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Abstract

Background: Hearing loss prevalence increases with age, affecting
over 25% of the global population aged 60 years or older. The aim of
the study was to investigate the association between the development
of sensorineural hearing loss (SNHL) and the blood levels of nicoti-
namide adenine dinucleotide (NAD").

Methods: A single-center, observational study was conducted at
Kawagoe Otology Institute in Japan. A total of 80 patients were in-
cluded and allocated to four groups of 20 patients each: patients aged
50 - 79 years with or without unilateral sudden sensorineural hearing
loss (SSNHL), and patients aged > 80 years with or without bilateral
age-related hearing loss (ARHL). The distribution of whole-blood
NAD™ levels was investigated. We also measured oxidative stress
markers (diacron-reactive oxygen metabolites (dROMs) and bio-
logical antioxidant potential (BAP)) and examined the relationship
between the development of SNHL and whole-blood NAD™ levels,
dROMs, and BAP.

Results: Comparison of NAD* levels with and without hearing loss
in the same age group by analysis of covariance showed a signifi-
cantly lower NAD™ level in those with hearing loss than those with-
out in the > 80 age group (P = 0.047), whereas there was no differ-
ence between the two groups in the 50 - 79 age group (P = 0.232).
All 80 patients, without consideration of age or type of hearing loss,
were subjected to multivariate analysis to explore factors contribut-
ing to the development of hearing loss. With each 1 pM increase in
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the NAD™ level, the probability of developing SNHL decreased to
0.9-fold (P = 0.047), and each 1 U.CARR increase in dROMs was
associated with a 1.01-fold increase in the risk of developing SNHL
(P =0.014). Whole-blood NAD™ levels in ARHL patients were sig-
nificantly lower than those in non-ARHL patients. There was no as-
sociation between whole-blood NAD* and dROMs or BAP levels.
This study has some limitations, including a sample size that was not
large enough to detect a significant difference and an imbalance in the
male-to-female ratio.

Conclusions: Decreased amount of NAD™ in the body and increased
dROMs levels were associated with increased risk of developing
SNHL, and the development of ARHL was especially highly associ-
ated with a decreased amount of NAD™ in the body.

Keywords: Sensorineural hearing loss; Nicotinamide adenine dinu-
cleotide; Sirtuin 1; Mitochondrion; Aging

Introduction

It is estimated that 430 million people worldwide, or more
than 5% of the total population, need hearing rehabilitation for
hearing loss, and that by 2050, more than 2.5 billion people
will be suffering from some form of hearing loss. The preva-
lence of hearing loss increases with age, with more than 25%
of the current global population aged 60 years or older being
affected [1].

Sensorineural hearing loss (SNHL) is a type of hearing
loss caused by abnormalities in the organs of the auditory sen-
sory system, including cells and nervous systems in the inner
ear through the cerebral sensory centers, and consists primarily
of unilateral sudden sensorineural hearing loss (SSNHL) and
bilateral age-related hearing loss (ARHL) [2].

The etiology of SSNHL involves many factors, including
infectious, autoimmune, traumatic, and vascular causes, and
damage to auditory hair cells in the inner ear and other coch-
lear structures is considered to lead to hearing loss [3].

ARHL is considered to be caused by chronic degenera-
tion or dysfunction of the cochlear hair cells and the cochlea
itself [4, 5]. Studies have also documented that ARHL can be
induced by environmental factors, genetic predisposition, co-
morbidities such as hypertension and diabetes, as well as many
other factors such as aging, direct mechanical stimulation from
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exposure to noise, and oxidative stress in the mitochondria [6].

SSNHL and ARHL share a common pathogenic mecha-
nism: damage to the outer hair cell center. ARHL is thought to be
caused by involved excessive production of reactive oxygen spe-
cies (ROS) and is significantly influenced by oxidative stress [7].

Excessive oxidative stress, a factor in aging, promotes the
expression of mitochondrial pro-apoptotic genes and decreases
sirtuin (SIRT) activity [8]. The degeneration of hairy cells is
believed to involve SIRT1 in the nucleus and SIRT3 in the mi-
tochondria [9]. Recent studies have suggested that a decrease
in the amount of nicotinamide adenine dinucleotide (NAD™)
in the body is closely related to decreased activity of NAD*-
dependent deacetylase sirtuins [10]. With respect to hearing
loss, evidence has suggested that mitochondrial dysfunction
may cause damage to hair cells and, ultimately, the develop-
ment of SNHL.

Although many reports have shown that NAD™ levels in the
body decrease with age [11, 12], there have been no reports on
the distribution of blood NAD" levels in patients with SNHL.

The objectives of this study were to measure blood NAD*
levels in patients with and without SSNHL/ARHL, and to de-
termine the distribution of NAD™ levels and factors where the
age and the presence or absence of SNHL have an impact on
NAD" levels. Evidence has also suggested that decreased in-
tracellular NAD* levels lead to oxidative stress and impaired
deoxyribonucleic acid (DNA) damage repair [13]. Therefore,
we simultaneously measured diacron-reactive oxygen metabo-
lites (d-ROMs) as a measure of oxidative stress and biological
antioxidant potential (BAP) as a measure of antioxidant capac-
ity, and examined their relationship to hearing loss.

Materials and Methods

Study design and patients

This single-center, observational study included those patients
who presented to Kawagoe Otology Institute between July
2022 and April 2023, and met any of the inclusion criteria 1)
to 4) plus 5) and 6) and none of the exclusion criteria as listed
below, and provided written informed consent. Testing was
conducted in the order of the participants’ visits, and the study
was concluded when data for 20 participants in each group
were obtained within the study period.

Inclusion criteria were: 1) patients aged 50 - 79 years with-
out bilateral hearing loss; 2) patients aged 50 - 79 years with
unilateral SSNHL (average hearing level of 40 dB or more)
without acute vertigo and not progressive (at least 1 month
after onset); 3) patients aged > 80 years without bilateral hear-
ing loss; 4) patients aged > 80 years with bilateral SNHL; 5)
patients who can fast in the morning and can visit the clinic
in the morning clinic in the morning for blood tests of NAD*,
d-ROM, BAP, etc. (to eliminate the influence of diurnal vari-
ation and food); and 6) patients who consented to participate
in the study.

Hearing levels were calculated as the mean of six frequen-
cies as follows: (500 Hz + 1000 Hz x 2 + 2000 Hz x 2 + 4000
Hz)/6.

520 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

Hearing loss in this study was defined as a hearing thresh-
old greater than or equal to 25 dB on the means of six frequen-
cies.

Exclusion criteria were: 1) hearing loss due to non-age-
related causes, such as trauma congenital conditions (genetic
hearing loss), functional hearing loss, conductive hearing loss,
or SSNHL under treatment (these types of hearing loss are not
relevant to the purpose of this study); and 2) patients receiving
nicotinamide mononucleotide (it affects blood NAD" levels).

Ethical approval and participation consent

This study was registered with the Clinical Trials Registry
(UMIN000048229) [ 14] and was undertaken in accordance with
the Declaration of Helsinki and the ethical guidelines provided
by the Ministry of Health, Labour and Welfare. This study was
approved by the clinical research ethical review board of Shido,
Inc. (#S20220622). The measurement of NAD* was approved
by the Human Ethics Committee of the Teijin Institute for Bio-
Medical Research, Teijin Pharma Limited, Tokyo, Japan (ap-
proval number: HB22-005-M1). All participants provided writ-
ten informed consent before participation.

Investigation items

We investigated age, sex, comorbidities, BAP, d-ROMs, serum
zinc level (Zn), herpes simplex virus (HSV) antibody titer, ve-
sicular stomatitis virus (VSV) antibody titer, NAD*, and pure-
tone hearing acuity (SSNHL patients: on the side with hearing
loss, others: on the side with poorer test result).

Measurement methods

A portion of the blood collected for routine laboratory test-
ing was submitted to Teijin Limited (Hino, Tokyo, Japan) and
Teijin Pharma Limited (Hino, Tokyo, Japan) for measurement
of whole-blood NAD* levels using the method established
by Matsuyama et al [15]. Blood d-ROMs and BAP levels as
measures of oxidative stress were measured in plasma with an
in-house automated reactive oxygen species/free radicals ana-
lyzer (FRAS4, WISMERLL Co., Ltd, Grosseto, Italy). Blood
samples for cases of SSNHL were collected within 1 month
of onset. For SSNHL cases, testing was conducted when hear-
ing levels had stabilized within 1 month. Hearing acuity was
measured with an audiometer (Harp Plus, Starkey Eden Prai-
rie, USA).

Evaluation items

The primary endpoints were the difference in whole-blood
NAD" levels between those aged 50 - 79 years without hearing
loss and those aged 50 - 79 years with SSNHL (unilateral, se-
vere), and the difference in whole-blood NAD* levels between
those aged > 80 years without bilateral hearing loss and those

www.jocmr.org



Sakata et al

J Clin Med Res. 2024;16(11):519-526

aged > 80 years with bilateral SNHL. In addition, correlations \
among factors associated with the development of hearing loss § =
and laboratory test values were analyzed. % g
ol
S E £
Statistical analysis E S §
5253
For the summary statistics of patient demographics, the mean SO A P
+ standard deviation (SD) was used for frequency (number),
percentage, and continuous variables for which normality was _
not rejected by the Shapiro-Wilk test, and the median (first and o |3
third quartiles) for variables that were non-normally distrib- = TS
uted. For the comparison of patient demographics, Fisher’s ex- £e =3
act test was used for nominal variables and Student’s #-test and 22 2 0
Wilcoxon rank-sum test for continuous variables. In the com- = E 8 =«
parison of NAD™ levels with and without hearing loss in the N< o 3
same age group, we used analysis of covariance. Wald’s Chi-
squared test was used for the multivariate analysis of factors
associated with the development of hearing loss. Pearson’s test i3S
or Spearman’s test was used for correlation testing. R analysis ‘é Q g
version 4.1.2 (R Foundation for Statistical Computing, Vienna, e :'= © 2
Austria) [16] was used for analysis. All statistical tests were $9 2 o
two-tailed with a significance level of 5%. ST (S 2
B
Results £
S =
£ 2
In this study, patient demographics were analyzed for four -ql: gg
groups of 20 patients each: patients aged 50 - 79 years with or S E @
without SSNHL, and patients aged > 80 years with or without 522 . -
ARHL. No significant differences were observed in any of the - § §
variables, except for hypertension aged 50 - 79 years and the )
significantly older age of the patients aged 50-79 years with
SSNHL (Table 1). = —
The distribution of NAD* levels in each group, the pri- =
mary endpoint, is shown in Figure 1. The median NAD" level £ 'i S
(first and third quartiles) was 31.25 (27.47 - 37.98) for those 2 i = e
aged 50 - 79 years without hearing loss, 30.21 (24.44 - 32.19) 2z S i
for those aged 50 - 79 years with SSNHL, 27.69 (25.34- 29.50) = g o pd
for those aged > 80 years without ARHL, and 25.91 (22.69 - A ©
28.13) for those aged > 80 years with ARHL.
Comparison of NAD" levels with and without hearing loss .
in the same age group by analysis of covariance showed a sig- £ _ )
nificantly lower NAD" level in those with hearing loss than E SRS
those without in the > 80 age group (P = 0.047), whereas there E :'= 5 3
was no difference between the two groups in the 50 - 79 age o0 |2 i
group (P = 0.232; Table 2). 8 5T g8
Next, all 80 patients, without consideration of age or type B Tl - 5
of hearing loss, were subjected to multivariate analysis to ex- I
plore factors contributing to the development of hearing loss. §
The results showed that for each 1 pM increase in the NAD™" o
level, the probability of developing SNHL decreased to 0.9- et
fold (P =0.047); that males were 6.82-fold more likely than fe- S
males to have SNHL (P = 0.012); and that for each 1 U.CARR T —
increase in the d-ROMs level, the probability of developing n.. & g
SNHL increased 1.01-fold (P = 0.014). The significant factors PR s s 2
associated with hearing loss were low NAD* levels and high ] S 5 9
d-ROM values (Table 3). i B~ <
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Figure 1. Distribution of NAD* levels in each group. The boxes indicate the IQR, the black band in the middle of each box indi-
cates the median, and the upper and lower whiskers indicate the upper and lower limits of the 1.5-fold range of the IQR, respec-
tively. Data are median (interquartile range). ARHL: age-related hearing loss; HL: hearing loss; IQR: interquartile range; NAD*:
nicotinamide adenine dinucleotide; SSNHL: sudden sensorineural hearing loss.

We also investigated the association of normal NAD*
levels with d-ROMs levels, a measure of oxidative stress that
showed significant differences between patients with and
without hearing loss in a multivariate analysis of all patients,
and with BAP levels, a measure of antioxidant capacity, us-
ing Spearman’s test, finding no association for either variable
(Supplementary Materials 1 and 2, jocmr.elmerjournals.com).
Similarly, no correlation was found when the analysis was lim-
ited to patients with hearing loss, nor was there any correlation
between d-ROMs and BAP levels (Supplementary Materials
3-5, jocmr.elmerjournals.com).

The audiometry results of each group, as presented in au-
diograms, are shown in Figure 2. The mean hearing levels of
those aged 50 - 79 with and without SSNHL and those aged >

Table 2. Comparison of NAD* Levels With and Without Hear-
ing Loss (ANCOVA)

Difference .
Age group  Without HL. With HL between
value
groups
50-79 years 32.13+£1.63 2927+1.63 2.86+236 0.232
> 80 years 27.56+0.85 25.00+0.85 2.55+1.24 0.047*

80 years with and without ARHL were 66.2 £21.4,12.5+4.7,
56.0 £ 6.4, and 24.7 + 6.2 dB, respectively.

Discussion

Association of whole-blood NAD™ levels with SSNHL and
ARHL

Many studies have shown that NAD* contributes to SIRT pro-
teins, which are considered longevity genes, essential for ge-

Table 3. Factor Analysis for SNHL

Variable Odds ratio 95% CI P-value
Male:1 6.82 1.53-30.35 0.012*
Age (years) 1.00 0.97 - 1.04 0.854
Zn (pg/dL) 1.01 0.96 - 1.05 0.786
NAD* (uM) 0.90 0.81 - 1.00 0.047*
dROMs (U.CARR) 1.01 1.00 - 1.03 0.014*
BAP (uM) 1.00 1.00 - 1.00 0.587

Data are least squared mean + standard error. Covariates for analysis
of 50 - 79 age group: Zn, d-ROM, BAP. Covariates for analysis of 80+
age group: sex, d-ROM, BAP. *P < 0.05, ANCOVA. ANCOVA: analysis of
covariance; HL: hearing loss; NAD*: nicotinamide adenine dinucleotide.

522 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

*P < 0.05, Wald’s Chi-squared test. BAP: biological antioxidant poten-
tial; Cl: confidence interval; Zn: zinc; NAD*: nicotinamide adenine dinu-
cleotide; dROMs: diacron-reactive oxygen metabolites; SNHL: senso-
rineural hearing loss.
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Figure 2. Audiograms for each group. All data are from the side of the ear with the poorer test result, and the values are the
means of six frequencies. ARHL: age-related hearing loss; HL: hearing loss; SSNHL: sudden sensorineural hearing loss.

nome stability and gene transcriptional regulation. A decrease in
NAD" leads to accelerated aging [17, 18], and NAD" levels nat-
urally decline with age [11, 12]. One common pathogenic mech-
anism of SSNHL and ARHL is damage to hair cells. Brown et
al reported that supplementation with nicotinamide riboside, an
NAD" precursor, suppressed hair cell degeneration, suggesting
NAD™ involvement in protecting hair cells [19].

However, no reports have examined the relationship be-
tween SSNHL/ARHL development and NAD™ levels in hu-
mans. This study investigated NAD™ level distribution in indi-
viduals with and without SSNHL/ARHL.

In a study of healthy men over 65, Nakagawa-Nagahama
et al found a negative correlation between hearing thresholds
and blood nicotinic acid levels, an NAD* precursor. However,
they found no correlation with NAD*, which they attributed to
challenges in measuring NAD* due to its instability in blood
[20]. In this study, we used the dried blood spot (DBS) method
to measure NAD™ stably [15], yielding whole-blood NAD™ lev-
els much higher than those in Nakagawa-Nagahama’s report.
NAD* levels by patient demographics showed no difference
between those with and without SSNHL/ARHL. However, an
analysis by age group showed a significant difference in NAD*
levels between patients with and without ARHL in the > 80 age
group. Multivariate analysis of all SNHL patients showed that
higher NAD" levels correlated with lower SNHL incidence.

NAD" levels are known to decline with age. In this study,
NAD" levels were significantly lower in the > 80 age group
than in the 50 - 79 age group, regardless of SNHL presence

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

(Table 1), which aligns with previous studies. This suggests
that lower NAD™ levels may contribute to hearing loss in SS-
NHL/ARHL patients. Although NAD" levels for all patients
tended to converge at ages over 55 (Supplementary Material
5, jocmr.elmerjournals.com), covariate analysis showed a sig-
nificant difference between non-ARHL and ARHL groups,
indicating that NAD™ changes in older patients may impact
functions such as hearing.

The three main causes of NAD* decline - increased con-
sumption, decreased synthesis, and increased degradation [21]
- are closely linked to aging. When DNA damage occurs with
age, NAD™ is consumed in PARP-mediated DNA repair [22],
while chronic inflammation from aging also reduces NAD"
synthesis [23].

Decreased NAD™ levels have been shown to decrease the
activity of SIRT proteins, such as SIRT1 and SIRT3, leading
to impaired mitochondrial function [10, 24]. The reason why
low NAD" increases the incidence of SSNHL and ARHL will
be closely related to their disease causes. It is reported that
SSNHL is caused by the damage to hair cells in the cochlea
and auditory nerve, autoimmunity, viral infection, and throm-
bus formation due to poor inner ear circulation [3, 25]. ARHL
is thought to be caused by involved excessive production of
reactive oxygen species (ROS) and is significantly influenced
by oxidative stress [7], which promotes the expression of mito-
chondrial pro-apoptotic genes and decreases SIRT activity [8].
Given that mitochondrial disorder is identified as an etiology
of ARHL, it is possible that NAD™ decline may indirectly con-
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tribute to the development of ARHL. The results of the present
study also support this hypothesis, indicating that blood NAD"
levels have the potential to be an early diagnostic biomarker
for ARHL. Someya et al have demonstrated that SIRT3 me-
diates the alleviation of oxidative damage and prevention of
ARHL in calorie-restricted mice [26], while Okur et al have
found that supplementation with NAD™ precursors slows the
progression of ARHL in mice [27], suggesting that increasing
the abundance of NAD™ in the body may prevent the develop-
ment and progression of ARHL. Recently Morifuji reported
that nicotinamide mononucleotide intake could increase blood
NAD" levels, maintain walking speed, and improve sleep
quality in older adults, which might support the efficacy of
increasing the abundance of NAD™ in the body [28].

Studies have shown that disorders of sensory organs, in-
cluding the auditory organs, cause overactivity of the upper
network of the multisensory integration region (i.e., the brain
hub region; the entorhinal-hippocampus system), which, com-
bined with age-related reduction in energy supply, results in a
massive consumption of intraneuronal adenosine triphosphate
(ATP) [29, 30]. A study has also documented an approximately
8% decrease in the number of human mitochondria every 10
years [31]. The finding of the present study that NAD* levels
were significantly reduced in patients over 80 years of age with
bilateral SNHL suggests that hearing loss in the older patients is
closely related to abnormal mitochondrial energy metabolism in
the multisensory integration region. It is thus speculated that the
high ATP consumption in neurons of the entorhinal cortex and
hippocampus may promote the neurodegenerative process in
these regions that occurs preclinically in dementia. Thus, blood
NAD" levels may be a potential biomarker for assessing the im-
pact of hearing loss on cognitive decline in the older patients.

Association between whole-blood NAD™ levels and oxida-
tive stress-related markers

Previous studies in animals and humans have documented that
antioxidants such as N-acetylcysteine, sodium thiosulfate, d-
methionine, alpha-lipoic acid, and coenzyme Q10 have hearing
protection or rescue effects [32], supporting the association be-
tween oxidative stress markers and the development of SNHL.

Studies have also shown that NAD* depletion can affect
ROS generation [33] and that d-ROMs levels are associated with
age [34], while others have described that d-ROMs and BAP
levels are not associated with age [11]. In the present study, there
were no correlations between whole-blood NAD™ levels and d-
ROMs and BAP levels, indicating no direct association between
them. In this study, we used oxidized ferrous iron as a marker for
ROS; however, since there are various markers for ROS, such
as hydroxyl radicals, we believe that the lack of significant rela-
tionships observed with this marker is understandable.

Limitations

Because it was not known to what extent NAD™ levels in
SSNHL/ARHL patients differed from those in individuals

524 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

without hearing loss, a statistical sample size calculation was
not able to perform. It is therefore possible that the sample
size was not large enough to obtain a significant difference.
It is also undeniable that there was an imbalance in the male/
female ratio. The findings cannot be fully generalized due
to the small sample size and the small number of men. We
expect further investigation such as a larger cohort study in
the future. Additionally, we used correlation analysis and
this does not a causal relationship between NAD" levels and
hearing loss.

Conclusion

Based on the results of this study, when not considering the
classification of hearing loss, the significant factors associ-
ated with hearing loss, regardless of SSNHL or ARHL, were
low NAD™ levels, high d-ROM values, and being male. Addi-
tionally, covariance analysis indicated that NAD™ levels were
significantly lower in ARHL patients compared to non-ARHL
patients, suggesting that age-related NAD* decline may be one
of the causes of hearing loss. Furthermore, NAD" levels in SS-
NHL patients tended to be lower, showing similar results to
those observed in ARHL. No significant correlation was found
between NAD" levels and d-ROMs and BAP as oxidative
stress indicators in this study.

Supplementary Material

Suppl 1. Correlation between NAD* and d-ROMs levels in all
patients.

Suppl 2. Correlation between NAD™ and BAP levels in all pa-
tients.

Suppl 3. Correlation between NAD* and d-ROMs levels in
patients with hearing loss.

Suppl 4. Correlation between NAD* and BAP levels in pa-
tients with hearing loss.

Suppl 5. Distribution of NAD" levels in each group.
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