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Piper longum L. (PL), also as known as long pepper, a well-known spice and traditional medicine in Asia
and Pacific islands, has been reported to exhibit wide spectrum activity including antioxidant activity. How-
ever, little information is available on its protective effect on gentamicin (GM) induced ototoxicity which is
commonly regarded as being mediated by reactive oxygen species and reactive nitrogen species. This
study was undertaken to investigate the protective effect of PL ethanol extract on gentamicin-induced hair
cell loss in neonatal cochlea cultures. Cochlea cultures from postnatal day 2—3 mice were used for anal-
ysis of the protective effects of PL against gentamicin-induced hair cell loss by phalloidin staining. E. coli
cultures were used to determine whether PL interferes with the antibiotic activity of GM. Nitric oxide (NO)-
scavenging activity of PL was also measured in vitro. GM induced significant dose-dependent hair cell loss
in cochlea cultures. However, without interfering with the antibiotic activity of GM, PL showed a significant
and concentration-dependent protective effect against GM-induced hair cell loss, and hair cells retained
their stereocilia well. In addition, PL expressed direct scavenging activity toward NO radical liberated within
solution of sodium nitroprusside. These findings demonstrate the protective effect of PL on GM-induced
hair cell loss in neonatal cochlea cultures, and suggest that it might be of therapeutic benefit for treatment

of GM-induced ototoxicity.

1. Introduction

Gentamicin (GM) is a widely used aminoglycoside antibiotic.
However the clinical usefulness of aminoglycosides is limited by
their ototoxicity and nephrotoxicity (Forge and Schacht 2000).
GM can induce hearing loss due to destruction of inner ear hair
cells (Theopold 1977). Hair cells are auditory receptor cells
that convert sound signals into electrical impulses (Hudspeth
1989). Many studies have reported that GM-induced ototoxic-
ity is commonly regarded as being mediated by reactive oxygen
species (ROS) and reactive nitrogen species (Heinrich et al.
2008; Lopez-Gonzalez et al. 1998; Wu et al. 2002). Overproduc-
tion of ROS triggers the signaling pathways of cellular apoptosis,
resulting in inner ear damage. In addition, GM also enhances for-
mation of nitric oxide (NO) in the inner ear through regulation
of inducible NO synthase (iNOS) expression and later forms
destructive peroxynitrite with ROS (Takumida and Anniko
2001). Several agents that scavenge ROS or block their forma-
tion (McFadden et al. 2003; Sha and Schacht 2000; Wang et al.
2003a) or reduce apoptosis via inhibition of various stages of the
cell death pathway have been proposed for protection of the inner
ear (Bodmer et al. 2002; Wang et al. 2003b; Ylikoski et al. 2002).
Piper longum L. (PL), also as known as long pepper, is used as
a spice by people all over the world. For centuries now, people
in the Mediterranean region, India, Africa and Indonesia have
been using this spice, not just because of its taste, but also for the
various benefits as a traditional medicine particularly in Indian
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medicine and Chinese traditional medicine (Shoba et al. 1998).
The benefits of PL fruits have been advocated in treatment of
diseases and ailments such as gonorrhea, menstrual pain, tuber-
culosis, sleeping problems, respiratory tract infections, chronic
intestinal pain, and certain forms of arthritis (Choi and Hwang
2003; Ghoshal et al. 1996; Mata et al. 2004). Other beneficial
effects of PL include analgesic and diuretic effects, relaxation of
muscle tension, and alleviation of anxiety (Das et al. 1996; Ved-
hanayaki et al. 2003). The chemical constituents present in the
ethanol extract include piperine, pipalartene, piperlongumine,
volatile oils, starch, resins, gum, fatty oils and inorganic matter
(Jalapure 2003). Previous studies have shown that the ethanol
extract of PL showed significant protection against oxidative
stress by virtue of its antioxidant activity (Thomas et al. 2009;
Wakade et al. 2008). Hence, PL shows promise in ameliora-
tion of GM-induced ototoxicity. To our knowledge, a protective
effect of PL against GM-induced hair cell loss has never been
reported. Therefore, we investigated its preventive effect and
possible mechanism in GM-treated neonatal cochlea cultures.

2. Investigations and results
2.1. GM induces hair cell damage

Organotypic cultures of cochlea isolated from postnatal mice
were incubated in the medium with addition of 0.1-1 mM GM
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Fig. 1: Dose dependent cytotoxicity of GM on hair cells of postnatal mice cochlear cultures. Cochleae were cultured for 24 h in various concentrations of GM. Hair cells labeled
with Alexa Fluor 350 phalloidin were counted under a fluorescence microscope. (A) Mean number (£ SE) of IHCs, OHCs and total hair cells per 100 wm length of the
basal and middle turn of the cochlea (*p <0.05 as compared with the untreated group). Representative photographs of each group are demonstrated as follows: (B) control
explant without GM; (C) explants exposed to 0.1 mM GM; (D) explants exposed to 0.3 mM GM; (E) explants exposed to 1 mM GM. GM: gentamicin

for 24 h. In the control group, three rows of outer hair cells and
one row were preserved (Fig. 1B). In the GM-treated group,
viable hair cells showed a decrease in number (Fig. 1A), and
they also lost normal contour and alignment (Fig. 1C~E). The
average hair cell count showed a significant decline in the mid-
dle and basal turns. Because significant hair cell loss of the
mouse cochlea occurred in the 0.3 mM GM group, this concen-
tration was used to evaluate the effect of PL on GM-induced
ototoxicity.

2.2. Ethanol extract of PL protects against GM-induced
hair cell loss

Cochlear cultures of postnatal mice were incubated in the
medium containing ethanol extract of PL at concentrations of
1.25, 5 and 10mg/ml with 0.3 mM GM. Viable phalloidin-
labeled hair cells were counted after 24 h. Compared with
untreated controls (Fig. 2B), GM induced severe distortion of the
anatomy of the organ of Corti in the GM-only group (Fig. 2C).
Ethanol extract of PL was not toxic to the cochlea (Fig. 3) and
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Fig. 2: Protective effect of PL against GM-induced hair cell loss in organotypic cochlear cultures of postnatal mice. (A) Quantitative analysis of the protective effect of ethanol
extract of Piper longum L. (PL) on hair cells against GM (0.3 mM) at different concentrations in cultures maintained for 24 h. Hair cells labeled with Alexa Fluor 350
phalloidin were counted under a confocal microscope and are presented as the mean number (+ SE) of IHCs, OHCs and total hair cells per 100 m length of the basal and
middle turn of the cochlea (“p <0.05 as compared with the untreated group; *p <0.05 as compared with the GM-only group). Representative photographs of each group
are presented as follows: (B) control explant without any treatment; (C) explants exposed to 0.3 mM GM; (D) explants exposed to 0.3 mM GM and PL (1.25 mg/ml); (E)
explants exposed to 0.3 mM GM and PL (5 mg/ml); (F) explants exposed to 0.3 mM GM and PL (10 mg/ml). GM: gentamicin; PL: ethanol extract of Piper longum L
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Fig. 3: PL alone had no adverse effects on hair cell survival in organotypic cochlear
cultures of postnatal mice. Cochleae were cultured for 24 h in various
concentrations of PL (1.25, 5, and 10 mg/ml). Hair cells labeled with Alexa
Fluor 350 phalloidin were counted under a fluorescence microscope. Mean
number (+ SE) of IHCs, OHCs and total hair cells per 100 wm length of the
basal and middle turn of the cochlea

reduced GM-induced ototoxicity (Fig. 2E~F); the alignment of
cells in the organ of Corti was somewhat irregular; however, hair
cells retained their shape and stereocilia (Fig. 2E~F). The pre-
ventive effect was dose-dependent (1.25~5 mg/ml) (Fig. 2A).
Five miligram per mililiter of PL provided effective protection
against GM (Fig. 2E).

2.3. Ethanol extract of PL doses not interfere with the
antibiotic activity of GM

To determine whether PL interferes with the antibiotic activ-
ity of GM, we performed experiments with E. coli cultures.
Because the number of E. coli cells is proportional to the OD
of the cultures, measurement of OD (at 600 nm) of E. coli cul-
tures with a spectrometer is a good way to reflect the growth
of bacteria and the antibiotic activity of GM. When E. coli cul-
tures were maintained at 37 °C overnight, the growth of E. coli
was evident. When GM concentrations were above 30 uM, all
bacteria were killed (Fig. 4). If GM concentrations were below
0.3 wM, bacterial growth was not inhibited. Co-treatment wih
PL and 0.3 mM GM (the same concentrations as those used in
the cochlear explant cultures) also killed all bacteria. As shown
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Fig. 5: OD (600 nm) readings of E.coli cultures after exposure to 5 mg/ml ethanol
extract of Piper longum L. (PL), 0.3 mM gentamicin (GM), or both for 24 h.
Triplicate cultures were performed for each experimental group, and the
mean OD reading for each group is plotted.

inFig. 5, OD readings of the cultures co-treated with PL and GM
were essentially the same as those of cultures treated with GM
alone. Thus, these results demonstrate that PL does not interfere
with the antibiotic activity of GM.

2.4. NO-Scavenging activity of ethanol extract of PL

A release of NO from SNP and held on light and room tem-
perature was time- and dose-dependent (Fig. 6). Co-incubation
of SNP with PL resulted in a dose-dependent decrease of the
level of nitrite, in comparison with nitrite levels obtained when
SNP was dissolved alone. For the three lines, ECs, values were
approximately 10 mg/ml.
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Fig. 4: OD (600 nm) readings of E.coli cultures after exposure to various
concentrations of GM for 24 h. Triplicate cultures were performed for each
experimental group, and the mean OD readings for each group are plotted.
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Fig. 6: Effect of PL on nitrite levels in SNP solution after incubation periods of 30,
60, and 120 min. SNP solution (5 mM) was incubated alone or in
combination with different concentrations of PL (0.31~5 mg/ml) on light at
room temperature and nitrite levels were estimated after 30, 60, and 120 min
using Greiss reagent. Points represent means from four replicates. Standard
error mean was 1-5%. PL: ethanol extract of Piper longum L
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3. Discussion

PL, a well-known traditional medicine in Asia and the Pacific
Islands, has been reported to exhibit wide spectrum activity. We
hypothesized that PL might be useful by virtue of its antioxi-
dant activity if applied to patients with ototoxicity induced by
GM. In the present study, an ethanol extract of PL alone had no
adverse effects on hair cell survival. Combination of PL with
GM resulted in attenuated GM-induced hair cell loss. Addition
of 5 and 10 mg/ml PL resulted in enhanced OHC survival by
82% and 136% in cochlea cultured with 0.3 mM GM, respec-
tively. Meanwhile, PL appears not to interfere with the antibiotic
activity of GM and showed NO-scavenging activity in vitro.
Aminoglycoside antibiotics, including GM, are widely used
clinically in treatment of bacterial infections. Unfortunately,
their side effects on the kidney and inner ear remain a prob-
lem. The finding that PL can protect hair cells from GM insult
but does not interfere with the antibiotic activity of GM sug-
gests that PL. may be of therapeutic value in prevention of
aminoglycoside-induced hearing loss.
Aminoglycoside-induced ototoxicity progresses from high to
low frequencies with increases in dose or duration of treat-
ment (Tablan et al. 1984). Hair cell loss begins in the basal,
high-frequency region of the cochlea and progresses towards
the apex, consistent with the pattern of hearing loss. Therefore,
we counted the number of hair cells from the basilar membrane
for the basal and middle turn segments of each organ of Corti
explants. While the protective effect of PL against GM-induced
hair cell loss appears to be quite potent in vitro in P3 cochlear
cultures, it remains to be seen whether it is efficacious in vivo
in adult mammals.

Aminoglycosides such as GM can react with iron to generate
ROS within the inner ear, with permanent damage to hair cells
and neurons (Choung et al. 2009; Rybak and Ramkumar 2007).
ROS are believed to promote apoptotic and necrotic cell death.
One signaling pathway activated by aminoglycosides via ROS is
the c-Jun N-terminal kinase (JNK) pathway, which contributes
to cell apoptosis (Davis 2000). One of the downstream targets
of the JNK is the transcription factor, activating protein-1, of
which the main component was found to be the c-Fos protein
(Albinger-Hegyi et al. 2006).

Overproduction of ROS was suggested as an initial step in
triggering apoptotic pathways, resulting in cell death due to
aminoglycoside-induced ototoxicity. Methods of blocking ROS
in the cochlea under in vitro or in vivo aminoglycoside expo-
sure have been demonstrated in many studies (Rizzi and Hirose
2007; Rybak and Ramkumar 2007). NO is also involved in GM
ototoxicity. Peroxynitrite, formed by NO together with super-
oxide, is more reactive and toxic and plays an important role in
GM-induced ototoxicity (Takumida et al. 1999). Recent in vivo
studies have shown that GM is capable of inducing up-regulation
of iNOS (Liu et al. 2008) and endothelial NO synthase (Heinrich
et al. 2006) expression in the cochlea of guinea pigs. Heinrich
et al. (2008) discovered the correlation between hearing thresh-
old shift and NO production in the cochlea and concluded that
increased NO contributed to GM-induced hearing loss. In this
work, we found that PL in SNP solution induced a decrease
in levels of nitrite, a stable oxidation product of NO liberated
from SNP. Therefore, these findings suggest that PL possesses
the ability to antagonize GM-induced ototoxicity, possibly via
inhibition of ROS and NO formation.

The present report demonstrates a novel property of the extract
from Piper longum L., indicating an otoprotective activity. PL
appears not to interfere with the antibiotic activity of GM and
showed NO-scavenging activity in vitro. On these bases, we con-
clude that the PL extract can represent a valuable tool for use
in prevention of GM ototoxic side effects, and can be proposed
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for further investigations, for identification of specific compo-
nents involved in otoprotection and development of a suitable
intervention scheme against GM side effects.

4. Experimental
4.1. Ethanol extract of PL

Authenticated Piper longum L. 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 h at 85~90 °C, and filtered with
40 pm filter. Ethanol was removed in a vacuum at 60°C and the yield
obtained was 4.7%. The extract was resuspended in PBS (pH 7.2).

4.2. Antibiotic activity test in Escherichia coli (E. coli) cultures

To examine the antibiotic activity of GM, 2 .l of E. coli stock was incubated
in culture tubes with 2ml of LB broth culture medium (Sigma, S. Louis,
MO, USA). GM (Sigma, S. Louis, MO, USA) was added to some of the
E. coli cultures either alone or together with PL at the beginning of culture.
Cultures were incubated at 37 °C overnight and the optical density (OD)
of the cultures was measured with a spectrometer at 600 nm. Data were
collected from duplicate cultures and the mean OD readings from each
group were plotted.

4.3. Cochlea organotypic culture

Cochlea organotypic culture was performed as described previously (Cor-
bacella et al. 2004). All protocols were performed in accordance with the
guidelines of the Animal Care Ethics Committee of Dongguk University
Ilsan Hospital and NIH guidelines. Every effort was made to minimize
the number of animals required to provide explants for this study and to
minimize any suffering. ICR mouse (Koatech laboratory animal company,
Gyeonggi, Korea) pups were decapitated on postnatal day 2—-3 (P2-3). The
cochlea was carefully dissected as a flat-surface preparation of the organ of
Corti. A drop of rat tail collagen (Type 1, BD Biosciences, USA, 3.86 mg/ml
in 0.02N acetic acid, 10x basal medium Eagle (Sigma, S. Louis, MO,
USA), 2% sodium carbonate; 9:1:1 ration) was placed in a 35 mm culture
dish (Nunc, Thermo, Waltham, MA, USA) and allowed to gel. Afterwards,
1 ml of serum-free Dulbecco’s modified Eagle’s medium (DMEM, Wel-
gene, Daegu, Korea) supplemented with N-1 supplement (1%, Sigma, S.
Louis, MO, USA) and penicillin G (50 U/mL, Sigma, S. Louis, MO, USA)
were added to the culture dish. The organ of Corti was gently pressed on
to the surface of the collagen gel with forceps and held in place by the
surface tension of the culture medium. Cochlea cultures were incubated at
37°C in a humidified atmosphere of 5% CO; overnight and then exposed
to a medium containing specific concentrations of GM (0.1 0.3, and 1 mM,
Sigma, S. Louis, MO, USA), ethanol extract of PL (1.25, 5 and 10 mg/ml),
or a combination of the two for 24 h.

4.4. Hair cell counts

At the end of the experiment, the cultures were fixed, permeabilized, and
stained with Alexa Fluor 350 phalloidin (Molecular Probes, 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 fluorescence microscope (Olympus DP70, Tokyo, Japan).
Each labeled hair cell was counted in the three OHC rows and one THC row.
Cells were considered missing, if there was a gap in the normal geometric
array and no stereocilia or cuticular plates were observed. The number of
cells was counted over a distance of 100 wm from five randomly selected
fields of basilar membrane for the basal and middle turn segments of each
organ of Corti explant. The average of hair cell counts from five fields was
considered as a single sample, and typically 5-11 specimens were evaluated
for each condition. The means and standard errors of the mean (SE) were
calculated for all parameters measured. One way-ANOVA followed by a
LSD post hoc test was used for comparison of hair cell damage between the
experimental groups by SPSS 11.5.

4.5. NO-Scavenging

NO-scavenging activity was measured spectrophotometrically (Mirkov et al.
2004). Sodium nitroprusside (SNP, 5 mM) in phosphate buffer saline was
mixed with different concentrations of ethanol extract of PL (1.25, 5 and
10 mg/ml). SNP is an inorganic complex where NO is found as NO* and
light irradiation is necessary for release of NO. Therefore, incubation mix-
tures were incubated on light, at room temperature, and nitrite levels were
determined exactly after 30, 60, and 120 min. For nitrite measurements,
130 pl of the incubated solution were removed and diluted with 10 wl of
Griess reagent (1% sulfanilamide, 2% phosphoric acid, and 0.1% naphthyl
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ethelene diamine dihydrochloride). Absorbance of the chromophore formed
during diazotization of the nitrite with sulphanilamide and subsequent cou-
pling with naphthylethelene diamine was measured at 548 nm along with a
control. Sodium nitrite was used as a standard.
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