface to the nucleus. Recently,
many studies have confirmed that the MAPK signaling
pathway plays a crucial role in cell development, including
effects on proliferation and survival.' The significance of
MAPK and its therapeutic value as a target for hearing loss
therapy have been investigated in several reports,®?° in
which MAPK status was found to be positively correlated
with oxidative stress, cell injury, and inflammation.**® Qur
work broadens our understanding of the roles that TRPV4
plays in HEI-OC1, showing that it targets MAPK signaling
pathways and that it can be a target for therapy for hearing
damage caused by diabetes.

In conclusion, this study showed that TRPV4 expression
is lower in a diabetic hearing cell model, consistent with
previous studies. We also found that, in the diabetic cell
model, overexpression of TRPV4 induces cell proliferation
and inhibits apoptosis by activation of MAPK signaling
pathways associated with cochlear hair cell growth. Thus,
increased TRPV4 expression in diabetic patients may de-
crease cochlear hair cell amplification. Therefore, our study
may provide a therapeutic strategy for improving HI in dia-
betic patients.
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