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BACKGROUND: The aims of this study were to evaluate the protective effects of agmatine against cisplatin-induced cellular apoptosis in an audi-
tory cell line and to prove the protective mechanism of agmatine.

METHODS: The House Ear Institute-Organ of Corti 1 cells were co-treated with agmatine at different concentrations and 15 puM of cisplatin for
48 hours. Cell viability and proliferation were measured. Annexin V-fluorescein isothiocyanate /propidium iodide staining was performed to
analyze apoptosis. The levels of intracellular reactive oxygen species were measured using flow cytometry. The expression of BCL2-associated X
protein and the enzymatic activity of caspase-3 was measured to examine the pathway of apoptosis induction.

RESULTS: In normal conditions, the maximal protective effect occurred with 10 mM of agmatine. However, in the presence of cisplatin, the
maximal protective effect was observed from 8 mM of agmatine. Thus, 8 mM was chosen as the ideal agmatine concentration for the analysis of
protective effects against cisplatin-induced cytotoxicity. Agmatine exerted a significant protective effect against 15 uM of cisplatin when applied
for 48 hours and reduced the proportion of necrotic and late apoptotic cells. Agmatine did not significantly reduce the cisplatin-induced increase
in reactive oxygen species but decreased the expression of BCL2-associated X protein and the activity of caspase-3.

CONCLUSION: Agmatine protected against cisplatin-induced cellular apoptosis in an auditory cell line. These effects were mediated by the pro-
tection of mitochondrial function and inhibition of apoptosis.
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INTRODUCTION

Ototoxicity refers to damage to the inner ear, which is caused by various therapeutic agents. Aminoglycoside, loop diuretics, and
platinum-based chemotherapeutic agents are known to cause ototoxicity. In addition, the clinical use of these agents can cause
sensorineural hearing loss, tinnitus, and dizziness.! Therefore, several studies focused on the pharmacologic prevention of ototoxic-
ity have been conducted. However, to date, no agents have been used clinically to cure or prevent ototoxicity.

The House Ear Institute-Organ of Corti 1 (HEI-OC1) cells are the widely used auditory cell line in the study of the ototoxicity.? The
House Ear Institute-Organ of Corti 1 cells express several molecular markers that are characteristic of the organ of Corti sensory
cells and are extremely sensitive to ototoxic drugs. It is well known that cisplatin causes potentially irreversible damage to auditory
hair cells; clinically, this may lead to sensorineural hearing loss, tinnitus, and dizziness.* The sensorineural hearing loss appears to be
dose-related, cumulative, bilateral, and usually permanent; initially, it occurs only in the higher frequencies.>® In a recent systematic
review study, in addition to the cumulative dose, age, genetics, and use of other ototoxic drugs were revealed as risk factors for
sensorineural hearing loss.” One known mechanism of cisplatin ototoxicity is the generation of excessive reactive oxygen species
(ROS). Reactive oxygen species can deplete antioxidant enzymes in the cochlear tissue and can increase calcium influx and apopto-
sis in the hair cells of the cochlea.” Reactive oxygen species activates BCL2-associated X protein (BAX) in the cytosol, translocating it
to the mitochondria and allowing cytochrome c release into the cytosol; it can also activate caspase-3 and -9, which induce cellular
apoptosis.®®

Agmatine (decarboxylated arginine) is an endogenous polyamine synthesized via decarboxylation of L-arginine by arginine
decarboxylase.’'" As shown in a previous study, agmatine has oxygen radical-scavenging effects (antioxidant activity), protects
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mitochondrial function, and confers resistance to cellular apopto-
sis.’? The agmatine-induced protection of mitochondria is presumed
to be a key mechanism of action, and agmatine effectively inhibits
ROS-induced activation of BAX. Therefore, numerous studies have
been conducted in the field of neuroscience to examine its effect
as a neuromodulator for protecting the central nervous system
(CNS) in several models of cellular damage.'®' Clinically, there is a
growing interest in the role of agmatine in epilepsy, Parkinson’s dis-
ease, Alzheimer’s disease, depression, spinal cord injury, and neuro-
pathic diseases.'>'® However, there has been no investigation in the
use of agmatine to prevent ototoxicity.

Thus, this study aimed to evaluate the protective effects of agmatine
against cisplatin-induced cellular apoptosis in the HEI-OC1 auditory
cell line. We hypothesized that agmatine may reduce several molecu-
lar markers that are released by cisplatin-induced cellular apoptosis
in the HEI-OC1 auditory cell line. Therefore, the primary endpoint of
the present study was to investigate the exact dose range for the pro-
tective effects of agmatine and to confirm the potential of agmatine
to scavenge ROS. The second endpoint was to investigate the protec-
tive mechanism in the cellular metabolism by using BAX, a represen-
tative apoptosis regulator.

MATERIALS AND METHODS

Chemicals

Agmatine (CAS no. 2482-0-0) and cisplatin (CAS no. 15663-27-1)
were obtained from Sigma Aldrich Corporation (St Louis, Mo, USA).
Agmatine and cisplatin were prepared as 5 mM stock solutions in cell
culture medium and diluted to the appropriate concentrations.

Auditory Cell Culture

The HEI-OC1 cell line was used as the auditory cell line in this study.
The HEI-OCT1 cell line is a transgenic immortomouse auditory cell line
and was provided by F. Kalinec (House Ear Institute, Los Angeles, Calif,
USA). The cells were cultured in high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco BRL, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; JRH Bioscience, Lexena,
KS, USA) and 50 U/mL interferon-y without antibiotics at 33.8°C and
in 10% CO, in the air. Cell culture practices used a previously reported
method."”

Cell Viability Assay

To examine the effect of agmatine on HEI-OC1 cells, we used the
water soluble tetrazolium salt (WST)-based cell viability/cytotoxic-
ity assay kit (EZ-CYTOX, DOGEN, Korea) to measure cell viability in

MAIN POINTS

. Agmatine (8 mM) exerted significant protective effects against
cisplatin-induced cellular apoptosis in House Ear Institute-Organ of
Corti 1 auditory cells.

. Agmatine (8 mM) significantly reduced the proportion of cells in
necrosis and late apoptosis induced by cisplatin.

Agmatine (8 mM) did not show a significant reduction of reactive
oxygen species in cisplatin-induced cytotoxicity.

. Agmatine (8 mM) significantly reduced apoptosis via the inhibition
of BCL2-associated X protein related to cisplatin-induced apoptosis.
Agmatine (8 mM) inhibited the expression of caspase 3 activity.

the cell proliferation and cytotoxicity assays. The House Ear Institute-
Organ of Corti 1 cells (2 x 10* cells/well in 48-well microplates) were
incubated with 2-20 mM agmatine for 48 hours. After incubation,
the culture medium was removed and replaced with a fresh culture
medium; subsequently, 10 pL of assay solution was added to each
well of the microplate, and the microplates were incubated for 2
hours at 33.8°C and in 10% CO, in the air. The optical density of the
contents of each well was measured at 450 nm by using a microplate
reader (Spectra Max, Molecular Devices, Sunnyvale, Calif, USA).

To examine the protective effect of agmatine against cisplatin-
induced cellular apoptosis, we co-treated the cells with 2-20 mM
agmatine and 15 puM cisplatin (a concentration that was shown to
result in a 50% decrease in cell viability in our previous studies) for
48 hours. After 48 hours of incubation, cell viability was measured by
using EZ-CYTOX.

Cell Proliferation Assay

To examine the cell proliferation effect of agmatine on HEI-OC1
cells, we used the 5-bromo-2-deoxyuridine (BrdU) cell proliferation
assay kit (Biovision, Milpitas, Calif, USA). For assay, HEI-OC1 cells (2
x 10* cells/well in 48-well microplates) were incubated with 8 mM
agmatine and 15 puM cisplatin for 48 hours. 5-bromo-2-deoxyuridine
was added to cell at 10 uL/mL in culture media. After cell incubation
for 1 hour, it was fixing and denaturing. Incubation was done with
the BrdU detection antibody for 1 hour and reacted with the anti-
mouse horseradish peroxidase (HRP)-linked antibody. After washing,
3,3’5,5"-tetramethylbenzidine (TMB) substrate was added to each
well for color development. To stop the color development, a stop
solution was added to each well. The plates were measured for absor-
bance at 450 nm using a microplate reader (SpectraMax, Molecular
Devices, Sunnyvale, Calif, USA).

Flow Cytometric Assay of Apoptosis

Annexin V-fluorescein isothiocyanate (FITC) (Ezway Annexin V-FITC
Apoptosis Detection Kit, Komabiotech, Seoul, Korea) was used to
determine the patterns of cellular apoptosis. The specific binding of
annexin V-FITC occurred during incubation of the cells for 15 minutes
atroom temperature in binding buffer containing annexin V-FITC and
propidium iodide (PI) at saturating concentrations. A minimum of 10
000 cells was analyzed by FACScan flow cytometry (BD Biosciences,
Heidelberg, Germany).

Intracellular ROS Measurement

The fluorescent dye, 2,7'-dichlorofluorescein diacetate (DCFH-DA,
Calbiochem, San Diego, Calif, USA), was used to measure the intracel-
lular ROS level. In the presence of oxidizing agents, DCFH was con-
verted to the highly fluorescent 2,7'-dichlorofluorescein (DCF). For
the analysis, HEI-OC1 cells were incubated in the dark with 50 pm
DCFH-DA for 30 minutes at 37°C. A FACScan flow cytometer was used
to analyze the fluorescence at an excitation wavelength of 495 nm
and an emission wavelength of 530 nm, with gating at 10 000 cells/
sample.

Western Blotting Analysis of BAX (Bcl-2-associated X Protein)

The primary antibodies (BAX (cat no. 2772), beta-actin (cat no. 4967))
were obtained from Cell Signaling Technology (Danvers, Mass,
USA). Cell lysates were resuspended in radioimmune precipitation
assay buffer, and equal amounts of protein (20 pg/sample) were



immediately heated at 100°C for 5 minutes and resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The isolated
proteins were transferred to nitrocellulose membranes, and Western
blotting was done using gel-loading and protein transfer system kits
(Bio-Rad, Hercules, Calif, USA). Non-specific binding to the membrane
was subsequently blocked by incubation with 5% skim milk in Tris
buffer solution containing 0.1% Tween (TBST). The membrane was
incubated in solutions of primary polyclonal antibodies prepared
at a final dilution of 1:1000. After 3 washes in TBST, the membranes
were incubated with peroxidase-conjugated secondary antibodies in
blocking buffer (final dilution, 1:2000) for 1 hour and then washed
again. A chemiluminescent solution was applied to the membranes
(ECL solution; Gendepot, Barker Tex, USA), and bound antibodies
were detected using the ChemiDOC touch imaging system (Bio-Rad,
Hercules, Calif, USA). The relative band densities were computed
using ImageJ software (Imagej.nih.gov/ij/index.html).

Measurement of Caspase-3 Activity

Caspase-3 activity was analyzed by using a caspase 3/CPP32 fluo-
rometric assay kit (Biovision, Milpitas, Calif, USA). The House Ear
Institute-Organ of Corti 1cell lysates were obtained by using a lysis
buffer on ice within 10 minutes and were centrifuged at 14 000 rpm
for 5 minutes. The protein concentration of each lysate was mea-
sured. The catalytic activity of caspase-3 in the cell lysates was deter-
mined by measuring the proteolytic cleavage of 50 mM DEVD-AFC
and fluorometric substrates at 37°C for 2 hours. Cell lysate mixture
incubated without DEVD-AFC was used as the negative control.
The plates were analyzed using a microplate reader with a 400 nm
excitation filter and a 505 nm emission filter (SpectraMax, Molecular
Devices, Sunnyvale, Calif, USA). Caspase-3 activity was measured
using a previously reported method.?

Statistical Analysis

All values are presented as the mean =+ standard deviation using the
Statistical Program for the Social Sciences 22.0 statistical program
(IBM SPSS Corp.; Armonk, NY, USA). The paired t-test was used to ana-
lyze data pairs, and P values < .05 indicated statistical significance.

RESULTS
Agmatine Significantly Inhibited Cisplatin-Induced Cytotoxicity
on HEI-OC1 Cells Without Cell Proliferation

The House Ear Institute-Organ of Corti 1 cells were co-treated with
2-20 mM agmatine for 48 hours and cell viability was measured by
the EZ-CYTOX assay. The maximal protective effect was observed for
10 mM agmatine, with significant protective effects relative to the
control were found from 8 and 10 mM agmatine (*P < .05; **P < .01;
***¥P < 001, respectively). Agmatine concentrations above 20 mM
resulted in lower cell viability than the control. The results were
obtained from 5 separate experiments, each performed in triplicate
(Figure 1A).

The protective effect of agmatine on cisplatin-induced cytotoxic-
ity in HEI-OC1 cells was measured. The House Ear Institute-Organ
of Corti 1 cells were co-treated with variable concentrations of
agmatine (2-10 mM) with 15 pM cisplatin for 48 hours. Agmatine
(6-10 mM) provided significant protection against the cytotoxic
effects of 15 UM cisplatin (vs. 50.1% + 3.7% viability in the cisplatin
group, ¥**P < .001, respectively) (Figure 1B). In normal conditions, the
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Figure 1. a-c. Effect of agmatine and cisplatin on HEI-OC1 cells. HEI-OC1,
House Ear Institute-Organ of Corti 1.

maximal protective effect occurred with 10 mM agmatine. However, in
the presence of cisplatin, the maximal protective effect was observed
from 8 mM agmatine. Thus, 8 mM was chosen as the ideal agmatine
concentration for the analysis of the protective effects against cispl-
atin-induced cytotoxicity. The results were obtained from 5 separate
experiments, each performed in triplicate (Figure 1C).

The cell proliferation effect of agmatine on HEI-OC1 cells was mea-
sured. In the cisplatin group, cell proliferation was decreased by
44.7% + 5.1% compared to that in the control group. Agmatine co-
treatment (8 mM) resulted in a reduction in cell proliferation, and
the difference was not statistically significant. (47.0% + 6.0% vs.
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Figure 2. Cell proliferation study of agmatine on HEI-OC1 cells. HEI-OC1, House Ear Institute-Organ of Corti 1.

44.7% + 5.1% decreases, respectively, compared with the control
group; P=.7 for the agmatine vs. cisplatin comparison) (Figure 2). It
was estimated that agmatine inhibits cisplatin-induced cytotoxicity
without cell proliferation. The results were obtained from 5 separate

experiments.

Representative microscopy images showed the protective effect of
agmatine against cisplatin-induced cytotoxicity in HEI-OC1 cells.
In the 8 mM agmatine group, a small level of cellular growth was
observed, similar to that in the control group (Figure 2A and 2B). In
the 15 uM cisplatin group, significant necrotic debris and a decreased
cell population were observed on the surface of the cell culture
(Figure 2C). Co-treatment with 8 mM agmatine resulted in cell sizes
within the normal range and a decrease in necrotic debris compared
to those in the cisplatin group (Figure 2D).

Agmatine Significantly Reduced the Proportion of Cells in
Necrosis and Late Apoptosis Induced by Cisplatin

Flow cytometric analysis was used to identify necrotic or late apop-
totic cells (Figure 3A). In both the control and 8 mM agmatine groups,

A control

B 8 mMAgmatine |

D 8 mMAgmatine
+ 15 pM Cisplatin

2 8 ) A g g L] 2PV S .
Figure 3. a-d. Representative microscopy images showing the protective
effects of agmatine against cisplatin-induced cytotoxicity in cultured auditory
cells.

the percentages of necrotic and late apoptotic cells were similar
(2.2% + 1.1% and 5.3% =+ 1.3% in the control group; 3.4% + 2.7% and
8.3% =+ 3.9% in the agmatine group). In the 15 pm cisplatin group,
significantly higher densities were observed for both necrosis and
late apoptosis areas (9.2% =+ 3.0% and 33.5 + 5.6%, respectively) than
in the control and agmatine groups (*P < .05). Agmatine treatment
significantly reduced both necrosis and late apoptosis (Figure 3B):
necrosis was reduced from 9.2% to 4.8% + 1.7% (*P < .05) and late
apoptosis was reduced from 33.5% to 21.3% + 4.9% (**P < .05). The
results were obtained from 5 separate experiments.

Agmatine Did Not Show Significant Reduction of ROS in Cisplatin-
Induced Cytotoxicity

To investigate the effects of agmatine on the intracellular ROS gen-
eration induced by cisplatin, HEI-OC1 cells were treated with 15
UM cisplatin in the presence or absence of 8 mM agmatine for 48
hours. Unlike the control group, the cisplatin group showed a sig-
nificant increase in ROS generation (2.75 + 0.27-fold, ***P < .001).
Co-treatment with 8 mM agmatine showed reduction in ROS, but it
did not show statistical significance as expected (2.56 + 0.28-fold vs.
2.75 + 0.27-fold increases, respectively, compared with the control
group; P=.3 for the agmatine vs. cisplatin comparison) (Figure 4). The
results were obtained from 5 separate experiments.

Agmatine Significantly Reduced Apoptosis Via the Inhibition of
BAX Related to Cisplatin-induced Apoptosis

BAX is a known pro-apoptotic protein in the mitochondrial apop-
tosis pathway. In the cisplatin group, the activity of BAX increased
compared to that in the control group (***P < .001). Co-treatment
of HEI-OC1 cells with 8 mM agmatine and cisplatin significantly
decreased the activity of BAX unlike cisplatin treatment alone (*P <
.05) (Figure 5).The results were obtained from 5 separate experiments.

Agmatine Inhibited the Expression of Caspase-3 Activity

Caspase-3 activity is involved in cisplatin-induced toxicity and is
related to the apoptotic changes that occur in cisplatin ototoxicity.
The administration of 15 pM cisplatin increased the activity of cas-
pase-3 (16.04 + 1.74-fold compared with control cells). Co-treatment
of HEI-OC1 cells with 8 mM agmatine and cisplatin significantly
reduced caspase-3 activity (9.68 + 0.78-fold compared with the
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normal control) compared to that in cells treated with cisplatin alone
(***P < .001) (Figure 6). The results were obtained from 5 separate
experiments.

DISCUSSION

To the best of our knowledge, this is the first study to investigate the
protective effects of agmatine on auditory cells. Our results showed
that agmatine exhibited protective effects at 8 and 10 mM. In addi-
tion, our results showed that 8 mM agmatine may confer effec-
tive protection against the cellular apoptosis induced by cisplatin.
Although 8 mM agmatine did not significantly reduce ROS, it was
found to inhibit cellular apoptosis via protective effects on the mito-
chondrial function of HEI-OC1 cells, as shown by the changes in BAX
expression and caspase-3 activity.

The various beneficial effects of agmatine on human health are doc-
umented.'® Agmatine is a natural product that was discovered more
than 100 years ago; however, research into this compound is con-
tinuing. The known clinical effects include neuroprotection, neu-
ropathic pain reduction, nerve regeneration, and antidepressant
and antioxidant effects.’® Therefore, although agmatine is currently
a compound of interest in the field of neuroscience, its potential
activities related to otology have not yet been explored. In previous
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studies, agmatine was shown to exert protective effects against cell
damage and cellular apoptosis in human neuroblastoma cells, hip-
pocampal neuronal cells, and retinal neuronal cells.'®#1%20 Although
this study investigated the protective effects of agmatine on audi-
tory cells, previous studies have mainly shown its protective effects
on neuronal cells. Thus, the authors expect that the protective effect
of agmatine on spiral ganglion neuronal cell will be determined in
future studies.

According to previous studies on the protective effect of agmatine
in other cell lines, a concentration of 250 nM-100 uM is required
to exert a protective effect.'%'"41920 The agmatine concentrations
used in this study (8 mM) were relatively higher than those used
in previous studies; however, this is presumed to be due to the dif-
ferent toxic agents and cell lines used. The authors will perform an
animal study to investigate the optimal dose required for protec-
tive effects in vivo. As mentioned above, agmatine did not reduce
the excess ROS induced by cisplatin in this study but was consid-
ered to protect auditory cells from apoptosis through a reduction in
the expression of BAX. Song et al*' reported that diphenyleneiodo-
nium reduced cellular apoptosis in kidney proximal tubular epithe-
lial cells without a reduction in ROS owing to the upregulation of
Bcl2. Cellular apoptosis was reduced by maintaining mitochondrial
membrane permeabilization through Bcl2 family regulation; the
results of our present study are considered to be similar to those
of that study.

A limitation of this study was that the experiments were performed
on an auditory cell line and were not in vivo experiments. Our results
confirmed that agmatine protected auditory cells against cisplatin-
induced cytotoxicity; however, this may not indicate definitively that
agmatine can protect against ototoxicity in humans. In the future,
we intend to investigate whether agmatine protects auditory cells
against cisplatin-induced cytotoxicity in vivo study.

CONCLUSION
Agmatine exerted significant protective effects against cisplatin-
induced cellular apoptosis in HEI-OC1 auditory cells. These effects

48hr

*k*

8 mM Agmatine 15 uM Cisplatin 8 mM Agmatine

+ 15 uM Cisplatin

were mediated by the protection of mitochondrial function and the
inhibition of apoptosis via the regulation of BAX.
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