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Objectives. Gentamicin (GM) is a commonly used aminoglycoside antibiotic that generates free oxygen radicals within the
inner ear, which can cause vestibulo-cochlear toxicity and permanent damage to the sensory hair cells and neurons.
Piper longum L. (PL) is a well-known spice and traditional medicine in Asia and Pacific islands, which has been re-
ported to exhibit a wide spectrum of activity, including antioxidant activity. In this study, we evaluated the effect of
hexane:ethanol (2:8) PL extract (subfraction of PL [SPL] extract) on GM-induced hair cell loss in basal, middle and

apical regions in a neonatal cochlea cultures.

Methods. The protective effects of SPL extract were measured by phalloidin staining of cultures from postnatal day 2-3
mice with GM-induced hair cell loss. The anti-apoptosis activity of SPL extract was measured using double labeling
by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and myosin-7a staining. The radical-scav-
enging activity of SPL extract was assessed using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay.

Results. SPL extract at a concentration of 1 pg/mL significantly inhibited GM-induced hair cell loss at basal and middle re-
gion of cochlea, while 5 pg/mL was effective against apical region hair cell loss. The protective effect of SPL extract was
concentration dependent and hair cells retained their stereocilia in explants treated with SPL extract prior to treat-
ment with 0.3 mM GM. SPL extract decreased GM-induced apoptosis of hair cells as assessed by TUNEL staining.
The outer hair and inner hair counts were not decreased in SPL extract treated groups in compare to GM treated ex-
plants. Additionally, SPL extract showed concentration dependent radical scavenging activity in a DPPH assay.

Conclusion. An anti-apoptosis effect and potent radical scavenger activity of SPL extract protects from GM-induced hair
cell loss at basal, middle and apical regions in neonatal cochlea cultures.
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INTRODUCTION

Aminoglycoside antibiotics, including gentamicin (GM), display
ototoxicity resulting in sensorineural hearing loss and dizziness
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[1]. Inner ear hair cells, which convert sound signals into electri-
cal impulses, are vulnerable to the damage caused by aminogly-
coside antibiotics [2]. Apoptosis is the predominant mode of in-
ner ear hair cell loss and reactive oxygen species (ROS) play an
important role in the process of apoptosis [3].

Several agents have shown protective effects on ototoxicity
by blocking the formation of ROS or scavenging ROS. These in-
clude vitamin E, a-lipoic acid, Ebselen and melatonin [2,4-6].
Various herbal extracts have been investigated as protective
agents against aminoglycoside-induced ototoxicity. These include
Ginkgo biloba, Gu Sui Bu and Tanshinone, a phenolic acid de-
rivative of Danshen [7-9].
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In a previous study, we showed that the ethanol extract of Pip-
er longum L. (PL) had a protective effect on GM-induced hair
cell loss in neonatal cochlea cultures [10]. The natural compound
is usually a complex mixture and subfractions from the crude
extract can show different biologic activities. Thus, we hypothe-
sized that subfractions of ethanol extract of PL. may have bio-
logic characteristics different from the total ethanol extract of
PL, and may show higher protective effect on GM-induced hair
cell loss in neonatal cochlea cultures.

To assess the hypothesis, subfractions of the ethanol extract of
PL were generated using various solvents and their anti-oxida-
tive effect and protective effect on GM-induced hair cell loss in
neonatal cochlea cultures were evaluated. In particular, we re-
port results from the subfraction generated using hexane:ethanol
(H:E) in a volume ratio of 2:8.

MATERIALS AND METHODS

Ethanol extract of PL

Authenticated PL was obtained from the Department of Phar-
macy, Dongguk University Ilsan Hospital. Dried fruit powder
was extracted twice in 10 volumes of 30% ethanol for 3 hours
at 85°C-90°C, and filtered with a 40 um filter. Ethanol was re-
moved in a vacuum at 60°C and the yield obtained was 4.7 %.
The extract was resuspended in phosphate buffered saline (PBS,
pH 7.2).

Subfractions of ethanol extract of PL

Subfractions of the ethanol extract of PL were extracted using
various combinations of hexane and ethanol for 3 hours at 85°C-
90°C, and filtered as described above. Solvent was removed in a
vacuum at 60°C. The subfraction generated using H:E in a vol-
ume ratio of 2:8 (subfraction of PL [SPL] extract) was assessed
for anti-oxidative effect and protective effect on GM-induced
hair cell loss in neonatal cochlea cultures.

Cochlea organotypic culture

Cochlea organotypic culture was made as described previously
[10]. All protocols were in accordance with the guidelines of the
Animal Care Ethics Committee of Dongguk University Ilsan
Hospital guidelines. ICR mouse (Koatech, Pyeongtaek, Korea)
pups were decapitated on postnatal day 4.The cochlea was care-
fully dissected as a flat-surface preparation of the organ of corti.
A drop of rat tail collagen (type 1, 3.86 mg/mL in 0.02 N acetic
acid; BD Biosciences, Franklin Lakes, NJ, USA), 10x basal me-
dium eagle (Sigma-Aldrich, St. Louis, MO, USA), and 2% sodi-
um carbonate at a 9:1:1 ratio was placed in a 35 mm-diameter
culture dish (Nunc, Rochester, NY, USA) and allowed to gel. Af-
terwards, 1 mL of serum-free Dulbecco’s modified Eagle’s medi-
um (Welgene, Daegu, Korea) supplemented with 1% N-1 sup-
plement (Sigma-Aldrich) and 50 U/mL penicillin G (Sigma-Al-

drich) was added. The organ of corti was gently pressed onto the
surface of the collagen gel with forceps and held in place by the
surface tension of the culture medium. Cochlea cultures were in-
cubated at 37°C in a humidified atmosphere of 5% CO, over
night and then exposed to a medium containing GM (0.3 mM)
for 24 hours. To evaluate the protective effect, the explants were
treated with SPL extract (0, 1, 5, and 10 pg/mL) for 1 hour, prior
to GM treatment for 24 hours.

Hair cell counts

After incubation for 24 hours, the cultures were fixed, permea-
bilized, and stained with Alexa Fluor 350 phalloidin (Invitrogen,
Carlsbad, CA, USA).The explants were then mounted on a slide
with Gel Mount Biomedia (Fisher Scientific, Waltham, MA, USA),
coverslipped, and examined with a DMIL microscope (Leica,
Jena, Germany). Each labeled hair cell cilia was counted in the
three outer hair cells (OHC) rows and one inner hair cell (IHC)
row. Cells were considered to be missing if there was a gap in
the normal geometric array and no stereocilia or cuticular plates
were apparent. The number of cells was counted over a distance
of 100 pum from five randomly selected fields for the basal, mid-
dle and apical turns of each explant. The average from five fields
was considered as a single sample, and typically 5-11 specimens
were evaluated for each condition.

TUNEL and myosin-7a double labeling

The anti-apoptosis effect was assessed with terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL). DNA
fragmentation was assessed in situ using a TUNEL staining kit
(Trevigen, Gaithersburg, MD, USA) as described by the manu-
facturer, with minor modifications. Fixed cochlea organotypic
cultures were placed in 0.01 M PBS for 10 minutes, and treated
with proteinase K solution for at least 15 minutes at room tem-
perature. After washing twice with deionized water for 2 min-
utes, each cultures was immersed in 1X TdT labeling buffer for
5 minutes. Cultures were incubated in TUNEL mix containing
50X TdT dNTP, 50X cation (Mg**), 50X TdT enzyme and 1X
TdT labeling buffer for 60 minutes at 37°C in a humidity cham-
ber. The reaction was terminated by washing in 1X TdT stop
buffer for 5 minutes. The cultures were washed in 0.01 M PBS-
Tween (PBS-T) and treated with Strep-Fluor solution for 30
minutes at room temperature in the dark, before being mounted
on glass with coverslips using fluorescence mounting medium.
Samples were viewed under a fluorescence microscope using a
495 nm filter. For myosin-7a labeling, the cultures were fixed,
permeabilized, and stained with myosin-7a rabbit polyclonal an-
tibody (1:300 dilution; Proteus BioSciences, Ramona, CA, USA)
followed by Alexa Fluor 594 donkey anti-rabbit IgG (1:500 dilu-
tion; Invitrogen). The explants were mounted on a slide with Gel
Mount Biomedia (Fisher Scientific), coverslipped, and examined
with a model DP70 fluorescence microscope (Olympus, Tokyo,
Japan). Five wells in a 96-well plate were used for each concen-
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tration. Results were obtained from three repeated experiments.

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

The evaluation of free radical scavenging activity was conduct-
ed.The SPL extract stock was diluted in 99 % ethanol to make 1,
5, 10 pg/mL concentrations respectively. DPPH (100 mM; Sig-
ma Aldrich) solution was prepared in 95% ethanol. The SPL ex-
tract was diluted twice in 50% ethanol and DPPH diluted 100-
fold in 95% ethanol (DPPH solution). A 0.5 mL volume of sam-
ple was mixed with 3.0 mL (1 mM) DPPH and allowed to stand
at room temperature for 30 minutes under light protection. The
absorbance was measured at 540 nm with spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA). The difference in ab-
sorbance between the test and the control was calculated and
expressed as percentage (%). The capability to scavenge the
DPPH radical was calculated by using the following equation:

1- Sample value-Blank
Control

Scavenging activity (%) =[ ] X100

Statistical analysis
The results data are expressed as mean*SD. A student ¢-test
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was used to determine the statistically significant differences be-
tween the groups. A P<0.05 was classified as significant.

RESULTS

Protective effect of SPL extract on GM-induced hair cell loss

Cochlear cultures from postnatal mice were incubated in medi-
um containing SPL extract at concentrations of 1, 5, and 10 pg/
mL for 1 hour, followed by GM (0.3 mM) treatment. Viable
phalloidin-labeled hair cells were counted after 24 hours. In GM
treated groups, the OHC and IHC counts were significantly de-
creased. No such decrease in the OHC and IHC were detected
in explants treated with SPL extract. The SPL extract at concen-
trations of 1 pg/mL and 5 pg/mL significantly (P<0.01) protect-
ed OHC and IHC, respectively, at the basal region of cochlea in
a dose dependent manner (Fig. 1A). Similarly, the SPL extract at
concentrations of 1 pg/mL and 5 pg/mL demonstrated a signifi-
cant (P<0.01) protective effect against GM-induced OHC and
IHC loss at the middle region of cochlea (Fig. 1B). SPL extract
at concentration of 5 pg/mL was significantly (P<0.01) protec-
tive for OHC and IHC of the apical part of cochleae (Fig. 1C).
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Fig. 1. Phalloidin labeled outer hair cell and inner hair cell
count. (A-C) show hair cell counts per 100 um length of
basal, middle and apical part of cochlea, respectively. Bun-
dles labeled with phalloidin strain were counted under a flu-
orescence microscope and are presented as the meant
SD. The hair cell count of a single sample was the average
of five fields, and 5-11 specimens were assessed for each
condition. The results were significant (*P<0.01, **P<0.005)
as compared with the gentamicin-alone group. IHC, inner
hair cell; OHC, outer hair cells; GM, gentamicin; PL, Piper
longum L.
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Fig. 2. Microscopic images of phalloidin labeled inner hair cell and
outer hair cell. All examples are from comparable basal, middle and
apical regions of explants. (A-C) depict basal, middle and apical re-
gion of explants of untreated group. (D-F) depict basal, middle and
apical region of gentamicin (GM; 0.3 mM) treated group. (G-I) de-
pict basal, middle and apical region of 1 pg subfraction of SPL ex-
tract and GM treated group. (J-L) depict basal, middle and apical
region of 5 ug SPL extract and GM treated group. (M-O) depict bas-
al, middle and apical region of 10 pg SPL extract and GM treated
group. GM, gentamicin; PL, Piper longum L.; SPL, subfraction of PL.
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Compared with untreated controls (Fig. 2A-C), GM severely
distorted the anatomy of the organ of corti in the GM-treated
group. In this group, hair cells were deformed and deranged, and
gaps were visible (Fig. 2D-F). The SPL extract was not toxic to
the cochlea and reduced GM-induced cytotoxicity (Fig. 2G-O);
the alignment of cells in the organ of corti was somewhat irregu-
lar, but hair cells retained their shape and stereocilia in SPL ex-
tract treated group (Fig. 2G-0). These results indicated that the
SPL extract was significantly protective against GM-induced
hair cell loss, and this protective effect was more significant on
the OHC than IHC. Among the basal, middle and apical regions
of the cochleae, the protective effect of SPL extract was more
significant on basal and middle hair cells than apical hair cells.

Anti-apoptotic activity of SPL extract

Apoptosis was evaluated by TUNEL assay, which stained DNA
fragments in the apoptotic cells and the hair cell loss was detect-
ed by myosin-7a labeling. In the untreated group, apoptotic cells
were absent and no decrease of OHC and IHC were detected
by TUNEL and myosin-7a double labeling (Fig. 3A-C). TUNEL-
positive (apoptotic) cells were found in the cochlear culture after
24 hours of 0.3 mM GM treatment (Fig. 3D-F). Myosin-7a label-
ing detected significant OHC and IHC loss in the basal, middle
and apical regions of the cochlea. Pretreatment of the explants
with SPL extract (1 pg/mL) significantly reduced the number of
TUNEL-positive cells (green fluorescence) and increased hair
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Fig. 3. Microscopic images of anti-myosin-7a (red) and TUNEL (green)
double-labeled P4 organ of corti explants. All examples are from
comparable basal, middle and apical regions of explants. (A-C) de-
pict control group explants. (D-F) show explants treated with genta-
micin (0.3 mM). (G-1) show explants treated with 1 pg/mL subfrac-
tion of SPL extract and GM. (J-L) show explants treated with 5 pg/
mL SPL extract and GM. (M-O) show explants treated with 10 pg/
mL SPL extract and GM. GM, gentamicin; PL, Piper longum L.; SPL,
subfraction of PL.
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Fig. 4. TUNEL-labeled outer hair cell (OHC) and inner hair cell (IHC)
count. The black bar and grey are representing total OHC and IHC
counts per 100 pm length of cochlear respectively. TUNEL-labeled
bundles were counted under a fluorescence microscope and are
presented as the mean+SD of OHCs and IHCs hair cells per 100
pm length of the cochlea. The hair cell count of a single sample was
the average of five fields, and 5-11 specimens were assessed for
each condition. The results were significant (*P<0.05) as compared
with the control group. GM, gentamicin; PL, Piper longum L.

cell count (red fluorescence) (Fig. 3G-I). The SPL extract at con-
centrations of 1-10 pg/mL significantly prevented GM-induced
apoptotic cell death of both IHCs and OHCs. TUNEL-positive
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Fig. 5. Radical scavenging activity of subfraction of Pjper longum L.
(SPL) extract. The percentage increases in scavenging activity were
plotted against the concentration of SPL extract. The results were
significant at 1 pg/mL (*P<0.0001). Error bar representing the SD of
quadruplicate samples.

cells were significantly decreased in the explants exposed to
1-10 pg/mL of SPL extract (Fig. 3G-0O). The TUNEL labeled
OHC and IHC counts were significantly increased in explants
treated with 0.3 mM GM. When the explants were treated with
the SPL extract prior to GM treatment, the OHC and IHC
counts decreased. The anti-apoptosis effect of SPL extract was
dose dependent (Fig. 4). At concentration of 5 pg/mL and above,
the SPL extract significantly (P<0.05) protected OHC and IHC
against GM induced apoptosis and hair cell loss. These results
demonstrated the protection conferred by SPL extract on OHC
and IHC against GM-induced hair cell loss, and the significant
concentration dependent anti-apoptosis activity of the extract.

Radical-scavenging activity of SPL extract

The radical scavenging activity of SPL extract was detected by
DPPH assay. A concentration dependent increase in scavenging
activity of SPL extract was evident. The percentage scavenging
activity of SPL extract was significantly (P<0.05) increased at
concentrations =1 pg/mL compared with control (Fig. 5). The
scavenging activity of 1, 5, and 10 pg/mL of SPL extract was
25.65%,48.59%, and 60% respectively.

DISCUSSION

This study investigated the protective effects of subfraction of
ethanol extract of PL on GM-induced hair cell loss in neonatal
mouse cochleae cultures. A subfraction of the ethanol extract of
PL displayed an anti-oxidative effect in a dose-dependent man-
ner, and protected against GM-induced hair cells loss in the co-
chleae due to anti-apoptotic activity. Moreover, compared with
our previous study [10], hair cell death was protected at a lower

concentration (1 pg/mL). The subfraction of ethanol extract of
PL possessed more potent anti-oxidative and anti-apoptotic ac-
tivities than the ethanol extract of PL.

GM is a widely used aminoglycoside antibiotic. However, the
clinical utility of aminoglycosides like GM is limited by the po-
tential for ototoxicity and nephrotoxicity [11]. GM can induce
hearing loss and balance disturbance due to the destruction of
inner ear hair cells [12]. Apoptosis is known as the predominant
mode of hair cell loss in ototoxicity and ROS play an important
role as a promoter of apoptosis [3]. Aminoglycosides such as
GM can form complexes with iron [1] that then react with un-
saturated fatty acids to form superoxide (O2) radicals and lipid
peroxides [13]. Typically, O2 is converted to hydrogen peroxide
by superoxide dismutase and is detoxified into water and oxy-
gen by catalase. However, in highly oxidative conditions, endog-
enous antioxidant pathways can become overwhelmed and free
oxygen radicals can become abundant [14,15]. Aminoglycosides,
such as GM, can activate inducible nitric oxide synthase in inner
ear tissues, triggering an increase in nitric oxide [6]. Under these
conditions, O2 free radical can react with available nitric oxide
to form the destructive peroxynitrite radical or it can directly
initiate hair cell death.

Hair cell protection is an important target for preventing GM-
induced ototoxicity. The common signaling pathways involved
in GM-induced ototoxicity are ROS production and apoptosis.
Thus, many drugs have been evaluated for hair cell protection
from GM-induced ototoxicity by virtue of their prevention of
the overproduction of ROS and decreasing apoptosis [10,16-19].
These compounds include iron chelators such desferoxamine
and dihydroxybenzoate [20,21] as well as antioxidants such as
lipoic acid, a-tocopherol, ebselen, D-methionine, salicylates, and
traditional medicines [22]. PL is a well-known traditional medi-
cine in Asia and the Pacific Islands.

PL exhibits a wide spectrum of biologic activities that include
anti-amoebic, anti-giardial, immunostimulatory, anti-ulcer, anti-
oxidative and anti-inflammatory activities [23]. The major chemi-
cal constituents of the PL are volatile oil, resin and alkaloids viz.
piperine, piperlongumine and piperlonguminine [24]. Piperine
an alkaloid is the major component of Piper longum that pos-
sess antioxidant potential against free radical-induced oxidative
damage [25,26].

Recently, we reported that the ethanol extract of PL protects
against GM-induced hair cell loss [10]. In this previous study,
the ethanol extract of PL at concentration of 5 mg/mL was ef-
fective against GM-induced OHC and THC loss of basal and api-
cal region. Here, our results demonstrate that the SPL extract
when applied in concentrations as low as 1 pg/mL significantly
protects against GM-induced ototoxicity. Moreover, compared
with the previously reported extract, enhanced ant-oxidative ac-
tivity of SPL extract was evident. The main reason for the more
potent activity is likely that PL contains polyphenols, whose
quantity and quality enhanced in sub-fraction extracted with
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hexane and ethanol. Furthermore, PL extracted with different
solvents showed different biological activity [27-30]. This implies
that by optimizing the extraction process, the biologic activity
of the natural compound could be enhanced.

In conclusions, SPL extract possessed potent anti-apoptosis
effect and potent radical scavenger activity that protects GM-in-
duced hair cells in the basal, middle and apical regions in neona-
tal cochlea culture.
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