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Prednisone inhibits the IL-1f-induced expression of
COX-2 in HEI-OC1 murine auditory cells through the
inhibition of ERK-1/2, JNK-1 and AP-1 activity
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Abstract. Hearing loss can be induced by multiple causes,
including cochlear inflammation. Prednisone (PDN) is a
well-known steroid clinically used in the treatment of hearing
loss. In the present study, we investigated the inhibitory effects
and the mechanisms of action of PDN on the expression of
cyclooxygenase (COX)-2, an inflammatory enzyme involved in
the production of prostaglandins (PGs), in House Ear Institute-
Organ of Corti 1 (HEI-OC1) cells (a murine auditory cell line)
treated with the inflammatory cytokine, interleukin (IL)-1f.
The exposure of HEI-OCI cells to IL-1f increased COX-2
protein and mRNA expression, COX-2 promoter-driven lucif-
erase activity and COX-2 enzymatic activity [as indicated by
the increased production of prostaglandin E, (PGE,), a major
COX-2 metabolite]. However, PDN markedly inhibited the
IL-1p-induced COX-2 protein and mRNA expression, COX-2
promoter activity and PGE, production in the HEI-OCI cells
without affecting COX-2 protein and mRNA stability. PDN
further inhibited the IL-1f-induced activation of extracellular
signal-regulated kinase (ERK)-1/2 and c-Jun N-terminal kinase
(INK)-1, but had no effect on the cytokine-induced activation
of p38 MAPK and proteolysis of IxB-a, a nuclear factor-xB
(NF-kB) inhibitory protein. PDN also partially suppressed the
IL-1B-induced activation of activator protein (AP)-1 (but not
that of NF-xB) promoter-driven luciferase activity. Of note, the
inhibitory effects of PDN on the IL-1p-induced expression of
COX-2 and the activation of ERK-1/2 and JNK-1 in the HEI-OCl1
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cells were significantly diminished by RU486, a glucocorti-
coid receptor (GR) antagonist, suggesting that PDN exerts its
inhibitory effects through GR. To the best of our knowledge,
our study demonstrates for the first time that PDN inhibits the
IL-1B-induced COX-2 expression and activity in HEI-OC1 cells
by COX-2 transcriptional repression, which is partly associated
with the inhibition of ERK-1/2, JNK-1 and AP-1 activation.

Introduction

Hearing loss is the most common sensory impairment
in humans, affecting 5% of individuals in industrialized
nations (1,2). Evidence strongly suggests that hearing loss is a
serious health issue in the elderly and 40% of the population
aged >65 years have a hearing loss severe enough to impair
communication (3,4). It has been suggested that hearing loss is
induced by multiple causes, including infection/inflammation,
noise and ototoxic drugs (4-7).

Cyclooxygenase (COX), also known as prostaglandin
(PG) H synthase, is the rate-limiting enzyme in the biosyn-
thesis of PGs from arachidonic acid (8). Physiologically, PGs
are involved in inflammatory responses, bone development,
wound healing and reproductive function. However, the
excessive production of PGs is associated with many diseases,
including inflammation, atherosclerosis, cardiovascular
diseases and cancer (8-10). COX exists in two isoforms, COX-1
and COX-2 (11). COX-1 is constitutively expressed in most
cell types and is thought to be involved in the maintenance
of physiological functions, including the cytoprotection of the
stomach, platelet aggregation and the regulation of renal blood
flow. By contrast, COX-2 is inducible by inflammatory stimuli,
such as interleukin (IL)-1p, tumor necrosis factor-o (TNF-a)
and lipopolysaccharide (LPS) (8-12). The overexpression of
COX-2 is closely associated with a number of inflammatory
diseases (13). Of note, previous studies have indicated that
COX-1 and COX-2 are expressed in the cochlea of humans
and guinea pigs (14,15). However, the regulatory mechanism
of COX-2 expression in the cochlea remains unclear.

Glucocorticoids are the most effective anti-inflammatory
drugs used in the treatment of inflammation-related diseases,
including rheumatoid arthritis and asthma (16,17). It has been
demonstrated that glucocorticoids bind to the glucocorticoid
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receptor (GR) and negatively regulate the expression of several
inflammatory mediators, including COX-2 and cytokines by
inhibiting transcription factors, such as activator protein (AP)-1,
nuclear factor-kB (NF-«xB), signal transducers and activators
of transcription (STATs) and nuclear factor of activated T cells
(NF-AT) (18-21). Among the glucocorticoids, prednisone
(PDN) is currently the most effective regimen clinically used
in the treatment of hearing loss. However, little is known about
the association between PDN and the regulation of COX-2
expression in the cochlea.

House Ear Institute-Organ of Corti 1 (HEI-OC1) cell
is a murine auditory cell line that is widely used as an
in vitro system for screening and/or evaluating the potential
ototoxicity or otoprotective properties of pharmacological
drugs (22). In the present study, we investigated the inhibi-
tory effects and mechanisms of action of PDN on COX-2
expression in IL-1B-stimulated HEI-OCI cells.

Materials and methods

Cell lines and culture. The HEI-OCI1 cells were purchased
from the House Ear Institute (Los Angeles, CA, USA) and
grown in DMEM without sodium pyruvate (Gibco, Carlsbad,
CA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml
streptomycin (all from Wellgene, Daegu, Korea) at 37°C in a
humidified 5% CO, atmosphere.

Materials. Antibodies to phosphorylated (p-) extracellular
signal-regulated kinase (ERK)-1/2, total (t-)ERK-1/2, p-c-Jun
N-terminal kinase (JNK)-1/2, t-JNK-1/2, p-p38 mitogen-
activated protein kinase (MAPK), t-p38 MAPK, p-protein
kinase B (PKB), t-PKB and IkB-a were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). An anti-
COX-2 polyclonal antibody was purchased from Cayman
Chemical Co. (Ann Arbor, MI, USA). An anti-actin antibody
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-
rabbit or mouse secondary horseradish peroxidase antibodies
were obtained from Amersham Biosciences (Amersham,
UK). Actinomycin D (Act D) and cycloheximide (CHX) were
purchased from Sigma-Aldrich.

Preparation of whole cell lysates. Whole cell lysate was
prepared in a modified RIPA buffer [S0 mM Tris-Cl (pH 7.4),
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
1% Nonidet P-40, 1 mM Na,VO,, ] mM NaF, 1 mM EDTA,
200 nM aprotinin, 20 M leupeptin, 50 xM phenanthro-
line and 280 M benzamidine-HCI]. For the detection of
phosphorylated proteins, the cells were twice washed with
ice-cold phosphate-buffered saline (PBS) supplemented with
1 mM Na;VO, and 1 mM NaF, and lysed in the modified
RIPA buffer mentioned above. Following centrifugation at
the lysed cell suspension at 12,000 rpm for 20 min at 4°C,
the following supernatant was saved as whole cell lysate. The
protein concentration of the whole cell lysate was measured
using Bradford reagent (Bio-Rad Laboratories, Mississauga,
ON, USA) using bovine serum albumin as the standard.

Western blot analysis. Equal amounts of protein (50 ug/lane)
were resolved by 10% sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis and transferred onto a nitrocellulose
membrane (Millipore Co., Bedford, MA, USA). The membrane
was then washed with Tris-buffered saline (TBS) (10 mM
Tris, 150 mM NaCl) containing 0.05% Tween-20 (TBST)
and blocked in TBST supplemented with 5% non-fat dried
milk. The membrane was further incubated with the respec-
tive primary antibodies, p-ERK-1/2 (1:2,000), t-ERK-1/2
(1:2,000), p-JNK-1/2 (1:2,000), t-JNK-1/2 (1:2,000), p-p38
MAPK (1:2,000), t-p38 MAPK (1:2,000), p-PKB (1:2,000),
t-PKB (1:2,000), IxB-a (1:2,000), COX-2 (1:2,000) or -actin
(1:10,000). The membrane was subsequently incubated with
appropriate secondary antibodies coupled to horseradish
peroxidase and developed in enzyme-linked chemilumines-
cence (ECL) western blotting detection reagents (Amersham
Pharmacia Biotech, Oakville, ON, USA).

Analysis of COX-2 protein stability. The HEI-OCI cells were
initially grown in the absence or presence of IL-1 for 8 h to
highly induce endogenous COX-2 protein. The cells were then
treated with IL-1f alone or IL-1{3 plus PDN for an additional 8,
16 or 24 h in the presence of CHX, a translational inhibitor. At
each time point, whole cell lysate was prepared and subjected
to western blot analysis for COX-2 or actin to determine the
amount of each protein remaining in the cells.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the instructions provided
by the manufacturer. Five micrograms of total RNA were
reverse transcribed using 8 ul of M-MLV reverse transcription
5X buffer, 3 ul of 10 mM dNTPs, 0.45 pl of 10,000 units (U)
RNase inhibitor, 0.3 ul of 50,000 U M-MLV reverse tran-
scriptase (Promega, Madison, WI, USA) and 1.5 pl of 50 pM
oligo(dT) (Bioneer, Chungbuk, Korea) in a 40 ul volume.
Single-stranded cDNA was then amplified by PCR using 4 ul
of 5X green GoTaq® flexi buffer, 0.4 pl of 10 mM dNTPs, 0.1 ul
of 500 U Taq polymerase, 1.2 ul of 25 mM MgCl, (Promega)
and 0.4 ul of each 20 pM of specific sense and antisense primer
of COX-2 or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primer sequences used for PCR were as follows:
COX-2 forward, 5'-CTG TAC TAC GCC GAG ATT CCT
GA-3' and reverse, 5'-GTC CTC GCT TCT GAT CTG TCT
TG-3"; GAPDH forward, 5-GGT GAA GGT CGG TGT GAA
CG-3' and reverse, 5-GGT AGG AAC ACG GAA GGC CA-3.
The PCR products were then analyzed on a 1.2% agarose gel.

Analysis of COX-2 mRNA stability. The HEI-OCI1 cells were
initially grown in the absence or presence of IL-1§ for 8 h to
highly induce endogenous COX-2 mRNA expression. The cells
were then treated with IL-1f3 alone or IL-1f plus PDN for an
additional 2,4 or 8 h in the presence of Act D, a transcriptional
inhibitor, to block ongoing transcription for an additional 1,
2,4 or 8 h. At each time point, total RNA was isolated and
subjected to RT-PCR for COX-2 or GAPDH to determine the
amount of mRNA remaining in the cells.

Transfection and luciferase assay. The HEI-OCI cells were
seeded in 6-well plates the day prior to transfection at a
concentration of 2x10° cells/plate in a 2 ml volume. The cells
were transfected with 1 pg of the luciferase DNA construct
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containing the COX-2 promoter or 20 ng of the Renilla lucif-
erase expression vector control pRL-TK DNA (Promega) using
Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer's instructions. At 24 h post-transfection, the cells
were grown for an additional 8 h in the absence or presence
of PDN. The cells were then washed and lysed, followed by
the measurement of luciferase activity using a Dual-Luciferase
assay kit (Promega) and a luminometer Victor3 (product no:
1420-011; Perkin Elmer Medical Imaging, Santa Clara, CA,
USA). The luciferase activity was normalized with expression
of control pRL-TK.

Measurement of prostaglandin E, (PGE,) production. PGE,
production was measured using a PGE, enzyme-linked immu-
nosorbent assay (ELISA) kit (Amersham Biosciences). Briefly,
6x10° cells plated were initially serum starved for 24 h and
were then treated with IL-1p alone or with IL-1p plus PDN at
the indicated concentrations for 8 h. The conditioned medium
was collected and subjected to PGE, ELISA assay in a 96-well
plate according to the manufacturer's instructions. In prin-
cipal, the product of this enzymatic reaction has a blue color
that is absorbed at 450 nm. The extent of the color is inversely
proportional to the amount of free PGE, present in the well
during incubation.

Statistical analysis. The results are expressed as the
means + standard error (SE), and the significance of differ-
ences between groups was determined by one-way ANOVA.
Differences were considered statistically significant when the
P-value was <0.05.

Results

IL-18 induces the expression of COX-2 through transcriptional
upregulation in HEI-OCI cells. Initially, we investigated
the effects of IL-1B on the protein expression of COX-2 in
the HEI-OC1 cells. Treatment with IL-1f at 5 ng/ml for 8 h
increased COX-2 protein expression in the HEI-OC1 cells
compared with the control (no IL-1p treatment) (Fig. 1A).
RT-PCR was then performed to determine whether the protein
expression of COX-2 induced by IL-1 was due to the increased
transcription of COX-2. Treatment with IL-1f3 at 5 ng/ml for
8 h also increased the mRNA levels of COX-2 in the HEI-OC1
cells compared with the control (Fig. 1B). To determine the
induction of COX-2 protein expression by IL-1§ at the func-
tional level, the effects of IL-1f on the production of PGE,,
a major and stable COX-2 metabolite, in the IL-1p-treated
HEI-OCI cells was also determined. Compared with the
control, treatment with IL-1f at 5 ng/ml for 8 h led to marked
increase in the production of PGE,, indicating that COX-2 was
enzymatically active. Luciferase transfection experiments were
then performed to determine the effects of IL-1p on COX-2
promoter activity in the HEI-OCI cells. Treatment with IL-1p
stimulated the COX-2 promoter-driven luciferase expression in
the HEI-OClI cells (Fig. 1D).

PDN inhibits IL-13-induced COX-2 expression and PGE,
production in HEI-OCI cells. We then determined whether PDN
inhibits the IL-1B-induced COX-2 expression and activity in the
HEI-OCI cells. Treatment with PDN suppressed the protein and
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Figure 1. Effects of interleukin (IL)-1f on cyclooxygenase (COX)-2 expres-
sion and activity in House Ear Institute-Organ of Corti 1 (HEI-OC1) cells.
(A and B) HEI-OCI cells were serum-starved for 24 h, and then treated with
or without IL-1f for 8 h. Whole cell lysates and total RNA were prepared and
subjected to (A) western blot analysis and (B) RT-PCR, respectively. Each blot
in (A) and (B) is representative of 3 independent experiments. (C) HEI-OC1
cells were serum-starved for 24 h and were then treated with or without IL-13
for 8 h. The conditioned culture medium was collected and subjected to
enzyme-linked immunosorbent assay (ELISA) for PGE, production. Data are
the means + SE from 3 independent experiments with 3 replicates. "P<0.05
compared to the values of the control. (D) HEI-OCI cells were co-transfected
with 1 ug of the rat COX-2 promoter-containing luciferase DNA along with
20 ng of control pRL-TK DNA for 24 h. The transfected cells were then
treated with or without IL-1f for 8 h. Whole cell lysates were prepared and
used for the reporter gene activity. Data are the means + SE of 3 independent
experiments. “P<0.05 compared to the values of the control.

mRNA expression of COX-2 induced by IL-1f in a concentra-
tion-dependent manner (Fig. 2A and B), as well as the production
of PGE, (Fig. 2C) in the HEI-OCI cells. Treatment with PDN at
the dose of 10 uM was sufficient to suppress the IL-1p-induced
expression and activity of COX-2. Treatment with PDN at 10 uM
also markedly suppressed the COX-2 promoter-driven luciferase
expression induced by IL-1f in the HEI-OCI cells (Fig. 2D).

PDN does not affect COX-2 protein and mRNA stability
in IL-15-treated HEI-OCI cells. COX-2 expression is also
regulated by protein turnover (35). This promptly led us to
investigate whether PDN affects the stability of COX-2 protein
in the IL-1pB-treated HEI-OC1 cells. As shown in Fig. 3A, the
HEI-OCI cells were initially treated with IL-1f (lanes 2-8) or
without IL-1f (lane 1) for 6 h to induce the protein expression
of COX-2. After 6 h, the cells (lanes 1 and 2) were subjected to
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Figure 2. Effects of prednisone (PDN) on the interleukin (IL)-1p-induced
expression and activity of cyclooxygenase (COX)-2 in House Ear Institute-
Organ of Corti 1 (HEI-OC1) cells. (A and B) HEI-OC1 cells were
serum-starved for 24 h and were then treated with or without IL-1f in the
absence or presence of PDN at the indicated doses for 8 h. Whole cell lysates
and total RNA were prepared, and subjected to (A) western blot analysis
and (B) RT-PCR, respectively. Each blot in (A) and (B) is representative of
3 independent experiments. (C) HEI-OC1 cells were serum-starved for 24 h,
and then treated with or without IL-1f in the absence or presence of PDN
at the indicated doses for 8 h. The conditioned culture medium was col-
lected, and subjected to enzyme-linked immunosorbent assay (ELISA) for
PGE, production. Data are the means + SE from 3 independent experiments
with 3 replicates. "P<0.05 compared to the values of the control (no IL-1p
treatment). “P<0.05 compared to the values of treatment IL-1(3 without PDN.
(D) HEI-OCI cells were co-transfected with 1 pg of the rat COX-2 promoter-
containing luciferase DNA along with 20 ng of control pRL-TK DNA for
24 h. The transfected cells were then treated with or without IL-1 in the
absence or presence of PDN for 8 h. Whole cell lysates were prepared, and
used for the reporter gene activity. Data are the means + SE of 3 independent
experiments. "P<0.05 compared to the values of the control “P<0.05 compared
to the values of treatment IL-1f3 without PDN.

total cell lysate extraction (indicated as the 0 h time point). The
remaining cells (lanes 3-8) were then exposed to IL-1f with or
without PDN in the presence of CHX, a translational inhibitor,
for an additional 8, 16 or 24 h, following the preparation of total
cell lysates at each time point. When ongoing translation was
blocked by CHX, there was no change in the protein levels of
COX-2 in the IL-1p-treated HEI-OC1 cells in the absence or
presence of PDN, suggesting that PDN does not affect COX-2
protein stability in the IL-1B-treated HEI-OCI cells. The
protein expression of actin was not affected in the HEI-OC1

1643

A cemee e e COX-2

- e — A —— e w— ] ctin

IL-1B(5ng/ml) - + + + + + + +
PDN (10uM) - - - - - + + +
Time (h) 0 0 8 16 24 8 16 24

CHX (10 pg/ml)

B
COX-2

GAPDH
IL-1B(5ng/ml) - + + + + + + + + +
PDN (1OpM) - - - - - - + + + +
Time (h) 0 01 2 481 2 4 8

Act D (5 pg/ml)

Figure 3. Effects of prednisone (PDN) on the stability of cyclooxygenase
(COX)-2 protein and mRNA in interleukin (IL)-1p-treated House Ear
Institute-Organ of Corti 1 (HEI-OCI) cells. (A) HEI-OC1 cells were serum-
starved for 24 h, and then treated with (lanes 2-8) or without (lane 1) IL-1f for
8 h to highly induce COX-2 protein expression. HEI-OCI cells were further
exposed to IL-1f with (lanes 6-8) or without (lanes 3-5) or with PDN in the
presence of cycloheximide (CHX), a translational inhibitor, for an additional
8, 16 or 24 h. At each time point, whole cell lysates were prepared and ana-
lyzed by western blot analysis. Each blot is representative of 3 independent
experiments. (B) HEI-OCI cells were serum-starved for 24 h and were then
treated with (lanes 2-10) or without (lane 1) IL-1f for 8 h to highly induce
COX-2 mRNA expression. HEI-OCI cells were further exposed to IL-1f with
(lanes 7-10) or without (lanes 3-6) PDN in the presence of actinomycin D
(Act D), a transcriptional inhibitor, for an additional 1, 2, 4 or 8 h. At each
time point, total RNA was prepared and analyzed by RT-PCR. Each blot is
representative of 3 independent experiments.

cells treated with or without IL-1f in the absence or presence
of PDN at the indicated doses and for the indicated periods
of time (Fig. 3A and B, lanes 1-8). COX-2 expression is also
controlled by the COX-2 mRNA turnover (35,42,43). When
ongoing transcription was blocked by Act D, a transcriptional
inhibitor, there was no difference in the COX-2 mRNA levels in
the IL-1B-treated HEI-OC1 cells either in the absence or pres-
ence of PDN (Fig. 3B), indicating that PDN had no effect on
COX-2 mRNA stability in the IL-1pB-treated cells. The mRNA
expression of GAPDH remained constant in the HEI-OC1 cells
treated without or with IL-1p in the absence or presence of
PDN at the indicated doses and for the indicated periods of
time (Fig. 3B, lanes 1-10).

PDN selectively blocks the IL-15-induced activation of
ERK-1/2, JNK-1 and AP-1 in HEI-OCI cells. We then deter-
mined whether PDN affects the activation of intracellular
signaling proteins, herein the family of MAPKs (ERK-1/2,
JNK-1/2 and p38 MAPK), PKB and the NF-kB transcription
factor in the IL-1B-treated HEI-OCI1 cells. The activation of
the MAPK family, PKB and NF-«xB by IL-1p3 was assessed by
measuring the phosphorylation levels of ERK-1/2, JNK-1/2,
p38 MAPK or PKB and the proteolysis of IkB-a (an inhibitor
of NF-kB activation). As shown in Fig. 4A, compared with
the control (no treatment; lane 1), the exposure of HEI-OCl1
cells to IL-1p increased the phosphorylation levels of ERK-1/2,
JNK-1, p38 MAPK and PKB, and induced the proteolysis of
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Figure 4. Effects of prednisone (PDN) on the expression and/or activity of signaling proteins and transcription factors in interleukin (IL)-1B-treated House Ear
Institute-Organ of Corti 1 (HEI-OC1) cells. (A) HEI-OC1 cells were serum-starved for 24 h, and were then treated with or without PDN for 1 h. HEI-OC1 cells
were then treated with or without IL-1f in the absence or presence of PDN for an additional 0.5 h. Whole cell lysates were prepared and analyzed by western
blot analysis. p-ERK-1/2, phosphorylated ERK-1/2; t-ERK-1/2, total ERK-1/2; p-JINK-1/2, phosphorylated JNK-1/2; t-JNK-1/2, total INK-1/2; p-p38 MAPK,
phosphorylated p38 MAPK; t-p38 MAPK, total p38 MAPK; p-PKB, phosphorylated PKB; t-PKB, total PKB. Each blot is representative of 3 independent
experiments. (B) HEI-OCI cells were co-transfected with 1 g of the rat activator protein (AP)-1 or nuclear factor-kB (NF-«kB) responsive element-containing
luciferase DNA along with 20 ng of control pRL-TK DNA for 24 h. The transfected cells were then treated with or without IL-1f in the absence or presence
of PDN for an additional 8 h. Whole cell lysates were prepared and used for the reporter gene activity. Data are the means + SE of 3 independent experiments.
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Figure 5. Effects of prednisone (PDN) and/or RU486 on the interleukin (IL)-
1B-induced expression and/or activation of cyclooxygenase (COX)-2, ERK-1/2
and JNK-1. (A and B) House Ear Institute-Organ of Corti 1 (HEI-OCI) cells
were serum-starved for 24 h, and were then treated with or without RU486, an
antagonist of glucocorticoid receptor for 1 h. HEI-OCI cells were also treated
for 1 h with or without PDN in the absence or presence of RU486. HEI-OC1
cells were then treated with or without IL-1{ in the absence or presence of PDN
and/or RU486 for an additional (A) 8 h or (B) 0.5 h. Whole cell lysates were
prepared and analyzed by western blot analysis for (A) COX-2 or actin protein
expression and (B) p-ERK-1/2, T-ERK-1/2, p-JNK-1/2 or T-JNK-1/2 expres-
sion. Each blot in (A) or (B) is representative of 3 independent experiments.

IxB-a (lane 3). Notably, PDN inhibited the IL-1f-induced
phosphorylation of ERK-1/2 and JNK-1, but did not affect the
IL-1B-induced phosphorylation of PKB and the proteolysis of

IkB-a in the HEI-OC1 cells (Fig. 4A, lane 4). The total expres-
sion levels of ERK-1/2, JNK-1/2, p38 MAPK, PKB and actin
remained largely unaffected in the HEI-OCI cells treated
without or with IL-1f in the absence or presence of PDN.
Subsequent luciferase experiments revealed that PDN partially
suppressed the AP-1 promoter-driven luciferase expression, but
not the NF-xB promoter-driven luciferase expression induced
by IL-1p in the HEI-OCI cells (Fig. 4B).

RUA486 attenuates the inhibitory effects of PDN on the
IL-1B-induced expression of COX-2 and activation of ERK-1/2
and JNK-1 in HEI-OCI cells. Glucocorticoids bind to and act
through the GR. RU486 is an antagonist of GR (37). Using
RU486, we then determined whether PDN exerts its inhibi-
tory effects on the IL-1B-induced expression of COX-2 and
the activation of ERK-1/2 and JNK-1 in the IL-1p-treated
HEI-OCI cells through GR. As anticipated, the IL-1p-induced
expression of COX-2 and the activation of ERK-1/2 and JNK-1
in the HEI-OC1 cells (Fig. 5, lane 2) was largely suppressed by
PDN (Fig. 5, lane 3). In the absence of PDN, pre-treatment with
RU486 did not affect the IL-1pB-induced expression of COX-2
and the activation of ERK-1/2 and JNK-1 in the HEI-OC1
cells (Fig. 5, lane 4). However, the suppressive effects of PDN
on the IL-1p-induced expression of COX-2 and the activation
of ERK-1/2 and JNK-1 in the HEI-OCI cells were not evident
following pre-treatment with RU486 (Fig. 5, lane 5). The total
expression levels of ERK-1/2, JNK-1/2 and actin remained
constant in the HEI-OC1 cells treated with or without IL-1f in
the absence or presence of PDN and/or RU486.
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Discussion

Existing evidence suggests a causative role of cochlear inflam-
mation in the development of hearing loss. Little is known about
the regulation of COX-2 gene expression by IL-1p, a pro-inflam-
matory cytokine, and/or PDN, a well known steroid clinically
used in the treatment of hearing loss (5,6). In the present study,
we investigated the effects of IL-1f and/or PDN on COX-2
expression in HEI-OC1 murine cochlear cells. To the best of
our knowledge, this is the first study to demonstrate that IL-1p
induces COX-2 expression through transcriptional upregula-
tion, while PDN inhibits the IL-1f-induced COX-2 expression
through GR by transcriptional downregulation. Moreover, we
provide evidence that PDN selectively blocks IL-1f signaling
to activate ERK-1/2, JNK-1 and AP-1, which contributes to the
transcriptional downregulation of COX-2.

It has been reported that an inflammatory response occurs
in the inner ear under ear-damaging conditions, such as bacte-
rial infection or noise overstimulation (23). In a previous study,
it was demonstrated that the expression of pro-inflammatory
cytokines, including IL-1, IL-6 and TNF-a, is increased
in Haemophilus Influenzae-injected mice with acute otitis
media (24), suggesting that these cytokines play a role in
cochlear inflammation. In this study, we demonstrated that the
exposure of HEI-OCI cells to IL-1p upregulated the protein
expression of COX-2 (Fig. 1A), which was attributed to increased
COX-2 transcription (Fig. 1B) and promoter activity (Fig. 1D);
we also demonstrated the IL-1B-induced COX-2 protein at the
functional level (Fig. 1C), as assessed by the high production of
PGE, in the HEI-OC1 cells. It is likely that IL-1f3 plays a role in
cochlear inflammation by producing inflammatory mediators,
such as COX-2 and PGE,, while PDN may reduce the cochlear
inflammatory response and/or the mediators triggered by the
cytokine.

The regulation of COX-2 gene expression is primarily
controlled at the transcriptional level. Earlier studies have
shown that the COX-2 transcriptional induction is largely
dependent on the activities of several transcription factors,
which cognately bind to cis-acting elements, including NF-«xB,
AP-1, cyclic AMP response element (CRE) or NF-IL6, within
the COX-2 promoter (25-27). Among these, NF-kB is a redox-
sensitive transcription factor and its activation is closely linked
to the rapid proteolytic degradation of IkB-a, a NF-«xB inhibi-
tory protein (28). The rapid degradation of IxB-a unmasks the
nuclear localization signals of NF-xB, which then translocates
to the nucleus and activates the transcription of multiple genes,
including COX-2. Ample evidence indicates that NF-xB acti-
vation is important for COX-2 transcriptional upregulation in
response to extracellular stimuli (27,29,30). AP-1 is another
transcription factor that binds to AP-1 cis-acting element and
stimulates COX-2 transcription (31), and its activation is largely
dependent on the activity of upstream signaling effectors, such
as ERK-1/2 and JNK-1/2 (32,33). It has been demonstrated that
treatment with IL-1f induces the phosphorylation of MAPKs
(ERK-1/2,JNK-1/2 and p38 MAPK) and the IxkB-a proteolysis-
dependent activation of NF-kB, and their activation is critical
for the cytokine-mediated induction of COX-2 expression in
various types of cells (29-31,34,35). Of note, has also been
demonstrated that treatment with IL-1p (1 ng/ml) for 15 min
increases the phosphorylation of ERK-1/2 and JNK-1/2, but not
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that of p38 MAPK in HEI-OCI1 cells (36). In this study, we
demonstrated that treatment with IL-1§ (5 ng/ml) for 30 min
induced not only the phosphorylation of ERK-1/2, INK-1/2 and
p38 MAPK but also the proteolysis of IkB-a in the HEI-OC1
cells (Fig. 4A). Furthermore, it was demonstrated that treatment
with IL-1f induced the AP-1 or NF-xB promoter-driven lucif-
erase expression in the HEI-OC1 cells (Fig. 4B). These results
therefore suggest that treatment with IL-1f rapidly triggers the
ERK-1/2- and JNK-1-dependent activation of AP-1, as well as
IkB-a proteolysis-dependent NF-«kB activation in the HEI-OC1
cells, which contribute to COX-2 transcriptional upregulation.

Glucocorticoids are among the most widely used drugs
worldwide and are effective in a number of inflammatory
and immune diseases (37). A major factor contributing to the
anti-inflammatory action of glucocorticoids is the suppression
of the expression and/or production of inflammatory media-
tors (38). PDN, a glucocorticoid agonist, has been shown to be
an effective treatment for several inner ear disorders, including
sudden idiopathic sensorineural hearing loss (39). At present,
however, the PDN regulation of the cytokine-induced inflam-
matory response and signal transduction in cochlear cells is
not well understood. In the present study, we demonstrated
the ability of PDN to interfere with IL-1f3 signaling to induce
the activation of ERK-1/2, JNK-1 and AP-1 without affecting
the phosphorylation of p38 MAPK, the proteolysis of IkB-a
and the activation of NF-kB in the HEI-OC1 cells (Fig. 4),
suggesting that PDN selectively blocks these signaling
components activated by IL-1f in the cells. Considering that
the activity of ERK-1/2, JNK-1/2 and AP-1 is important for
COX-2 expression (30,31,34), it is likely that suppressive
effects of PDN on the IL-1p-induced expression of COX-2 in
HEI-OCI cells is through the inhibition of ERK-1/2, INK-1
and AP-1 activity. Glucocorticoids act by binding to GR and
subsequently translocating to the nucleus where they either
increase (transactivate) or decrease (transrepress) target gene
expression (18,40,41). In this study, we demonstrated that the
inhibitory effects of PDN on the IL-1p3-induced COX-2 expres-
sion and the activation of ERK-1/2 and JNK-1 in HEI-OC1
cells were largely diminished by pre-treatment with RU486,
a GR antagonist (Fig. 5B). These results strongly suggest that
PDN, through GR, abrogates IL-1f signal transduction leading
to COX-2 expression and the activation of ERK-1/2, JNK-1
and AP-1 in the HEI-OCI cells.

We, as well as others have previously reported that
COX-2 expression is regulated at the post-transcriptional
(mRNA stability) and/or translational (protein turnover)
levels (35,42-44). In the present study, however, experiments
using Act D and CHX revealed that PDN did not affect the
mRNA and protein stability of COX-2 in the IL-1B-treated
HEI-OCI cells (Fig. 3), further stressing that the inhibitory
effects of PDN on IL-1pB-induced COX-2 expression occur
through transcriptional downregulation.

In conclusion, to the best of our knowledge, this is the first
study to demonstrate that IL-1f3 induces the high expression of
functional COX-2 through COX-2 transcriptional upregulation
and the activation of ERK-1/2, JNK-1, p38 MAPK and NF-«B,
whereas PDN inhibits the cytokine-induced COX-2 expression
through GR-dependent COX-2 transcriptional downregulation
and the inhibition of ERK-1/2, JNK-1 and AP-1 activity in
HEI-OCI1 cells. The findings presented herein provide insight
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into the molecular basis of the beneficial effects of PDN
against cochlear inflammation-related hearing loss.
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