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Abstract
Hearing loss encompasses both temporary and permanent deficits. If temporary threshold shift
(TTS) and permanent threshold shift (PTS) share common pathological mechanisms, then agents
that reduce PTS should also reduce TTS. Several antioxidant agents have reduced PTS in rodent
models; however, reductions in TTS have been inconsistent. This study first determined whether
dietary antioxidants (beta-carotene, and vitamins C and E) delivered in combination with
magnesium (Mg) reliably increase plasma concentrations of the active agents. Then, additional
manipulations tested the hypothesis that these nutrients reduce acute TTS insult in the first 24
hours following loud sound, as well as longer lasting changes in hearing measured up to 7 days
post-noise. Saline or nutrients were administered to guinea pigs prior to and after noise exposure.
Sound-evoked electrophysiological responses were measured before noise, with tests repeated 1-
hour post-noise, as well as 1-, 3-, 5-, and 7-days post-noise. All subjects showed significant
functional recovery; subjects treated with nutrients recovered more rapidly, and had better hearing
outcomes at early post-noise times as well as the final test time. Thus, this combination of
nutrients, which produced significant increases in plasma concentrations of vitamins C and E and
Mg, effectively reduced hearing loss at multiple post-noise times. These data suggest free radical
formation contributes to TTS as well as PTS insults, and suggest a potential opportunity to prevent
TTS in human populations.
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Introduction
Approximately 30 million American workers are exposed to hazardous levels of
occupational noise, making noise-induced hearing loss (NIHL) one of the most common
occupational diseases (1). Mechanical devices that attenuate sound coming into the ear
remain the best choice for reducing occupation-related NIHL, and NIHL that occurs during
other loud activities. However, it is increasingly clear that NIHL that occurs despite the use
of hearing protectors could perhaps be reduced by decreasing oxidative stress events in the
inner ear. Indeed, multiple agents that intervene in the oxidative stress pathway have been
shown to reduce noise-induced permanent threshold shift (PTS) in animal subjects. The role
of oxidative stress in NIHL and variety of antioxidant agents tested to date have been the
subject of several recent reviews (see 2, 3, 4), and other agents continue to emerge as
candidate therapeutics for reducing NIHL (5, 6).

Clinically significant reduction of human PTS is the ultimate clinical goal. Animal models
clearly show reduction of PTS with antioxidant nutrient combinations (7), glutathione
precursors such as D-methionine and N-acetylcysteine (NAC) (8–10), the glutathione
peroxidase mimetic ebselen (11, 12), the mineral magnesium (Mg) (13–18), and other
potential therapeutic agents such as calcium channel blockers, c-jun N-terminal kinase
(JNK) antagonists, and caspase-inhibitors (for review, see 4). Prevention of temporary
threshold shift (TTS) has also been considered a clinically appropriate target, and evidence
that robust (≥40 dB) TTS has long-term consequences is emerging from current studies
using the mouse as a model (19, 20). Given increasing emphasis on prevention of TTS, the
potential prevention of TTS in human subjects treated with NAC was evaluated in two
groups of students exposed to loud music (21, 22), as well as United States military recruits
undergoing weapons training (see 9 for description of study design). No statistically reliable
reductions in TTS were reported in these human studies. In contrast to the outcomes with
NAC, treatment with oral Mg (122 mg Mg, delivered as Mg aspartate), reliably reduced TTS
in human subjects exposed to 90 dB SL white noise for 10 min (23). Prevention of TTS in
human subjects is clearly of significant interest. Upcoming studies will determine the
potential for protection of the human inner ear using a proprietary ebselen formulation in a
military population (for description of trial design, see 24) and using a nutrient combination
in a population of students that use personal music players (for preliminary description of
exposure model, see 25, 26, 27).

In animal models, the data on antioxidant protection against TTS is more variable than that
for PTS. While NAC has effectively reduced PTS in noise-exposed guinea pigs (28, 29) and
chinchillas (delivered in combination with salicylate, see 30), effects on TTS have been
mixed. While some studies in animal models did show reductions of ~10 dB in TTS at early
post-noise times (31, 32), the human studies described above and other animal studies have
revealed minimal (29) or no (33) reduction in TTS with NAC treatment. D-methionine
similarly reduced PTS, but not TTS, in chinchillas and mice (10, 34), although reductions in
both PTS and TTS were reported in another study using guinea pigs (35). In contrast to
NAC and D-methionine, ebselen has provided robust protection against both TTS (in guinea
pigs) and PTS (in guinea pigs and rats) (12, 36–38). Mg, like ebselen, has reduced TTS (15,
39) as well as PTS (13–18), in guinea pig subjects, with level of protection varying both
with dose and the timing of treatment onset relative to the time of noise insult (for review
see 4).

In this study, we treated guinea pigs with doses of β-carotene, vitamin C, Trolox (a synthetic
analogue of vitamin E), and magnesium (Mg) that have been shown to effectively reduce
PTS with short treatment onset relative to the time of noise (treatment starting 1-hour pre-
noise, see 7). The onset and duration of Mg dosing is an important parameter. Le Prell et al.
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(7) failed to detect benefits of Mg in reducing NIHL when Mg was delivered starting 1 hour
pre-noise (2.85 mmol/kg MgSO4 s.c., 1-hr pre-noise plus once daily for 4 days post-noise;
each dose equivalent to 343 mg/kg). Sendowski et al. (40) similarly failed to detect benefits
with Mg in guinea pigs with treatement starting 1-hr post-noise (350 mg/kg MgSO4 s.c., 1-
hr post-noise plus once daily for 3 days, plus 3.7g MgCl2/l water × 1 wk). Given that the
benefits of Mg starting near the time of noise insult critically depend on the addition of
vitamins to the therapy (and that the effects of vitamin therapy starting near the time of noise
insult critically depend on Mg) (7), we did not include Mg only or vitamin only controls in
this study. Rather than address dose-response and or synergy among agents, which clearly
depends on timing of treatments relative to noise, the current investigation asked 2 questions
of immediate translational value: 1) what are the plasma levels achieved using a dose that
has been shown to reduce permanent NIHL, and 2) what effect does this treatment paradigm
have on temporary noise-induced threshold shift, given that these TTS models have emerged
as one potential paradigm for evaluating novel otoprotective drug agents in human subjects.
The current data are of immediate translational value, as they provide a starting point for
potential plasma levels to be targeted in human studies, and they provide confirmation that
TTS models may have some utility for evaluation of nutrient combinations in human
subjects.

We measured plasma concentrations of the active agents before and after dosing to estimate
plasma concentrations that might be required to achieve similarly robust protection in future
human studies. In a second group of guinea pigs treated using an identical dose paradigm,
we tested the hypothesis that these nutrients reduce the acute noise insult occurring in the
first 24 hours subsequent to loud sound, as well as hearing loss at later post-noise time
points up to 7 days post-noise. The effects of this nutrient combination at early post-noise
time points, during the period in which robust but reversible hearing loss is observed, have
not been described previously. Data from other groups of noise-exposed guinea pigs provide
little evidence for continued functional or morphological changes beyond post-noise day 7
(41), suggesting that hearing loss at this final test time provides a good estimate of PTS. As
robust reductions in PTS using this nutrient combination have been well-demonstrated (7,
42), the primary aim of this study was to determine the potential for reduced TTS, with the
achieved plasma levels measured as a guide for target therapeutic levels in human subjects.

In terms of clinical translation of animal data to humans, it is important to demonstrate
efficacy against TTS, first in animal models, and then in human models. There are some
cases of military noise exposure which result in PTS despite use of hearing protection, such
as the M16 firearm training period previously used by the Israeli army (43, 44; personnel
involved in those training exercises were randomized to Mg therapy or placebo control, and
hearing loss >25 dB was reduced from a rate of 25% of control ears to 11% of Mg-treated
ears). Access to such populations is difficult, and in general, it is not ethical to expose
humans to experimental noise levels sufficient to induce PTS. Although some work
environments eventually produce small levels of PTS, clinical trials to demonstrate
protection of workers in such environments will take years to conduct. On the other hand,
exposure to noise sufficient to produce TTS is common and controlled clinical trials can be
performed to evaluate reductions in degree of TTS and/or more rapid recovery of normal
hearing. Thus, it is critical to demonstrate that potential human treatments are effective in
animal models of TTS in order to translate the efficacy into clinical trials. This study
specifically evaluated a combination of β-carotene, vitamin C, Trolox® (a synthetic
analogue of vitamin E), and Mg for potential translation to human TTS models.
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Materials and Methods
Subject Group #1, Plasma Sampling and Analysis

To determine the plasma levels of the active agents, a pharmacokinetic study was conducted
under a contract with MPI Research (Mattawan, MI). Ten male albino guineas pigs (CRL;
HA) with a chronically implanted jugular vein cannula connected to a vascular access port
were obtained from Charles River Laboratories (weight: 471–504g). The experimental
protocol was reviewed and approved by MPI's IACUC. Of the eight animals included in the
study, six were randomized to receive a nutrient treatment. Treatment included 2.1 mg/kg β-
carotene delivered orally (p.o.) in vegetable oil (2.1 ml/kg volume), and vitamin C (71.4 mg/
kg ascorbic acid), Trolox® (26 mg/kg; Trolox® is a water soluble analog of vitamin E), and
Mg (2.85 mmol/kg magnesium sulfate) delivered subcutaneously (s.c.), as in a previous
investigation (7). The vitamin C, Trolox®, and Mg were delivered with a single, 6 ml/kg
injection. The other two subjects served as controls and were given an equivalent volume of
saline (6 ml/kg, s.c.) and vegetable oil (2.1 ml/kg, p.o.). All treatments were delivered once
daily for 5 days. The time at which the final day-5 dose was delivered was defined as time 0.
Blood samples were taken via the jugular venous access port at −48 and −24 hrs [relative to
the first (day 1) dose, for baseline measurements] and at 0.5, 1, 2, 4, 8, 12, 24 hrs after the
last (day 5) dose.

Blood samples (approximately 0.5 mL) were collected from the jugular vein cannula into
tubes containing lithium heparin and placed on ice. Following sample collection at each
interval, 0.5 ml Sodium Heparin for Injection, USP, was administered through the jugular
vein cannula to replace the volume of blood collected. The samples were centrifuged at 3 to
5°C at a speed of 1300 g for 10 minutes following completion of sample collection at each
interval. The resulting plasma was separated and placed into a cryotube. A 30 μL aliquot of
the plasma was removed and placed into a second cryotube. Then, 30 μL of a preservation
buffer containing 10% meta-phosphoric acid and 2 mg/mL dithiothreitol (DTT) was added
to the second cryotube and thoroughly mixed, to stabilize the ascorbic acid (vitamin C) in
the plasma. Both aliquots were stored at approximately −70°C and protected from light.

The plasma levels of the actives were analyzed by KAR BioAnalytical (Kalamazoo, MI). β-
carotene, retinol and vitamin C were analyzed using an HPLC System (Waters 2695) with
UV detection. Standard curves were generated from spiked plasma samples. The linear
ranges of detection were: β-carotene, 0.025 to 10.0 μg/mL; vitamin C, 1.67 to 83.3 μg/mL;
retinol, 0.10 to 10.0 μg/mL. Trolox® was separated using an HPLC System (Waters 2695)
and detected with a Micromass Quattro LC-MS/MS; linear detection range 0.42 to 16.7 μg/
mL. Mg was analyzed with Atomic Absorption Spectrometry (Varian SpectraAA 20) with a
linear range of 0.05 to 1.3 μg/mL.

Subject Group #2, Threshold Shift Post-Noise
Animals—A total of 31 pigmented male guinea pigs (250–300g; Elm Hill Breeding Labs,
Chelmsford, MA) were used in the noise-exposure study. As in earlier studies (7, 41), male
guinea pigs were selected based on sex differences in reactive oxygen species (ROS)
detoxification (45), activity of glutathione S-transferase in the cochlea (46), and gender-
based variation in susceptibility to NIHL (47). The experimental protocol was reviewed and
approved by the University Committee for the Care and Use of Animals (UCUCA) at the
University of Michigan, and all procedures conformed to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Surgical Procedure—All subjects underwent a single surgical intervention
approximately 1-week after arrival at the University of Michigan (range = 5–14 days; mean
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= 8 +/− 3 days). The surgical procedure was closely modeled after those we have described
previously (48, 49). Animals were anesthetized (29 mg/kg ketamine, 1.2 mg/kg xylazine, 0.6
mg/kg acepromazine), the bulla was exposed and gently opened using a post-auricular
approach, and then a sterile ball electrode (0.25 mm diameter, constructed of teflon-coated
platinum-iridium wire) was carefully placed on the round window membrane. A ground
wire was inserted into the middle ear via the defect in the bulla, and carboxylate cement
(Durelon, 3M/ESPE, St. Paul, MN) was used to seal the bulla defect and permanently fix
both the cannula and the electrodes in place. The opposing ends of the electrodes, soldered
to a two-pin connector (HSS-132-G2, Samtec Inc., New Albany, IN) prior to the onset of the
surgical procedure, were fixed to the skull using methyl methacrylate cement (Jet Repair
Acrylic, Lang Dental Manufacturing, Wheeling, IL). The post-auricular incision was then
sutured and the incision cleaned. The indwelling electrode was used during subsequent
sound-evoked electrophysiological testing. Subjects were allowed at least 1-week post-
surgery recovery time prior to the first electrophysiological tests.

Electrophysiological Testing: Compound Action Potential (CAP)—After
implanting the chronic electrode as described above, the sound-evoked whole-nerve
compound action potential (CAP) was measured. Baseline CAP tests were conducted at least
1-week post-surgery (range = 7 – 18 days; mean = 11 +/− 2 days). Prior to CAP tests, the
animals were anesthetized (29 mg/kg ketamine, 1.2 mg/kg xylazine, 0.6 mg/kg
acepromazine), and placed on a warm heating pad to maintain body temperature. Acoustic
stimuli were brief pure-tone stimuli (2, 4, 8, 16, 24, and 32 kHz) presented at levels ranging
from 5 to 90-dB SPL in 5–10 dB increments (5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, and 90
dB SPL). The 24 and 32 kHz test stimuli were included, given previous data suggesting
protection mediated by this nutrient combination may be greatest in the basal regions of the
cochlea (7). Acoustic signals were 5-msec in duration, with a 0.5-msec rise-fall time; signals
were presented at a rate of 10/sec with 128 repetitions per frequency/level combination.
Acoustic stimuli were generated using Tucker-Davis Technology (TDT; Alachua, FL)
System III hardware and SigGenRP software. Signals were converted to analog, attenuated
to set level (PA5), and presented using an EC1 transducer coupled to the animals' ear canal
via vinyl tubing. Brainstem potentials were acquired and digitally filtered (300–3000 Hz)
using BioSigRP (TDT).

CAP threshold was defined as the sound level that produced a 75-μV response (baseline-
N1); threshold estimates were determined using linear interpolation. All CAP scoring was
done by observers masked relative to subject treatment. Six animals were excluded from the
study as a consequence of hearing loss measured during baseline (post-surgery) tests. Post-
implant threshold sensitivity in those animals was elevated by 2–3 standard deviations
relative to the mean. Subjects with normal CAP threshold sensitivity were randomly
assigned to a treatment group, and the assigned treatment was initiated. One day later,
subjects were exposed to noise (octave band noise, centered at 4 kHz, 110 dB SPL × 4
hours, see below). At 1 hour, 1 day, 3 days, 5 days, and 7 days post-noise exposure, the CAP
tests were repeated.

Experimental groups—Implanted animals were assigned to receive control (n=9) or
nutrient treatments (n=16) as described for the subjects in the initial plasma collection study.
All test substances were purchased from Sigma-Aldrich (St. Louis, MO) (β-carotene,
#C9750, CAS 7235-40-7; L-threoascorbic acid, #A5960, CAS 50-81-7; Trolox®, Fluka
Chemika #56510, CAS 53188-07-1; magnesium sulfate, #M7506, CAS 7487-88-9). All
treatments were initiated 1 day prior to noise exposure and continued daily at 24-hour
intervals until day 5 post-noise, for a total of 6 days of treatment. The nutrient-treated
animals received the entire daily dose during one daily treatment (QD) (n=8), or as two
equal daily treatments (n=8), each providing 1/2 of the total daily dose of the active agents
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(BID). The BID treatments were separated by approximately 8 hours to possibly improve
the treatment efficacy. However, manipulating the dose delivery paradigm did not influence
the efficacy of the active agents on any measure of function (all p's>0.05) at any of the time
points sampled, and all treated animals were therefore combined into a single treated group
for the analyses in this report.

Noise exposure—Noise exposure was initiated 1-hour after the daily treatment (saline or
nutrients) was delivered; a time at which plasma nutrient levels were elevated (see results).
All subjects were exposed to octave-band noise (centered at 4 kHz, 110 dB SPL, 4 hours).
This noise exposure was explicitly selected to induce robust TTS (i.e., 40–60 dB) and
minimal PTS (i.e., less than 20 dB). Animals were exposed two at a time in separate cages in
a ventilated sound exposure chamber fitted with speakers (Model 2450H, JBL, Salt Lake
City, UT) driven by a noise generator (ME 60 graphic equalizer, Rane, Mukilteo, WA) and
power amplifier (HCA-1000 high current power amplifier, Parasound Products, San
Francisco, CA). Sound levels were calibrated (Type 2203 precision sound level meter, Type
4134 microphone, Brüel and Kjær Instruments, Norcross, GA) at multiple locations within
the sound chamber to ensure uniformity of the stimulus, using a fast Fourier transform
network analyzer with a linear scale. The stimulus intensity varied by a maximum of 3 dB
across measured sites within the exposure chamber. During noise exposure, noise levels
were monitored using a sound level meter, a pre-amplifier, and a condenser microphone
positioned in the center of the chamber at the level of the animal's head.

Histological examinations—On day 7, immediately after the final CAP measurement,
the animals were deeply anesthetized using an overdose of xylazine (1 ml delivered intra-
cardiac), then decapitated. The cochleae were immediately removed and transferred into 4%
paraformaldehyde in 0.1M phosphate-buffered saline (PBS, pH 7.4). Under a dissecting
microscope, the bone nearest the apex and the round and oval windows were opened,
followed by gentle local perfusion from the apex. The tissue was kept in fixative for 12
hours, then the bony capsule and the lateral wall tissues were removed, and the modiolar
core was carefully removed from the temporal bone. Following permeabilization with Triton
X-100 (0.3%, 30 min), the organ of Corti was stained for f-actin using rhodamine phalloidin
(1%, 60–120 min) to outline hair cells and their stereocilia (50). After washing the tissues
with PBS, the organ of Corti was dissected and surface preparations were mounted on glass
slides. The tissues were observed under fluorescence microscopy, and the number of
missing inner (IHC) and outer (OHC) hair cells were counted from the apex to the base in
0.19 mm segments (as described in 41). Counting was begun approximately 0.76–1.14 mm
from the apex, thus omitting the initial irregular most-apical part of the cochlear spiral.
Percentages of hair cell loss in each 0.19 mm length of tissue were plotted along the
cochlear length.

Statistical analysis—Pharmacokinetic (PK) parameters were calculated by PharmOptima
(Portage, MI) using the plasma-level test results and Excel (Microsoft) and PK solutions
(Summit Research) software. These included maximum plasma concentration (Cmax), half
life (t½), and area under the concentration time curve (AUC). All statistical comparisons of
the CAP thresholds and hair cell counts were performed using SPSS for Windows (version
16.0). Threshold data were compared using repeated measure Analysis of Variance
(ANOVA) tests. Repeated measures ANOVA require sphericity (equality of the variances)
for the different levels of the repeated measures factors; Mauchly's Test of Sphericity was
used to confirm sphericity. When the significance level of Mauchly's tests were less than
0.05, indicating that sphericity cannot be assumed, the Greenhouse-Geisser correction for
sphericity was applied.
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Results
Plasma Levels

As shown in Figure 1, plasma levels for vitamin C (1A), Trolox® (1B), and Mg (1C)
increased after daily injections. Time 0 was defined as the time at which the final day 5 dose
was delivered, and samples collected after the final treatment showed robust increases in
plasma level that were not evident in samples from control subjects. Mean baseline
concentration of vitamin C (Figure 1A) was 8. 8 μg/mL which increased to a Cmax of 66.4
μg/mL at 0.5 hr. The plasma concentration returned to baseline by 24 hr with a t½ = 8.7 hr
and an AUC(0–24hr) =160 μg•hr/mL. Since Trolox® is not a naturally occurring substance
the baseline concentration was 0. Within 0.5 hr of dosing the Cmax of 8.9 μg/mL was
reached (Figure 1B). Plasma concentrations returned rapidly to baseline by 8 hr. The
calculated t½ = 0.59 hr and the AUC(0–8hr) = 10 μg•hr/mL. The mean pre-dose plasma
concentration of Mg was 27.7 μg/mL (Figure 1C). After the last dose, the plasma
concentration increased rapidly to a Cmax of 123 μg/mL at 0.5 hrs and fell rapidly to
baseline by 4 hrs. The t½ = 1.32 hr and the AUC(0–4hr) = 112 μg•hr/mL. β-carotene was
the only ingredient provided orally. At baseline, and at all post-dose time points in all
animals, the plasma concentrations were below the level of quantification (0.025 μg/mL;
data not plotted).

Since β-carotene can be converted into vitamin A (retinol), samples were also evaluated for
the presence of retinol. Retinol was present at baseline (approximately 0.7 μg/mL), but there
was no increase in retinol plasma concentrations after dosing. Taken together, β-carotene did
not appear to reach the blood stream in significant quantities and/or was rapidly eliminated
to maintain normal levels.

Baseline (Pre-Noise) CAP Threshold Sensitivity
Typical pre-noise CAP waveforms are shown in Figure 2A. The linear interpolation
procedure used to measure response thresholds is illustrated in Figure 2B, and average pre-
noise thresholds are shown in Figure 2C. There were no systematic differences in pre-noise
threshold sensitivity across groups (F=1.4; df=2,22; p=0.267) and there was no statistically
reliable interaction for frequency × treatment (F=1.4; df=3,33.5; p=0.256). All subsequent
analyses reported here are shift from baseline threshold, with larger shifts indicating greater
hearing loss post-noise.

Post-Noise CAP Data Sets
Some of the individual post-noise data sets contained no obvious sound-evoked response
across test frequencies (2–32 kHz), even at the highest sound levels (90 dB SPL). The test
sessions during which there was a lack of any sound-evoked response at any frequency/level
combination are assumed to have been the result of electrode or other equipment issues if
subjects had robust sound-evoked response during preceding and subsequent test sessions,
and these data sets were excluded from analysis. Legends indicate the number of data sets
used in each analysis. To assure that the overall outcome was not influenced by the missing
data sets, we performed a secondary analysis limited to only those subjects with complete
data sets at all test times. In that analysis, there were 7 control animals and 7 treated animals.
Limiting the number of subjects did not change the direction of the effect, but did serve to
reduce statistical power.

Noise-Induced Change in CAP Threshold: Threshold Protection
Maximum NIHL after exposure to an octave band noise centered at 4 kHz might be
predicted to occur at approximately 6–8 kHz (i.e., the so-called `half-octave shift', see 51,
52–54). However, empirical data show robust hearing loss deficits extending from 8 kHz to
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at least 16 kHz after this noise exposure, with massive hair cell loss extending into the more
basal regions of the cochlea (thus suggesting hearing loss at other, higher, frequencies not
tested in those investigations) (7, 41). In fact, there is an extensive literature on extended
high frequency loss with noise frequently reported to induce hearing loss at “unexpected”
frequencies above the range predicted by the half-octave shift (55–58). Given empirical data
suggesting differential effects of noise at lower frequencies (2 and 4 kHz) and higher
frequencies (8–32 kHz), the initial statistical analyses to determine the reliability of
treatment-based group differences were conducted separately for lower and higher
frequencies.

Initial threshold shift analyses evaluated the potential for group differences at 2 kHz and 4
kHz, where smaller threshold shifts are expected and thus the potential for protection against
threshold shifts is reduced. There was no effect of treatment condition on post-noise
threshold shift at 2 or 4 kHz. The higher frequencies are more likely to afford an opportunity
to measure protection given that noise is more harmful at these higher frequencies.
Threshold shift data were pooled for the other higher frequencies (8–32 kHz) where deficits
are the most robust. In contrast to the 2 and 4 kHz outcomes, nutrient treatment significantly
decreased noise-induced threshold shift at the pooled higher test frequencies (8–32 kHz; see
Figures 3A, 3B, 3C). Treatment-induced differences were highly reliable (F=6.2, df=1,23,
p=0.020). In treated animals, there was a 9-dB reduction in threshold shift measured 1-hour
post-noise, a 13-dB reduction in threshold shift measured 1-day post-noise, and an 8-dB
reduction in threshold shift was measured 7-days post-noise. There was a statistically
significant main effect for time (F=100.9, df=4,92, p<0.001), with threshold shift decreasing
with time post-noise. To determine whether the pooled differences reflected protection
across frequencies, secondary analyses were conducted for individual test frequencies.
When the data were broken down within individual frequencies, there were statistically
reliable group differences at 8 kHz, 24 kHz, and 32 kHz (p's <0.05), with treated animals
having smaller threshold shifts.

Noise-Induced Change in CAP Threshold: Temporal Pattern of Change at Individual
Frequencies

The time at which a statistically significant recovery occurred was defined as a time point at
which we detected a statistically significant decrease in TTS compared to preceding within-
group time points. The effects of nutrient treatment on rate of recovery were mixed; treated
animals recovered more rapidly at most (2, 8, 24, and 32 kHz), but not all (4 and 16 kHz)
frequencies (see Figure 4). Asterisks in Figure 4 indicate statistically reliable within-group
pair-wise differences. For example, panel 4C shows that nutrient-treated subjects showed
statistically reliable recovery of function at 8 kHz 1 day post-noise, and they showed
additional statistically significant recovery of function between days 1 and 3 post-noise. In
contrast, at 8 kHz, the control animals did not achieve statistically reliable recovery of
function until 3 days post-noise. The most robust differences in the rate of recovery were
detected at the frequencies where robust treatment effects were observed (i.e., 8, 24 and 32
kHz). At each of these three frequencies, statistically reliable improvement was detected at
an earlier time in treated animals than in control animals. Taken together, the overall group
differences in threshold shift were accompanied by differences in the timing of recovery
across the first 7 days post noise.

CAP Input-Output Functions
We normalized post-noise CAP amplitude to pre-noise baseline amplitude to determine the
percent reduction in CAP amplitude in treated and untreated groups at different post-noise
times. CAP amplitude was significantly decreased post-noise for subjects in both treatment
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groups; antioxidant treatment did not reliably reduce the effects of noise on CAP amplitude
(not shown).

Hair Cell Counts
We counted missing hair cells to determine if hair cell survival varied with treatment
condition. Noise-induced cell death was limited to small lesions of row 1 OHCs
approximately 10–12 mm from the apex (~4% missing cells) and row 3 OHCs in the first,
most extreme apical section 1.14 mm from the apex (~25% missing); there was no evidence
for group differences in hair cell survival (not shown).

Discussion
In establishing the efficacy of a substance or substances to protect against an insult like
NIHL, it is critical to demonstrate both that the test subjects received reasonable exposure to
the substance(s) and a relevant change in function. Meeting these criteria delineates the
pathway for translation to human studies. In the present study, we have demonstrated that
the nutrient combination produced large and reliable increases in plasma concentration of
three of the active agents and that as a result of the exposure there was a significant
reduction in noise-induced threshold shift as measured from 1-hour to 7-days post noise.
The three agents provided by subcutaneous injections all produced significant increases in
plasma concentrations.

Ascorbic acid (vitamin C) injections resulted in very rapid absorption and a large peak
concentration 30 min post-injection, with relatively rapid elimination (return to baseline
within 8 hours). Trolox® injections resulted in very rapid absorption and a large peak
concentration 30 min post-injection, with relatively rapid elimination (return to baseline
within 2 hours). Injection of Mg produced a rapid increase in plasma concentrations with a
rapid clearance. Vitamin C, Trolox®, and Mg were thus biologically available at high levels
during and after the noise exposure; changes in β-carotene status cannot b1e confirmed as β-
carotene concentrations were below the level of quantification, both before and after the oral
gavage of this agent. β-carotene may be an effective ROS scavenger at very low plasma
concentrations (below the sensitivity of the current assay), it may work through a tissue
depot effect, or it may be converted in vivo to an antioxidant species not measured in this
study (i.e., not retinol). Furthermore, guinea pigs may metabolize β-carotene differently than
other animals and humans (59, 60).

These data provide an initial quantification of nutrient plasma levels that reduced the effects
of noise on the inner ear in this study, and in an earlier investigation that used the same dose
paradigm (7). Because noise exposure started 1-hour post-injection in both the earlier study
and the current study, and noise continued for 4–5 hours, the most relevant plasma levels for
the purposes of protection during noise are those measured from 1–6 hours post-injection.
Measurement of nutrient levels in the cochlear perilymph represents a significant challenge
for this and any investigation, given potential CSF contamination with basal turn sampling
strategies, and evidence that apical sample volumes are limited to no more than 1 μl per
sample (61–64). However, the vitamins and minerals administered in this study are known
to distribute well throughout the body. It is reasonable to assume that levels of the nutrients
increased in the perilymph, although the exact concentrations and time course may be
different from that seen in the plasma compartment. Further studies are required to
determine the importance of β-carotene in this nutrient mixture. It will also be critical to
confirm the effects of oral administration on functional protection. Preliminary data suggest
oral treatments with these nutrients can be effective, showing dose-dependent protection (42,
65). Additional experiments directly comparing the efficacy of nutrient treatment with and
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without β-carotene in models of PTS and/or TTS would help clarify the importance of this
constituent.

Noise-induced threshold shift was reduced by nutrient treatment; this effect was largely
limited to the highest test frequencies, but was clearly observed both during initial acute
noise-induced changes in hearing, and at later time points. Protection at the later time points
is consistent with the reduction in PTS reported previously (7), where subjects were exposed
to much higher noise levels. Protection at the earlier time points importantly extends the
earlier findings, which only measured PTS. The lack of protection at 16 kHz was
unexpected, given the robust group differences at 8, 24, and 32 kHz. Moreover, compelling
protection was previously obtained at 16 kHz in guinea pigs exposed to a similar noise insult
and treated with a similar combination of agents (7). One possible explanation is that
subjects in the current cohort experienced increased vulnerability to noise at 16 kHz based
on specific changes in resonance and/or cochlear vibration properties subsequent to surgical
manipulation of the middle ear cavity and placement of an electrode on the round window
membrane. Subjects in the earlier studies had not undergone surgical manipulation and
implantation of a foreign body in the middle ear prior to noise insult.

The hair cell loss noted in this study was so small no significant difference between control
and treated animals could be expected. The protection measured in this study was not a
function of improved hair cell survival, as little hair cell loss was observed in cochleae from
both the treated and the control group subjects. Minimal hair cell loss is, however,
anticipated for noise insults that cause minimal PTS. Based on hair cell counts alone, we
cannot rule out significant preservation of more subtle features such as hair cell shape,
stereociliary stiffness, or conformation of the organ of Corti. To better understand
mechanisms of protection, future investigations should include measurements of distortion
product otoacoustic emission (DPOAE) amplitude. DPOAEs provide a sensitive and
objective measure of OHC function (66–68), and OHCs are particularly sensitive to noise
insult (69, 70). DPOAEs have demonstrated high sensitivity to noise in animal and human
studies (for examples, see 71, 72, 73). DPOAE metrics have revealed functional hair cell
protection with pre-noise Mg treatment (23), and transient evoked OAEs have similarly
revealed protection of hair cell function with pre-noise vitamin C treatment (74). Based on
these outcomes, and previous data showing improved hair cell survival after longer, more
intense noise (7), functional protection of the OHCs by the nutrient treatment would not be
surprising, but, remains to be confirmed.

In addition to the potential for subtle changes in hair cell structure and/or function (which
might have been detected using DPOAE tests), it is also possible that neural swelling
contributed to the measured TTS deficits. Temporary neural swelling and/or decreases in the
number of synaptic contacts between the inner hair cells and the auditory nerve dendrites
have been reported after noise insults that induce significant TTS in the absence of robust
PTS (19, 20, 75, 76). We did not harvest cochlear tissues in a way that allowed us to directly
measure neural swelling, or neural synaptic connections. However, the finding that CAP
amplitude was reduced to a similar degree in treated and untreated subject groups suggests
protection did not extend to the level of the auditory nerve synapse in this study. Another
antioxidant agent, ebselen, has been shown to directly reduce neural excitotoxicity (38),
confirming it is possible for antioxidant agents to prevent noise-induced neural swelling, and
data using other dosing strategies suggest nutrient therapy could protect the nerve population
with modification of the dosing paradigm. Importantly, both local (in the ear) and systemic
treatments with vitamins E and vitamin C have enhanced auditory neural survival in guinea
pigs treated with ototoxic drugs (77), and Mg supplements could also be expected to reduce
neural swelling given an appropriate treatment paradigm. Mg modulates calcium channel
permeability, influx of calcium into cochlear hair cells, and glutamate release (78, 79).
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Moreover, Mg can act as an antagonist at the NMDA class of glutamate receptors. Thus, the
potential for synaptic and/or neural protection with nutrient therapy should not be excluded.

A final possibility with respect to site of action is protection of the lateral wall, as shown in
mice fed a custom dietary supplement before and after noise insult (42, 65). PTS was
reduced, and the density of the Type II fibrocyte population was reliably preserved, with
some suggestion that the strial cell population was also protected against noise-induced cell
loss. Noise-induced oxidative stress has been specifically shown in lateral wall tissues taken
from guinea pig cochleae, and vitamin C supplements reduced free radical production in the
lateral wall as well as NIHL (80). Thus, it would not be surprising if the nutrient
combination had some benefits in preserving lateral wall cell structures in guinea pigs, as
recently shown in mice. Taken together, the specific mechanism of protection associated
with the functional protection obtained in this study is not known, and future investigations
will be required to determine the extent to which more subtle outer hair cell protection,
neural protection, protection of cells in the lateral wall, or other unknown morphological
protection contributed. Functional protection measured in this study suggests the potential
for protection of cells and/or structures not examined in the current investigation.

Guidance for Human Use and Human Trials
This report describes a treatment rationale which could readily be applied to human subjects,
although translation of the dose paradigm from the current guinea pig doses into acceptable
human doses requires some care. The mg/kg dosing for humans is likely to be lower than for
guinea pigs, as it is well accepted that smaller mammals have greater energy requirements
than larger ones, and correspondingly, that metabolic rates are greater in smaller animals
than larger ones (81–85, for reviews, see 86). Indeed, species differences in drug metabolism
are well known, even across rodents (87–93). Future human pharmacokinetic investigations
will need to take into account the fast elimination of the active substances as revealed in the
current guinea pig study, and the timing of the noise insult. Because noise exposure started 1
hour post injection in the earlier study and the current study, and continued for 4–5 hours,
the most relevant plasma levels for the purposes of protection against NIHL are those
measured from 1–6 hours post-injection. Agents used in this first plasma measurement study
were injected, in the case of vitamin C, Trolox®, and Mg, and all showed rapid, robust
increases in plasma level, followed by return to baseline within 2–8 hours. The following
provides some guidance for each of the agents, based upon the plasma data generated and
the United States Tolerable Upper Intake Levels (UL) as set by the Institute of Medicine
(94, 95). Institute of Medicine guidelines provide important long-term safety data; data from
multiple vitamin-based studies provide additional confidence that high-level supplements
are reasonable for long-term use by human populations (for examples, see 96, 97).

Vitamin C (ascorbic acid)—Baseline plasma values were 0.88 ± 1.1 mg/dL (n=12, mean
± standard deviation of all pre-dose measurement), and the peak post-injection concentration
was 6.6 ± 1.5 mg/dL with concentrations of 2.5 ± 0.78 mg/dL at 2 hours post-injection and
1.6 ± 0.36 mg/dL at 4 hours post-injection (n=6). Plasma levels in the range of 1.6–2.5 mg/
dL are clearly achievable in human subjects. Across human studies, normal
(unsupplemented) vitamin C levels range from 0.8 mg/dL (98) to 1.4 mg/dL (99–101).
Vitamin C supplements of 400 mg/day or greater achieve plasma levels ≥ 2.0 mg/dL (102–
104). In the Age-Related Eye Disease Study (AREDS), subjects treated with 500 mg/day
vitamin C had a 25–30% increase in median plasma level (baseline = 1.1 mg/dL) after 1 year
(96, 105), which suggests measured median plasma levels of ~1.4 mg/dL. In humans, peak
vitamin C plasma levels increase with increasing vitamin C dose (106–108), although
bioavailability does saturate between 200 and 400 mg/day given increased urinary excretion
of vitamin C (106, 107). Time to achieve steady-state plateau concentration varies across
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subjects; single-subject examples presented in two earlier reports showed stable plateaus at
25–35 days of daily dosing (106, 107). The UL for vitamin C in adults is 2,000 mg/day
(94,95) with many currently available supplements in the 400–500 mg range. Therefore,
evaluation of a dose in the range of 500 mg to determine plasma levels would be reasonable
starting point.

Vitamin E (α-tocopherol)—The dosing recommendation for therapeutically effective
levels is more challenging, as vitamin E was delivered in the form of Trolox®. With respect
to vitamin E, a 1:1 equivalence in oxygen-radical absorbing capacity (ORAC) has been
reported for Trolox® and α-tocopherol (109), with a similar equivalence of Trolox® and α-
tocopherol reported using another free radical measurement strategy (110). Depending on
the specific test protocol, in vitro antioxidant efficiency can be either greater for Trolox®
then α-tocopherol, or vice versa (for review see 111). Assuming a 1:1 equivalence, then the
change from baseline (0 in the case of Trolox®) levels in plasma provide one possible target
for human translation. The peak post-injection concentration measured here was 0.90 ±0.33
mg/dL with concentrations of 0.45 ± 0.11mg/dL at 2 hours post-injection and 0.12 ± 0.03
mg/dL at 4 hours post-injection (n=6).

Human oral dosing with vitamin E can readily achieve plasma level increases meeting or
exceeding those reported here for Trolox®. Serum levels increased from 8.4 mg/dL to 20.7
mg/dL (12.3 mg/dL increase) in subjects taking 200 IU/day vitamin E for 8 weeks, and they
increased from 8.9 mg/dL to 52.8 mg/dL (43.9 mg/dL increase) in those taking 2000 IU/day
for 8 weeks (112). These increases far exceed those seen with Trolox®. Maximum levels
appear to be reached approximately 4 weeks after onset of daily treatment (113). There is
some reason for caution with respect to high level human dosing in patients with
compromised health status; one meta-analysis of the dose-response relationship between
vitamin E supplements and all-cause mortality revealed an increase in all-cause mortality
and resulted in the author's recommendation to avoid vitamin E supplements ≥ 400 IU/day
(114). That meta-analysis has been criticized based on multiple issues (115–120). Current
US UL for healthy adults is 1000 mg/day, corresponding to 1500 IU/day. Taken together, a
reasonable starting dose for human translation studies would be in the range of 200–400 IU
(133–267 mg).

β-carotene—Dosing recommendations and suggestions for targeted levels are not possible
based on this data, as β-carotene did not reach detectable levels in the guinea pig samples.
We simply note here that human baseline β-carotene levels of 25–28 μg/dL have been
reported; the lower limit of our assay was 2.5 μg/dL, indicating that guinea pigs have a basal
level at least 10-fold lower than humans and assumedly metabolize/convert β-carotene
differently than humans. A greater than 500% increase in median plasma levels after 1-year
of daily vitamin use with a vitamin that includes 15 mg/day β-carotene has been reported
(96, 105). In another group of subjects with a shorter (2-month) treatment duration, but a
higher daily dose (20 mg), plasma β-carotene levels increased from 26.8 μg/dL to 267 μg/dL
(121). Taken together, plasma β-carotene levels can be easily increased in human subjects,
but, a target value for protection of the inner ear against noise insult is not currently known.
Although there is no UL established, it should be noted that use of high-level β-carotene
supplements (20–30 mg/day) is now contra-indicated for those with a significant history of
tobacco use (for recent review, see 122). Specifically, an increase in the risk of lung cancer
was reported for smokers who took high-level β-carotene supplements in the Alpha-
Tocopherol, Beta-carotene Cancer Prevention (ATBC) trial in Finland (123, 124) as well as
smokers and asbestos workers in the β-Carotene and Retinol Efficacy Trial (CARET) in the
USA (124–126). We explicitly note here that while β-carotene is metabolized to vitamin A,
use of β-carotene supplements is distinctly different from use of a preformed vitamin A
supplement (such as retinol, or retinoic acid). Carotenoids are not toxic in animals or
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humans, and are nonteratogenic even at high doses in animals (127, for review, see 128). In
contrast, high levels of pre-formed vitamin A have been reported to increase the risk of birth
defects. In a large-scale study including 22,748 pregnant women who consumed greater than
10,000 IU/day pre-formed vitamin A during the first trimester of pregnancy, there was an
increased risk of certain birth defects (129).

Magnesium—With respect to Mg, the plasma concentrations reached at 30 min and 1 hr
post-injection in guinea pigs were higher than plasma concentrations previously reported in
humans. Even in humans given a 50 mg/kg bolus of magnesium sulfate intravenously (IV)
followed by 15 mg/kg/hr for 6 hrs, plasma concentrations were less than half the peak
reached here (see 130). Nonetheless, the basal levels of Mg in humans and guinea pigs are
similar (0.2–0.3 mg/dL), and, in humans Mg supplementation of as little as 122 mg/day
(delivered as Mg aspartate for 10 days) reduced TTS with no apparent change in plasma
concentration (106). In that study there was an increase in Mg concentration in mononuclear
cells. There is little consensus on the optimal strategy for measuring the activity of Mg as
plasma Mg is not sensitive to subtle change and may not reflect whole body Mg stores (131–
133). The dose (343 mg/kg) and route (SC) of Mg provided here is not relevant to human
translation. However, dietary supplementation including Mg (~5× normal chow) has
recently been shown to reduce PTS in mice (42,65), and parenteral administration of Mg
alone has been shown to reduce PTS in guinea pigs (16) [although as noted above this
depends on both the dose and onset of treatment relative to the time of noise]. Taken
together, this suggests that much lower doses than those used in this guinea pig study are
able to prevent NIHL even with oral administration. Indeed, Mg supplementation at ≥ UL
doses (350 mg/day) has a variety of health benefits in humans, including prevention of
NIHL (43, 44, 134) and sudden sensorineural hearing loss (135, 136), as well as other
general health benefits such as reduced blood pressure and improved serum lipid status
(137). At levels exceeding UL, magnesium can act as a laxative. The available data indicates
that doses of 150–350 mg/day should be beneficial in preventing TTS, do not exceed the
UL, and should not cause adverse GI outcomes in most healthy adult populations.

One possible concern might be that administering combinations of vitamins may be more
harmful than individual vitamin supplements. In the Age-Related Eye Disease study
(AREDS), 3,640 participants (age 55–80) were treated with 1) a combination of
antioxidants, including 500 mg vitamin C, 400 IU (267 mg) vitamin E, and 15 mg beta-
carotene; 2) a combination of 80 mg zinc (as zinc oxide) and 2 mg copper (as cupric oxide);
3) a combination of antioxidants plus zinc and copper; or 4) placebo (96). In this long-term
study (average follow-up: 6.3 years), the vitamin/zinc/copper combination reduced the
progression of age-related macular degeneration, suggesting an important protective role for
vitamins in at least one sensory disorder. There was no evidence of adverse side effects. In
the United Kingdom (UK) Medical Research Council (MRC) Heart Protection Study,
20,536 participants (age 40–80), with coronary disease, other occlusive arterial disease, or
diabetes were treated with 1) a combination of antioxidants, including 250 mg vitamin C,
600 mg vitamin E (896 IU), and 20 mg beta-carotene; or 2) placebo; as well as 3) the
cholesterol-lowering drug simvastatin; or 4) placebo (97). In this 5-year study, there were no
significant differences between the groups in any of the medical outcomes, leading the
authors to conclude there was no clear evidence of either benefit or harm.

Summary
The current data provide critical new evidence documenting nutrient plasma levels achieved
in animal subjects protected from TTS and PTS (7); these plasma levels serve as a guide to
potentially protective levels to target in human studies. Additional animal studies measuring
plasma concentrations with all agents administered orally and data from human
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pharmacokinetic studies with doses less than the UL will help establish appropriate doses for
human clinical studies. While cochlear perilymph assays might be confirmatory, the
required samples are technically challenging to collect, and it would not be feasible to
replicate that sampling paradigm in human subjects. Comparisons between animal and
human subjects are thus required to be limited to plasma levels.

Functionally, the current data extend our understanding of the times at which antioxidants
may provide potential protection against noise insult, with the current data set showing
functional protection at early (1 hour) post-noise times, as well as more rapid recovery in the
first 1–3 days post noise. Protection was less robust than that previously reported after
longer, louder sound insult (7) but was consistent with the level of protection recently
reported by Tamir et al. (138). The use of antioxidants to reduce or prevent noise-induced
hearing loss is of broad interest, with multiple groups soon to be initiating, or already
conducting, clinical trials on prevention of NIHL (i.e., 9, 21, 22, 24, see also NCT00808470,
NCT00552786, NCT00802425) as well as prevention of drug-induced hearing loss using
antioxidant agents (139, 140, see also NCT00477607, NCT00578760, NCT01139281,
NCT01131468). The ongoing translation of these agents from animal models to human trials
provides a compelling rationale for continued investigations into the use of these and other
antioxidant agents.
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Figure 1.
Plasma concentrations of vitamin C (1A), Trolox (1B), and magnesium (Mg, 1C) rapidly
increased after the final s.c. injection of the active agents. Two baseline samples (shown
here prior to time 0) were collected via the jugular venous access port prior to the first
injections; these samples were collected 48 and 24 hrs prior to the first dose. Time 0 was
defined as the time of the fifth and final injection. Plasma increases were apparent at times
extending from 2–8 hours post-injection. Samples were collected at 0.5, 1, 2, 4, 8, 12, and
24 hrs after the last (day 5) dose. In the control animals, which were maintained on a
nutritionally complete diet, there was no evidence for robust changes across samples.
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Figure 2.
Pre-noise compound action potential (CAP) waveforms evoked by 16 kHz tone pips are
shown for tone pips ranging from 5 dB SPL to 90 dB SPL (2A). Baseline amplitude was
measured at 0.09 msec. N1 is the first major negative peak and P1 is the first major positive
peak subsequent to N1. Baseline to P1 amplitude was measured and plotted across levels as
shown in Figure 2B, and CAP threshold was defined as the sound level that produced a 75-
μV response using linear interpolation (see dashed lines). Pre-noise CAP thresholds (Figure
2C, N=25, Mean ± SEM) were consistent with other normative data on threshold sensitivity
in guinea pigs (41).
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Figure 3.
Comparison of compound action potential (CAP) threshold shifts in guinea pigs treated with
saline or the combination of nutrients at (3A) 1 hour, (3B) 1 day, and (3C) 7 days post noise
insult. Threshold shifts at 2 and 4 kHz were smaller and more transient than those at the
higher frequencies, and there was no reliable effect of treatment at 2 and 4 kHz (all p's
>0.05). Nutrient treatment significantly reduced threshold shifts at all 3 time points relative
to controls (* =p<0.05). All data are mean ± SEM.
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Figure 4.
Temporal recovery of threshold shifts within saline and nutrient-treated groups of guinea
pigs at 2 kHz (4A), 4 kHz (4B), 8 kHz (4C), 16 kHz (4D), 24 kHz (4E), and 32 kHz (4F).
Statistical probability (p) values listed in each panel are the probability of obtaining a group
difference test statistic (for amount of hearing loss in treated vs control conditions) that is at
least as extreme as the one that was actually observed, assuming that the null hypothesis is
true; i.e., the p-values provided indicate the probability that there is no reliable group
difference at that frequency. At 2 kHz (4A), 4 kHz (4B), and 16 kHz, there was no effect of
treatment on hearing outcomes (p's >0.05). At 8 kHz (4C), 24 kHz (4E), and 32 kHz (4F),
robust protection was observed (p's <0.05). Asterisks and connecting lines are used to
indicate times at which thresholds were reliably different within each treatment group (see
asterisks). At 8 kHz (4C) and 24 kHz (4E), treated animals showed statistically reliable
recovery between 1 hr and 1 day post noise as well as 1 day and 3 days post noise. Control
animals showed statistically reliable recovery between 1 hour and 3 days post noise (see
asterisks). Thus, statistically significant threshold recovery took longer in the control
animals (3 days) than in the treated animals (1 day). Threshold shifts recovered with
different time courses depending on frequency. At 32 kHz, treated animals showed
statistically reliable recovery between 1 hr and 3 days post noise, whereas control animals
did not show reliable recovery until 5 days post noise. All data are mean ± SEM.
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