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a b s t r a c t

It has been shown that molecular hydrogen acts as a therapeutic and preventive antioxidant by selectively
reducing the hydroxyl radical, the most cytotoxic of the reactive oxygen species. In the present study, we
tested the hypothesis that acoustic damage in guinea pigs can be attenuated by the consumption of molec-
ular hydrogen. Guinea pigs received normal water or hydrogen-rich water for 14 days before they were
exposed to 115 dB SPL 4-kHz octave band noise for 3 h. Animals in each group underwent measurements
eywords:
emporary threshold shift
xidative stress
ochlea
air cell

for auditory brainstem response (ABR) or distortion-product otoacoustic emissions (DPOAEs) before the
treatment (baseline) and immediately, 1, 3, 7, and 14 days after noise exposure. The ABR thresholds at
2 and 4 kHz were significantly better on post-noise days 1, 3, and 14 in hydrogen-treated animals when
compared to the normal water-treated controls. Compared to the controls, the hydrogen-treated animals
showed greater amplitude of DPOAE input/output growth functions during the recovery process, with
statistical significance detected on post-noise days 3 and 7. These findings suggest that hydrogen can

hair c
facilitate the recovery of

xposure to loud noise may cause sensorineural hearing loss that
an last for minutes, hours, days, or permanently, depending on the
arameters of the acoustic overstimulation and the subject’s sus-
eptibility to noise exposure. Noise-induced temporary threshold
hift (TTS) is a reversible elevation in hearing threshold that occurs
fter acoustic overstimulation. TTS can be an indicator of expo-
ures that lead to permanent hearing loss after multiple, cumulative
xposure events. Although the mechanisms underlying this phe-
omenon are not fully understood, it is widely accepted that direct
echanical damage and/or indirect metabolic alterations may be

nvolved. Most notably, the generation of reactive oxygen species
ROS) [12], which may serve as triggers for necrosis or apoptosis,
esults in damage to the cochlear hair cells and the subsequent
egeneration of auditory neurons. Thus, suitable antioxidants are
esired to protect against oxidative damage in the inner ear. Phar-
Please cite this article in press as: Y. Lin, et al., Hydrogen in drinking water
(2010), doi:10.1016/j.neulet.2010.09.064

acological agents effective against TTS may have a potential
linical role in the prophylaxis of acute acoustic damage. However,
ost antioxidants have difficulty reaching the cochlear hair cells

ecause of the blood–labyrinthine barrier.
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urgery, Faculty of Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo
13-8655, Japan.

E-mail address: tyamasoba-tky@umin.ac.jp (T. Yamasoba).

304-3940/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2010.09.064
ell function and attenuate noise-induced temporary hearing loss.
© 2010 Elsevier Ireland Ltd. All rights reserved.

Recent studies have revealed that molecular hydrogen mediates
beneficial effects in different systems as an optimal antioxi-
dant agent by selectively scavenging free hydroxyl radicals (•OH)
[23,25]. Inhaled hydrogen gas can prevent or reduce pathological
or biochemical changes in animal models of cerebral infarction
[23], neonatal hypoxia ischemia [4], hepatic injury [9], intesti-
nal ischemia injury [2], myocardial ischemia-reperfusion injury
[11], cisplatin-induced nephrotoxicity [19], polymicrobial sepsis
[26], and generalized inflammation [27]. Continuous consump-
tion of hydrogen water can also protect against intestinal ischemia
[29], neonatal hypoxia-ischemia [3], chronic allograft nephropathy
[5] and acute pancreatitis [6]. It has also been shown to reduce
atherosclerotic lesions in apolipoprotein E knock-out mice [24],
inactivate oxidative stress in the brain of Parkinson disease rodents
[7,8], and prevent stress-induced decline in learning and mem-
ory caused by chronic physical restraint [18]. Hydrogen-loaded eye
drops can also protect the retina from ischemia-reperfusion injury
[21]. A clinical study has shown that consuming hydrogen-rich
water improves lipid and glucose metabolism in type 2 diabetes
patients [14]. Furthermore, hydrogen-saturated culture medium
attenuates noise-induced hearing loss in guinea pigs, Neurosci. Lett.

can protect cochlear hair cells against antimycin A-induced oxida-
tive stress in vitro [16].

Because of permeability and few side effects of molecular
hydrogen, it is considered especially favorable as a component of
inner-ear medicine. In the present study, therefore, we tested the
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Fig. 1. Schedule of th

ypothesis that continuous consumption of hydrogen water could
ttenuate noise-induced TTS in guinea pigs.

Thirty-four male Hartley guinea pigs weighing 250–300 g were
sed. Since sex differences have been associated with differing
bility to detoxify ROS [13], only male guinea pigs were used.
ne day after arrival, their hearing was confirmed to be within

he normal range (within one standard deviation of the norma-
ive laboratory baseline) with auditory brainstem response (ABR)
r distortion product otoacoustic emissions (DPOAEs) measure-
ents (Fig. 1). After the first baseline hearing tests, animals were

andomly divided into normal water-treated and hydrogen water-
reated experimental groups (n = 17 in each group). Treatment and
ontrol solutions were administered orally with unlimited access
tarting 14 days before noise exposure. Each day, supersaturated
ydrogen water (Blue Mercury, Tokyo, Japan) was placed in a closed
lass vessel, which minimizes the leakage of hydrogen from the
ater and maintains the concentration to be greater than 0.4 mM

ne day later [24]. Weight gains and amounts of water consumed
ere measured daily. This study was reviewed and approved by

he Committee for Ethics in Animal Experiments of the University
f Tokyo and carried out under Japanese law and the Guidelines for
nimal Experiments of the University of Tokyo.

Fourteen days after starting, either normal or hydrogen water
reatments, the animals were subjected to a 3-h noise exposure
115 dB SPL, 4 kHz octave band noise) generated within a single-
alled, sound-deadened chamber as previously reported [28]. Two

eparately caged animals were tested simultaneously and allowed
o move freely during exposure. The sound chamber was fitted with
peakers driven by a noise generator and power amplifier. A 0.5-in.
ruel and Kjaer condenser microphone and a Fast Fourier Trans-

orm analyzer were used to measure and calibrate the sound level at
arious locations within the chamber to ensure stimulus uniformity
ithin ±1 dB.

To assess the effect of hydrogen water on TTS, 24 animals (n = 12
n each group) were subjected to ABR measurements immediately
Please cite this article in press as: Y. Lin, et al., Hydrogen in drinking water
(2010), doi:10.1016/j.neulet.2010.09.064

nd at 1, 3, 7, and 14 days after noise exposure. The method of
BR measurement has been described previously [15]. In brief, ani-
als were anesthetized intramuscularly with a mixture of xylazine

ydrochloride (10 mg/kg) and ketamine hydrochloride (40 mg/kg),
nd needle electrodes were placed subcutaneously at the vertex
eriment procedures.

(active electrode), beneath the pinna of the measured ear (reference
electrode), and beneath the opposite ear (ground). The stimulus
duration was 15 ms; the presentation rate, 11/s; the rise/fall time,
1 ms; and the frequencies, 2, 4, 8, and 16 kHz. Responses of 1024
sweeps were averaged at each intensity level. The sound intensity
was varied in 5 dB intervals at the intensities close to the thresh-
old, which was defined as the lowest intensity level that produced
a clear reproducible waveform peak 3 or 4. In general, amplitude
at threshold was approximately 0.1 �V.

Ten animals (n = 5 in each group) underwent DPOAE mea-
surement immediately and at 1, 3, 7, and 14 days after noise
exposure with an acoustic probe using the DP2000 DPOAE mea-
surement system version 3.0 (Starkey Laboratory, Eden Prairie, MN)
as described previously [20]. DP-grams comprised 2f1–f2 DPOAE
amplitudes as a function of f2. The stimulus paradigm used for
DPOAE input/output (I/O) growth function is constructed as fol-
lows [10]: two primary tones with a frequency ratio, f2/f1, of 1.2
were presented, with f2 in one-sixth-octave steps from 1 to 16 kHz.
At each frequency pair, primary levels of L2 were incremented in
5 dB steps from 40 to 70 dB SPL with an L1–L2 value of 10 dB. DPOAE
was defined to be present when its level exceeded that of the noise
floor by 3 dB.

The overall effects of the hydrogen treatment were examined
using a two-way factorial analysis of variance with Bonferroni post-
tests (SPSS software). p values of less than 0.05 were considered
to be statistically significant. Values are expressed as the mean
(standard deviation).

Weight gain and the amount of water consumed were not
statistically different between the 2 groups (data not shown).
Chronological alterations in the ABR threshold shifts at 2, 4, 8, and
16 kHz before and after noise exposure with the application of
hydrogen-rich or normal water are shown in Fig. 2. ABR thresholds
before noise exposure were essentially equivalent between the
2 groups. In normal water-treated controls, ABR thresholds were
moderately increased by approximately 45 dB at all frequencies
attenuates noise-induced hearing loss in guinea pigs, Neurosci. Lett.

immediately after noise exposure. Subsequently the ABR thresh-
olds showed gradual recovery, returning to pre-exposure baseline
thresholds 14 days later, indicating that the noise exposure induced
TTS. Hydrogen-treated animals showed similar but smaller ABR
threshold shifts after noise exposure, as compared to the controls.

dx.doi.org/10.1016/j.neulet.2010.09.064
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ig. 2. Thresholds of auditory brainstem response (mean ± S.D.) measured before, i
ormal water-treated controls and hydrogen-treated animals (n = 12 in each group)
ay for 2 kHz, 3rd day and 14th day for 4 kHz with Bonferroni post-tests (**p < 0.01,

he overall effect of hydrogen significantly attenuated the TTS
cross the measurement period for all the tested frequencies
p < 0.05). Compared to the controls, the hydrogen-treated animals
howed significantly smaller ABR thresholds at 2 kHz on day 1 day
fter noise exposure (p < 0.01) and at 4 kHz on day 3 and 14 after
oise exposure (p < 0.05).

Fig. 3 shows the mean DPOAE input/output (I/O) growth func-
ions at 16 kHz before and immediately, 1, 3, 7, and 14 days after
oise exposure. There was no statistically significant difference
etween the 2 groups considering the amplitude of DPOAE I/O func-
ion. Both the groups showed a severe decrease in DPOAE amplitude
mmediately after noise exposure. Compared to the controls, the
ydrogen-treated animals showed greater amplitudes during the
ecovery process. The overall effect of hydrogen water applica-
ion was statistically significant 3 and 7 days after noise exposure
p < 0.01), although both groups exhibited almost normal I/O func-
ion 14 days after noise exposure.

The present study showed that hydrogen attenuated noise-
nduced TTS and accelerated the recovery of DPOAE. It is likely
hat hydrogen facilitates the recovery of hearing function because
f its antioxidant property [1]. A previous in vitro study has
lso demonstrated the potential of hydrogen to protect both
he inner hair cells and outer hair cells from oxidant damage
nduced by different concentrations of antimycin A [16]. Incu-
ation with a hydrogen-saturated medium significantly reduced
OS generation and subsequent lipid peroxidation in the auditory
pithelia, leading to increased survival of hair cells. Hydrogen selec-
ively alleviates hydroxyl radicals (•OH) and peroxynitrite radical
ONOO−)-induced cytotoxicity without affecting other ROS, such
s superoxide (O2

•−), hydrogen peroxide (H2O2), or nitric oxide
NO•) [23]. Thus, it is unlikely that hydrogen disturbs metabolic
xidation–reduction reactions or disrupts ROS involved in cell sig-
Please cite this article in press as: Y. Lin, et al., Hydrogen in drinking water
(2010), doi:10.1016/j.neulet.2010.09.064

aling. This characteristic of hydrogen is advantageous in medical
reatments because the use of hydrogen should not cause serious
nwanted side effects.

In the current study, we did not examine the morphological
hanges in the cochlea because the abnormalities in ABR and DPOAE
iately after noise exposure and post-noise 1st day, 3rd days, 7th days, 14th days in
e is a statistical significance at all frequencies (two-way ANOVA) and post-noise 1st
.05).

measurements were minimal 14 days after noise exposure. The
physiological findings, however, suggest that the noise level used
in the current study induced only subtle morphological changes
such as bleb formation, but not severe degeneration such as apop-
tosis of the outer hair cells. No significant permanent morphological
changes have been shown in the hair cells in previous studies
using a similar protocol of noise exposure [22]. In contrast, it has
been shown that in guinea pigs, the afferent dendrites beneath
the inner hair cells become swollen immediately after exposure
to similar noise causing TTS [28]. Kujawa and Liberman [17] have
reported that acoustic overexposures causing moderate, but com-
pletely reversible threshold elevation leave cochlear sensory cells
intact but cause acute loss of the afferent nerve terminals and
delayed degeneration of the cochlear nerve in mice. Although the
difference of ABR thresholds immediately after noise was small
between hydrogen-treated animals and controls, therefore, it is
considered intriguing to examine if hydrogen attenuates such acute
and chronic changes of the neural elements.

The efficacy of any single antioxidant may be limited by several
factors, including limited access to cellular compartments, action
against only a few forms of ROS, interference with redox-based
signaling, or a tendency to throw innate ROS protections out of
balance [22]. Thus, despite its mild effect, molecular hydrogen is
still an optimal choice. It reacts only with the strongest oxidants.
Besides, it can penetrate biological membranes by gaseous rapid
diffusion and target organelles like the mitochondria and nucleus,
which makes it highly effective for reducing cytotoxic radicals. This
unique feature of molecular hydrogen is especially favorable for
drug delivery to the inner ear compared to other antioxidants,
because the blood–labyrinthine barrier blocks many therapeutic
compounds and does not allow them to reach cochlear hair cells.

The present study shows that hydrogen can promote hearing
attenuates noise-induced hearing loss in guinea pigs, Neurosci. Lett.

recovery from acoustic trauma-induced TTS and can attenuate TTS.
This improvement likely reflects hydrogen’s scavenging of detri-
mental ROS. Since hydrogen has already been used in humans
clinically to treat decompression sickness in divers with few or no
side effects, our findings reinforce the potential clinical utility of

dx.doi.org/10.1016/j.neulet.2010.09.064
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