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Abstract 

Background Age‑related hearing loss (ARHL) is a common phenomenon observed during aging. On the other 
hand, the decrease in Nicotinamide adenine dinucleotide (NAD +) levels is reported to be closely related to the age‑
related declines in physiological functions such as ARHL in animal studies. Moreover, preclinical studies confirmed 
NAD + replenishment effectively prevents the onset of age‑related diseases. However, there is a paucity of studies on 
the relationship between  NAD+ metabolism and ARHL in humans.

Methods This study was analyzed the baseline results of our previous clinical trial, in which nicotinamide mononu‑
cleotide or placebo was administered to 42 older men (Igarashi et al., NPJ Aging 8:5, 2022). The correlations between 
blood levels of  NAD+‑related metabolites at baseline and pure‑tone hearing thresholds at different frequencies (125, 
250, 500, 1000, 2000, 4000, and 8000 Hz) in 42 healthy Japanese men aged > 65 years were analyzed using Spearman’s 
rank correlation. Multiple linear regression analysis was performed with hearing thresholds as the dependent variable 
and age and  NAD+‑related metabolite levels as independent variables.

Results Positive associations were observed between levels of nicotinic acid (NA, a  NAD+ precursor in the Preiss‑
Handler pathway) and right‑ or left‑ear hearing thresholds at frequencies of 1000 Hz (right: r = 0.480, p = 0.001; left: 
r = 0.422, p = 0.003), 2000 Hz (right: r = 0.507, p < 0.001, left: r = 0.629, p < 0.001), and 4000 Hz (left: r = 0.366, p = 0.029). 
Age‑adjusted multiple linear regression analysis revealed that NA was an independent predictor of elevated hearing 
thresholds (1000 Hz (right): p = 0.050, regression coefficient (β) = 1610; 1000 Hz (left): p = 0.026, β = 2179; 2000 Hz 
(right): p = 0.022, β = 2317; 2000 Hz (left): p = 0.002, β = 3257). Weak associations of nicotinic acid riboside (NAR) and 
nicotinamide (NAM) with hearing ability were observed.

Conclusions We identified negative correlations between blood concentrations of NA and hearing ability at 1000 
and 2000 Hz.  NAD+ metabolic pathway might be associated with ARHL onset or progression. Further studies are 
warranted.

Trial registration The study was registered at UMIN‑CTR (UMIN000036321) on 1st June 2019.
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Graphical Abstract

Introduction
Extension of healthy life expectancy has become a key 
challenge with the aging of the population. Age is a risk 
factor for several diseases, such as diabetes, cardiovas-
cular disease, cancer, and Alzheimer’s disease [1]. Aging 
and age-related diseases has been reported to be closely 
associated with age-related decline in blood and tis-
sue nicotinamide adenine dinucleotide  (NAD+) con-
tent [2–4]. Moreover,  preclinical studies revealed that 
the administration of NAD + -related metabolites, such 
as nicotinamide (NAM), nicotinamide mononucleo-
tide (NMN), or nicotinamide riboside (NR), reverses the 
aging-related decline in physiological function and pre-
vents the onset of age-related diseases partly via the acti-
vation of NAD + dependent deacetylase sirtuin [2–4]. If 
the correlation between NAD + -related metabolites and 
any specific aging-related disorders in humans are dem-
onstrated, the application of NAD + replenishment to 
them can be expected.

NAD + related-metabolites are derived from three 
main  NAD+ biosynthetic pathways: the de novo pathway, 
Preiss-Handler pathway, and salvage pathway [5]. The 
Preiss-Handler pathway begins with nicotinic acid (NA), 
which originates from food or dietary supplements [5] 
or is produced by intestinal bacterial microflora [6]. NA 
is converted to nicotinic acid mononucleotide (NAMN) 
by nicotinate phosphoribosyltransferase  (NAPRT) and 
nicotinic acid adenine dinucleotide (NAAD) to form 
 NAD+ [5].  NAD+ catabolite NAM is converted to 
NMN in a rate-limiting step catalyzed by nicotinamide 

phosphoribosyltransferase (NAMPT) via the  NAD+ sal-
vage pathway [2–7].

Age-related hearing loss (ARHL) is one of the most 
common age-related disorders in older adults. ARHL is 
underscored by hearing impairments and speech com-
munication disability caused by physiological age-related 
changes in the organum auditus and central nervous sys-
tem circuits related to the auditory system. The World 
Health Organization defines disabling hearing loss as 
hearing loss greater than decibels hearing level (dB HL) 
in both ears, and hearing loss of 35 dB HL or greater in 
the worse ear [8]. The connection between  NAD+ metab-
olism and ARHL has been identified in animals. SIRT3, 
one of the seven mammalian sirtuins, is a mitochondrial 
 NAD+-dependent deacetylase that controls key meta-
bolic pathways [9] and has been implicated in ARHL [10]. 
SIRT3 deacetylates mitochondrial isocitrate dehydro-
genase 2 and increases the ratio of reduced-to-oxidized 
glutathione in mitochondria, thereby enhancing mito-
chondrial glutathione antioxidant defense system in mice 
[10]. Moreover, administration of NR, an intermediate 
 NAD+ metabolite, activates the  NAD+-SIRT3 pathway 
and prevents noise-induced hearing loss and spiral gan-
glia neurite degeneration in mice [11, 12]. Recently, we 
reported a placebo-controlled, randomized, double-blind, 
parallel-group trial in which 250  mg of NMN, another 
intermediate  NAD+ metabolite, was administered to 
healthy older men daily for 6 or 12 weeks. Chronic NMN 
administration partially improved muscle performance 
(evaluated using gait speed and grip strength) in healthy 
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older men and tended to improve audibility in the right 
ear, although the change was not statistically significant 
[13]. However, evidence for a correlation between ARHL 
and  NAD+ metabolism in humans is limited.

Therefore, we aimed to investigate the correlation 
between  NAD+ metabolites and hearing ability in older 
adults and analyzed the clinical data of older Japanese 
men that were obtained in our recent human clinical 
study [13].

Materials and methods
Study outline
This study was a sub analysis evaluating the association 
between  NAD+-related metabolites and hearing ability 
using the baseline values obtained in our previous study 
[13]. The previous study was designed as a placebo-con-
trolled, randomized, double-blind, parallel-group trial to 
evaluate the effects of NMN supplementation in older 
men [13].

The studies were approved by the Graduate School of 
Medicine and Faculty of Medicine, University of Tokyo 
Research Ethics Committee (2018013P) and registered as 
“Randomized, double-blind, placebo-controlled parallel-
group comparative study to evaluate the effect of NMN 
on the body composition in elderly persons” at UMIN-
CTR (UMIN000036321). 65 Japanese older men volun-
teers were recruited by NEWING NPO Corp (Tokyo, 
Japan), which is a third-party nonprofit organization. 
After some screening tests to assess eligibility for the 
NMN-supplementation study, in total 42 healthy Japa-
nese men aged > 65 years were enrolled in this study. The 
details of the inclusion and exclusion criteria have been 
described in the previous study [13]. Candidates taking 
medications and vitamin B3-related supplements were 
excluded. The blood concentrations of  NAD+ metabolites 
and aging-related parameters, including hearing ability, 
were measured and evaluated as secondary objectives.

All participants provided written informed consent 
to participate in the study. The study was conducted in 
accordance with the guidelines of the Declaration of Hel-
sinki at the Clinical Research Support Center Phase 1 
Unit of the University of Tokyo Hospital.

Extraction of  NAD+‑related metabolites and LC–MS 
analysis 
Participants fasted and visited the Clinical Research 
Support Center Phase 1 Unit of the University of Tokyo 
Hospital in the morning. The blood samples were col-
lected from forearms of the participants. The samples in 
heparinized tubes were frozen at -80 °C and analyzed at 
the University of Toyama. The extraction and analysis of 
NAD + related metabolites (NAD + , NA, nicotinic acid 

riboside (NAR), NANM, NMN, NR, and NAM) were 
performed as previously described [14].

50 µL of whole blood and 450 µL of 50% MeOH were 
mixed and vortexed for 10 s, followed by the addition of 
an equal volume of chloroform (500 μL). The mixture 
was centrifuged at 13,000 × g at 4  °C for 10  min, and 
then aqueous phase and organic phase were separated. 
The upper aqueous phase was transferred to a new tube, 
and this liquid–liquid extraction was repeated. After 
this procedure, the samples were dried. The dried aque-
ous phase was reconstituted in LC/MS-grade water. The 
metabolites were analyzed by using an Agilent 6460 Tri-
ple Quad mass spectrometer (Agilent Technologies Inc., 
Santa Clara, CA, USA) and Agilent 1290 HPLC system 
(Agilent Technologies Inc.). Analytes were separated on 
an Atlantis T3 column (2.1 × 150 mm, particle size 3 µm, 
Waters) using mobile phase A (5  mM ammonium for-
mate) and mobile phase B (methanol) at a flow rate of 
150 µL/min and column temperature of 40  °C. In addi-
tion, the programmed mobile phase gradient was follow-
ing: 0–10 min, 0–70% B; 10–15 min, 70% B; 15–20 min, 
0% B. Analysis of chromatograms were performed by 
using MassHunter Quantitative Analysis software (Agi-
lent Technologies Inc.). Various concentrations of the 
standard compounds were measured to make standard 
curves for quantification.

Hearing tests
Hearing ability of the right and left ears was measured 
by using an audiometer (Audiometer AA-79, RION Co., 
Ltd., Tokyo, Japan). Participants wore dedicated head-
phones in a quiet room and listened to acoustic pure-
tone signals. If participants responded at 40  dB, the 
volume was lowered by 10–20 dB until no response was 
seen, and then the volume was gradually raised by 5 dB 
until participants responded. The volume level at which 
participants responded again was recognized as their 
hearing threshold. Besides, if there was no response at 
40  dB, the volume was increased by 10–20  dB until a 
response was observed. Then, the volume was decreased 
by 10–20  dB until no response was seen, after that the 
volume was gradually increased by 5 dB until participants 
responded again. The volume level at which participants 
responded again was recognized as their hearing thresh-
old. The same procedures were followed in order to 
measure and evaluate pure-tone air-conduction hearing 
thresholds at frequencies of 2000 Hz, 4000 Hz, 8000 Hz, 
500 Hz, 250 Hz, and 125 Hz, in the order [15].

Statistical analysis
Statistical analysis of the data from the 42 participants 
was performed using Easy R for Microsoft Windows 
[16]. Correlations between age (year) or whole-blood 
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concentrations of  NAD+-related metabolites (µM) 
and hearing thresholds (dB HL) were analyzed using 
Spearman’s rank correlation coefficient. Multiple lin-
ear regression analysis was also performed to assess the 
age-adjusted correlation between hearing threshold (dB 
HL) and whole-blood concentrations of  NAD+-related 
metabolites (µM) by designating hearing threshold as 
the dependent variable and  NAD+-related metabolites 
and age as the independent variables. The regression 
coefficient represents the amount of hearing threshold 
(dB HL) when the NA (μM) changes by 1  μM. Outli-
ers were defined as values outside of the third quar-
tile + 1.5 × quartile range as the maximum and the first 
quartile -1.5 × quartile range as the minimum. The cor-
relation coefficients and p-values analyzed by excluding 
outliers are presented in parentheses in Figs. 1, 2 and 3, 
Table 2, Supplementary Tables 1–5, and Supplementary 
Fig. 1. Statistical significance was set at p < 0.05.

Results
Participant characteristics 
Japanese men aged 65–88  years participated in the 
study. The clinical characteristics of the 42 participants, 
including the mean and SD of age, blood concentra-
tions of  NAD+-related metabolites  (NAD+, NA, NAR, 
NANM, NMN, NR, and NAM), and hearing thresholds 
at each frequency, are presented in Table 1. An increase 
in mean thresholds at higher frequencies (2000, 4000, 
and 8000  Hz) was observed in both ears, consistent 
with previous data from older Japanese men [17].

Relationship of age with hearing thresholds 
and whole‑blood concentrations of  NAD+‑related 
metabolites
The relationship between age and hearing threshold at 
each frequency was assessed (Fig. 1A). Hearing thresh-
olds have been reported to be progressively higher in 
older age at all frequencies [17]. Consistent with this, 
Spearman’s rank correlation tests revealed positive 
associations between age and right-ear hearing thresh-
olds at 500 Hz (r = 0.307, p = 0.048) (Fig. 1B), 1000 Hz 
(r = 0.380, p = 0.013) (Fig.  1C), 2000  Hz (r = 0.378, 
p = 0.014) (Fig. 1D), and 4000 Hz (r = 0.398, p = 0.009) 
(Fig.  1E). Moreover, we observed a positive associa-
tion between age and left-ear hearing thresholds at 
1000  Hz (r = 0.314, p = 0.043) (Fig.  1F) and 8000  Hz 
(r = 0.370, p = 0.016) (Fig. 1G). However, no correlation 
was observed between age and blood concentrations of 
 NAD+-related metabolites (Supplemental Table 1).

Relationship of NA and NAR, precursors 
of the Preiss‑Handler pathway, with hearing thresholds
Spearman’s rank correlation coefficient test was basically 
conducted to identify the correlation between  NAD+ 
related metabolite levels and hearing thresholds at each 
frequency. Our data indicated that age and blood  NAD+ 
levels were not correlated in participants aged more 
than 65  years. Nevertheless, an age-related decrease in 
 NAD+ and reciprocal increase in plasma NAM has been 
reported among a sample of participants with a wide age 
range (20–87  years) [18]. Since age is a potential con-
founder,  we also performed multiple linear regression 
analysis with hearing thresholds as the dependent vari-
able and age and  NAD+-related metabolite levels as the 
independent variables in the following analyses.

We first focused on the Preiss-Handler pathway, which 
uses dietary NA and NAPRT to generate NAMN that is 
subsequently transformed into NAAD by nicotinamide 
mononucleotide transferase (NMNAT) [5, 7]. The cor-
relation between whole-blood concentrations of NA, the 
precursor of the Preiss–Handler pathway, and hearing 
thresholds was tested at each frequency (Fig. 2A). Spear-
man’s rank correlation tests revealed positive associa-
tions between NA levels and right-ear hearing thresholds 
at 1000  Hz (r = 0.480, p = 0.001) (Fig.  2B) and 2000  Hz 
(r = 0.507, p < 0.001) (Fig.  2C). Similarly, age-adjusted 
multiple linear regression analysis (dependent variable: 
right-ear hearing threshold, independent variable: NA 
and age) revealed that NA was an independent predic-
tor of elevated right-ear hearing thresholds (1000  Hz: 
p = 0.050, regression coefficient (β) = 1610, 95% confi-
dence intervals (CI) = 0.840 to 3220; 2000 Hz: p = 0.022, 
β = 2317, 95% CI = 348 to 4286) (Table  2). Moreover, 
Spearman’s rank correlation tests revealed positive asso-
ciations between NA levels and left-ear hearing thresh-
old at 1000  Hz (r = 0.422, p = 0.003) (Fig.  2D), 2000  Hz 
(r = 0.629, p < 0.001) (Fig.  2E), and 4000  Hz (r = 0.366, 
p = 0.029) (Fig. 2F). Age-adjusted multiple linear regres-
sion analysis (dependent variable: left-ear hearing 
threshold, independent variable: NA and age) revealed 
that NA was an independent predictor of elevated hear-
ing thresholds in left ear (1000  Hz: p = 0.026, β = 2179, 
95% CI = 271 to 4087; 2000 Hz: p = 0.002, β = 3257, 95% 
CI = 1306 to 5208) (Table 2).

In addition, the same analyses were performed on the 
data set excluding outliers. Outliers were defined as val-
ues outside of the third quartile + 1.5 × quartile range 
as the maximum and the first quartile -1.5 × quartile 
range as the minimum. Even after excluding outliers, 
Spearman’s rank correlation tests still presented posi-
tive associations between NA levels and right or left-
ear hearing thresholds at 1000  Hz (right: r = 0.454, 
p = 0.004, left: 1000  Hz (r = 0.359, p = 0.027)),2000  Hz 
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Fig. 1 Correlation between age and hearing thresholds at each frequency. A Correlation of age (years) with right‑ and left‑ear hearing thresholds 
at each frequency (dB HL). B‑E Correlation between age and right‑ear hearing thresholds at 500 Hz (B), 1000 Hz (C), 2000 Hz (D), and 4000 Hz (E). F 
and G Correlation between age and left‑ear hearing thresholds at 1000 Hz (F) and 8000 Hz (G). Comparisons were performed using Spearman’s rank 
correlation coefficient. The correlation coefficients and p‑values analyzed excluding outliers are presented in parentheses. *P < 0.05; **P < 0.01
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(right: r = 0.522, p < 0.001, left: r = 0.641, p < 0.001) and 
4000  Hz (r = 0.335, p = 0.032) (Fig.  2A). Age-adjusted 
multiple linear regression analysis (dependent variable: 
right-ear hearing threshold, independent variable: NA 
and age) also revealed that NA was a still independ-
ent predictor of elevated right-ear hearing thresholds 
(1000  Hz (right): p = 0.004, β = 2657, 95% CI = 934 to 
4379; 1000 Hz (left): p = 0.028, β = 2419, 95% CI = 274 
to 4563; 2000  Hz (right): p = 0.001, β = 3782, 95% 
CI = 1585 to 5979; 2000  Hz (left): p < 0.001, β = 5968, 
95% CI = 3777 to 8159; 4000  Hz (left): p = 0.024, 
β = 3743, 95% CI = 519 to 6966) (Table 2).

Further, we observed weak positive correlations of 
NA levels with right-ear hearing threshold at 4000  Hz 
(r = 0262, p = 0.093) and left-ear hearing threshold at 
8000  Hz (r = 0281, p = 0.071) in Spearman’s rank correla-
tion tests (Fig. 2A). However, we did not observe any posi-
tive correlation between NA levels and hearing thresholds 
at lower frequencies (Fig. 2A). Collectively, these findings 
indicated that NA levels were significantly correlated with 
hearing thresholds at 1000 Hz and 2000 Hz and that these 
correlations were not driven by outliers.

Next, we tested the correlation between the levels of 
NAR, which is converted from NA or NAMN in the Pre-
iss-Handler pathway [5, 7], and hearing thresholds at each 
frequency (Supplemental Fig. 1A). Spearman’s rank corre-
lation tests revealed associations of NAR with right- and 
left-ear hearing thresholds at 125  Hz (right: r = -0.396, 
p = 0.009) (Supplemental Fig. 1B), 1000 Hz (left: r = 0.335, 
p = 0.030) (Supplemental Fig.  1C), and 2000  Hz (left: 
r = 0.390, p = 0.011) (Supplemental Fig. 1D). Furthermore, 
age-adjusted multiple linear regression analysis (dependent 
variable: right- or left-ear hearing threshold, independent 
variable: NAR and age) revealed that NAR partly influence 
hearing thresholds (125  Hz (right): p = 0.161, β = -4504, 
95% CI = -10,882 to 1875; 1000  Hz (left): p = 0.171, 
β = 6197, 95% CI = -2783 to 15,176; 2000  Hz (left): 
p = 0.036, β = 10,156, 95% CI = 679 to 19,633) (Table  2). 
No significant correlations were noted between NAR levels 
and hearing thresholds at other frequencies (Supplemental 
Fig. 1A). These data indicated that NAR levels were weakly 
correlated with hearing thresholds in older adults.

Relationship of NAM, precursor of the salvage pathway, 
with hearing thresholds
We next focused on the salvage pathway that recycles NAM 
to NMN, which is further converted to  NAD+  [2–7]. The 
relationship of whole-blood concentrations of NAM, pre-
cursor of the salvage pathway, with hearing thresholds at 
each frequency was tested (Fig. 3A). Spearman’s rank cor-
relation tests revealed positive associations between NAM 
levels and left-ear hearing thresholds at 250 Hz (r = 0.356, 
p = 0.021) (Fig.  3B) and 2000  Hz (r = 0.371, p = 0.016) 
(Fig. 3C). Similarly, age-adjusted multiple linear regression 
analysis (dependent variable: left-ear hearing threshold, 
independent variable: NAM and age) revealed that NAM 
was an independent predictor of elevated left-ear hear-
ing thresholds (250 Hz: p = 0.002, β = 2.00, 95% CI = 0.752 

Table 1 Clinical characteristics of 42 participants

The mean and standard deviation of age, NAD + related metabolites (NAD + , 
NA, NAR, NAMN, NMN, NR and NAM) and right or left‑ear hearing thresholds at 
each frequency from the 42 participants

NAD + Nicotinamide adenine dinucleotide, NA Nicotinic acid, NAR Nicotinic 
acid riboside, NAMN Nicotinic acid mononucleotide, NMN Nicotinamide 
mononucleotide, NR Nicotinamide riboside, NAM Nicotinamide

Mean ± SD

Age (year) 71.5 ± 5.1

NAD + (μM) 0.199 ± 0.073

NA (μM) 0.00512 ± 0.00248

NAR (μM) 0.000872 ± 0.000545

NANM (μM) 0.0715 ± 0.0972

NMN (μM) 0.0755 ± 0.0149

NR (μM) 0.0336 ± 0.0118

NAM (μM) 16.5 ± 3.1

Right 125 Hz (dB HL) 27.4 ± 11.9

Right 250 Hz (dB HL) 27.5 ± 13.8

Right 500 Hz (dB HL) 24.3 ± 13.2

Right 1000 Hz (dB HL) 23.3 ± 14.0

Right 2000 Hz (dB HL) 31.0 ± 16.8

Right 4000 Hz (dB HL) 42.5 ± 18.0

Right 8000 Hz (dB HL) 60.7 ± 16.7

Left 125 Hz (dB HL) 27.1 ± 11.5

Left 250 Hz (dB HL) 26.5 ± 13.6

Left 500 Hz (dB HL) 23.3 ± 13.2

Left 1000 Hz (dB HL) 24.8 ± 15.6

Left 2000 Hz (dB HL) 31.9 ± 16.9

Left 4000 Hz (dB HL) 44.0 ± 18.4

Left 8000 Hz (dB HL) 61.3 ± 17.4

Fig. 2 Correlation between NA (nicotinic acid) levels and hearing thresholds at each frequency. A Correlation of NA levels (μM) with right and 
left‑ear hearing thresholds at each frequency (dB HL). B and C Correlation between NA levels and right‑ear hearing thresholds at 1000 Hz (B) and 
2000 Hz (C). D‑F Correlation between NA levels and left‑ear hearing thresholds at 1000 Hz (D), 2000 Hz (E), and 4000 Hz (F). Comparisons were 
performed using Spearman’s rank correlation coefficient. The correlation coefficients and p‑values analyzed excluding outliers are presented in 
parentheses. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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to 3.26; 2000  Hz: p = 0.013, β = 2.11, 95% CI = 0.48 to 
3.75) (Table 2). Spearman’s rank correlation tests revealed 
weak positive correlations of NAM with right-ear hear-
ing threshold at 4000 Hz (r = 0.274, p = 0.079) and left-ear 
hearing thresholds at 500 Hz (r = 0.279, p = 0.074), 1000 Hz 
(r = 0.271, p = 0.083), 4000  Hz (r = 0.281, p = 0.072), and 
8000  Hz (r = 0.271, p = 0.082) (Fig.  3A). These data indi-
cated that NAM levels correlated weakly with hearing 
threshold in older adults.

Other  NAD+‑related metabolites and hearing thresholds
Finally, we analyzed the correlations of whole-blood con-
centrations of  NAD+ and other  NAD+-related metabo-
lites (NAMN, NMN, and NR) with hearing thresholds at 
each frequency using Spearman’s rank correlation tests 
(Supplemental Tables  2–5). Spearman’s rank correlation 
tests revealed no significant correlations between  NAD+ 
and hearing thresholds at each frequency (Supplemen-
tal Table 2) or between NAMN, NMN, NR, and hearing 
thresholds at each frequency (Supplemental Tables 3–5). 
These data indicated that  NAD+-related metabolites 
other than NA, NAR, and NAM were not correlated with 
hearing ability in older adults.

Discussion
The relationship between  NAD+-related metabolite levels 
and hearing ability in older adults has not been reported 
to date. In this study, we report that whole-blood concen-
trations of NA and  NAD+ precursors correlate positively 
with hearing thresholds, which indicates the metabolites 
correlate negatively with hearing ability in older men. 
Our analyses cannot determine if the link between NA 
levels and healing ability is causation or association. Nev-
ertheless, we hypothesize as described below about what 
the correlation means. Moreover, we suppose that blood 
concentrations of NA could be a marker of hearing ability 
in older adults.

In this study, we observed a negative correlation 
between concentrations of NA, an  NAD+ precursor 
in the Preiss-Handler pathway, and hearing ability at 
1000, 2000, and 4000 Hz. In contrast, concentrations of 
NAMN, which is generated from NA by NAPRT, did not 
correlate with hearing thresholds. Based on these results, 
we conjecture that the enzymatic activity of NAPRT, 
which converts NA into NAMN [5, 7], may determine 
the amount of  NAD+ in the inner ear. Moreover, since 
NAM, an  NAD+ precursor in the salvage pathway [2–7], 

Table 2 Multiple linear regression analysis with hearing threshold as the dependent variable and age and NAD + metabolites (NA, 
NAM, and NAR) as independent variables

(A, B and C) Multiple linear regression analysis with hearing threshold (dB HL) at each frequency as dependent variable and NA (μM) (A), NAM (μM) (B) or NAR (μM) (C) 
as independent variables, adjusted for age

The values analyzed excluding outliers are presented in parentheses. *P < 0.05; **P < 0.01; ***P < 0.001. R: Right, L: Left

Dependent
variable

Independent
variable

regression coefficient 95% lower confidence 
interval

95% upper confidence 
interval

p‑value

(A) NA

 R 1000 Hz
(dB HL)

NA (μM) 1610 (2657) 0.840 (934) 3220 (4379) 0.050* (0.004**)

 R 2000 Hz
(dB HL)

NA (μM) 2317 (3782) 348 (1585) 4286 (5979) 0.022* (0.001**)

 L 1000 Hz
(dB HL)

NA (μM) 2179 (2419) 271 (274) 4087 (4563) 0.026* (0.028*)

 L 2000 Hz
(dB HL)

NA (μM) 3257 (5968) 1306 (3777) 5208 (8159) 0.002** (< 0.001***)

 L 4000 Hz
(dB HL)

NA (μM) 1892 (3743) ‑319 (519) 4103 (6966) 0.091 (0.024*)

(B) NAM

 L 250 Hz
(dB HL)

NAM (μM) 2.00 (1.34) 0.752
(‑0.00297)

3.26 (2.68) 0.002** (0.050)

 L 2000 Hz
(dB HL)

NAM (μM) 2.11 (1.43) 0.48 (‑0.347) 3.75 (3.21) 0.013* (0.111)

(C) NAR

 R 125 Hz
(dB HL)

NAR (μM) ‑4504 (‑14,605) ‑10,882
(‑31,840)

1875 (2631) 0.161 (0.094)

 L 1000 Hz
(dB HL)

NAR (μM) 6197 (7358) ‑2783 (‑14,109) 15,176 (28,826) 0.171 (0.489)

 L 2000 Hz
(dB HL)

NAR (μM) 10,156 (9963) 679 (‑19,773) 19,633 (39,698) 0.036* (0.499)
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was associated with hearing ability, we propose that the 
contribution of NAMPT to the maintenance of  NAD+ 
levels in the inner ear may be limited compared to that 
of NAPRT. The enzyme NAPRT was first identified in 
human erythrocytes by Handler, whereby it increased 
 NAD+ levels [19]. Although enzymatic activity has been 

detected in most mouse tissues [20], NAPRT activity can 
be tissue-specific. Although NAM levels are substan-
tially higher than NA levels throughout mammalian liv-
ing cells, some tissues preferentially use NA for  NAD+ 
synthesis [21]. NA acts as a more efficient precursor than 
NAM in the mouse liver, intestine, heart, and kidneys 

Fig. 3 Correlation between the NAM (nicotinamide) levels and hearing thresholds at each frequency. A Correlation of NAM levels (μM) with 
right‑ or left‑ear hearing thresholds at each frequency (dB HL). B and C Correlation between NAM levels and left‑ear hearing thresholds at 250 Hz 
(B) and 2000 Hz (C). Comparisons were performed using Spearman’s rank correlation coefficient. The correlation coefficients and p‑values analyzed 
excluding outliers are presented in parentheses. *P < 0.05
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[22, 23]. Based on the stronger correlation between the 
level of NA and hearing ability compared with that of 
NAM, we speculate that the Preiss-Handler pathway may 
constitute a major source of  NAD+ in the inner ear rela-
tive to the Salvage pathway.

Interestingly, the relationships between NA levels 
and hearing thresholds were most evident at 1000 and 
2000 Hz, which tend to be less elevated with age than the 
higher frequencies [17]. Hearing loss  at low frequency 
can be caused by damage to the hair cells, cochlear, or 
auditory nerve [24]. With the protective role of cochlear 
hair cells by the mitochondrial surtuin SIRT3 [10, 11], 
we speculate NAD + -SIRT3 pathway might be the main 
pathway by which NAD + metabolism is involved with 
hearing ability in humans. Administration of NR activates 
the  NAD+-SIRT3 pathway and prevents noise-induced 
hearing loss and spiral ganglion process degeneration 
in mice [11, 12]. Based on preclinical findings [10–12], 
activation of  NAD+ metabolism could similarly affect 
hearing in humans through mechanisms including acti-
vation of SIRT3 and increased reduced-to-oxidized glu-
tathione ratio in mitochondria. Actually, we previously 
reported that chronic administration of NMN 250  mg/
day had a tendency to improve audibility in healthy older 
men [13]. Our findings in this report suggest that  NAD+ 
metabolic pathway, in particular the Preiss-Handler path-
way might be associated with the development of ARHL 
in humans. If the loss of the enzyme activity of NAPRT, 
the dominant enzyme in Preiss-Handler pathway, is the 
determinant of ARHL,  NAD+ replenishment through the 
different pathway from Preiss-Handler pathway such as 
NMN administration can effectively contribute to ARHL 
improvement.

We did not observe any correlation between whole-
blood levels of  NAD+ and hearing ability in our study. 
This could be due to the instability of  NAD+ in the blood, 
making it technically difficult to detect whole-blood 
 NAD+ [25]. In this regard, we may have identified a cor-
relation between tissue  NAD+ levels and hearing ability 
by measuring  NAD+ levels in the inner ear. As NAM lev-
els increase with the breakdown of  NAD+ in the salvage 
pathway [6, 18], the negative correlation between NAM 
and hearing ability implies a positive correlation between 
 NAD+ and hearing ability.

This study has several limitations. This study was sub-
analysis, and the sample size was not pre-calculated for 
this correlation analysis. Although some correlations 
might be undetectable due to the small sample size in our 
analysis, post-hoc power calculation for spearman’s rank 
correlation showed that the sample size was enough to 
detect the moderate or strong correlations (power = 0.900 
(correlation coefficient = 0.5), and power = 0.702 (cor-
relation coefficient = 0.4)). Additionally, participants 

comprised healthy Japanese men aged 65 years or older. 
The results may be relevant only for the certain healthy 
older Japanese men. Further investigations includ-
ing other races, generation, and gender are warranted. 
Moreover, as all analyses were exploratory, multiple com-
parisons were not performed.  However, the significant 
correlation between NA levels and hearing ability were 
observed at the same frequencies (1000 and 2000 Hz) on 
both ear sides in our analyses. While this consistency is 
not explained by false positive results, we consider our 
findings deserves further investigation to confirm our 
findings. Finally, the mechanism of ARHL requires fur-
ther elucidation from the perspective of the  NAD+ meta-
bolic pathway, including the Preiss-Handler pathway and 
 NAD+-SIRT3 axis [10–12] in basic and clinical research.

In conclusion, we report a negative correlation between 
whole-blood concentrations of NA and hearing ability. 
The relevance of  NAD+ metabolic pathways, particu-
larly the Preiss-Handler pathway, to the development of 
ARHL should be further investigated in future studies.
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NAPRT  Nicotinate phosphoribosyltransferase
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NMN  Nicotinamide mononucleotide
NR  Nicotinamide riboside
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between the level of NR and hearing thresholds at each frequency. The 
correlation between the level of NR (μM) and right or left‑ear hearing 
thresholds at each frequency (dB HL). Comparisons were made using the 
Spearman’s rank correlation coefficient. The correlation coefficients and 
p‑values analyzed excluding outliers are presented in parentheses. Sup‑
plemental Figure 1. The correlation between the level of NAR and hear‑
ing thresholds at each frequency. (A) The correlation between the level of 
NAR (μM) and right or left‑ear hearing thresholds at each frequency (dB 
HL). (B) The correlation between the level of NAR and right‑ear hearing 
thresholds at 250Hz. (C and D) The correlation between the level of NAR 
and left‑ear hearing thresholds at 1000Hz(C) and 2000Hz(D). Comparisons 
were made using the Spearman’s rank correlation coefficient. The correla‑
tion coefficients and p‑values analyzed excluding outliers are presented in 
parentheses. *P < 0.05; **P < 0.01

Acknowledgements
We appreciate the participation of all volunteers in this study. We also grate‑
fully acknowledge the support of staff of the Clinical Research Support Center 
Phase 1 Unit at the University of Tokyo Hospital. We wish to thank Editage 
(http:// www. edita ge. com) for editing our manuscript for English language. 
The graphical abstract was created with BioRender.com. We also thank for Dr. 
Kenichiro Nagahama supported in preparation of our graphical abstract.

Authors’ contributions
MI, MM, TK, and TY designed the NMN‑supplementation trial and MI, TY, 
YF, TSato and TSakurai provided resource for the study. YNN, MI, and MM 
conducted the clinical trials. YNN conceptualized this sub‑analysis study. KY 
and TN performed the analysis of NAD+‑related metabolites. YNN and KK con‑
ducted statistical analyses. YNN, MI, and TY interpreted the data. YNN wrote an 
original draft. YNN, MI, and KK, prepared figures and tables. YNN, MI, KK, and 
TY reviewed and edited. MI, TK and TY supervised. All authors have read and 
agreed to the published version of the manuscript.

Funding
This study was funded by Mitsubishi Corporation Life Sciences Limited.

Availability of data and materials
The datasets generated and/or analyzed during this study are available from 
the corresponding author upon reasonable request.

Declarations 

Ethics approval and consent to participate
The study was approved by the Graduate School of Medicine and Faculty of 
Medicine, University of Tokyo Research Ethics Committee (2018013P) and reg‑
istered as “Randomized, double‑blind, placebo‑controlled parallel‑group com‑
parative study to evaluate the effect of nicotinamide mononucleotide (NMN) 
on the body composition in elderly persons” at UMIN‑CTR (UMIN000036321). 
All participants provided written informed consent to participate in the study.

Consent for publication 
Not applicable.

Competing interests 
Funding from Mitsubishi Corporation Life Sciences Limited is gratefully 
acknowledged.  YF, TSato, and TSakurai declare no competing non‑financial 
interests however declare the following competing financial interests: they are 
employees of Mitsubishi Corporation Life Sciences Limited. The other authors 
have no conflicts of interest to declare.

Author details
1 Department of Diabetes & Metabolic Diseases, Graduate School of Medicine, 
The University of Tokyo, Tokyo, Japan. 2 Data Science Office, Clinical Research 
Promotion Center, The University of Tokyo Hospital, Tokyo, Japan. 3 Depart‑
ment of Molecular and Medical Pharmacology, Faculty of Medicine, University 
of Toyama, Toyama, Japan. 4 Mitsubishi Corporation Life Sciences Limited, 
Tokyo, Japan. 5 Toranomon Hospital, Tokyo, Japan. 

Received: 30 October 2022   Accepted: 3 February 2023

References
 1. Niccoli T, Partridge L. Ageing as a risk factor for disease. Curr Biol. 

2012;22:R741–52. https:// doi. org/ 10. 1016/j. cub. 2012. 07. 024.
 2. Cantó C, Menzies KJ, Auwerx J.  NAD+ metabolism and the control of 

energy homeostasis: a balancing act between mitochondria and the 
nucleus. Cell Metab. 2015;22:31–53. https:// doi. org/ 10. 1016/j. cmet. 2015. 
05. 023.

 3. Imai S, Guarente L. NAD+ and sirtuins in aging and disease. Trends Cell 
Biol. 2014;24:464–71. https:// doi. org/ 10. 1016/j. tcb. 2014. 04. 002.

 4. Verdin E.  NAD+ in aging, metabolism, and neurodegeneration. Science. 
2015;350:1208–13. https:// doi. org/ 10. 1126/ scien ce. aac48 54.

 5. Audrito V, Messana VG, Deaglio S. NAMPT and NAPRT: two metabolic 
enzymes with key roles in inflammation. Front Oncol. 2020;10:358. 
https:// doi. org/ 10. 3389/ fonc. 2020. 00358.

 6. Shats I, Williams JG, Liu J, Makarov MV, Wu X, Lih FB, et al. Bacteria boost 
mammalian host NAD metabolism by engaging the deamidated biosyn‑
thesis pathway. Cell Metab. 2020;31:564‑579.e7. https:// doi. org/ 10. 1016/j. 
cmet. 2020. 02. 001.

 7. Zapata‑Pérez R, Wanders RJA, van Karnebeek CDM, Houtkooper RH. 
NAD + homeostasis in human health and disease. EMBO Mol Med. 
2021;13:e13943. https:// doi. org/ 10. 15252/ emmm. 20211 3943.

 8. World Health Organization. World report on hearing. Human Rights 
Watch; 2021. p. 1–272. https:// www. who. int/ publi catio ns/i/ item/ world‑ 
report‑ on‑ heari ng. Accessed 17 July 2022.

 9. Lombard DB, Alt FW, Cheng HL, Bunkenborg J, Streeper RS, Mostoslavsky 
R, et al. Mammalian Sir2 homolog SIRT3 regulates global mitochondrial 
lysine acetylation. Mol Cell Biol. 2007;27:8807–14. https:// doi. org/ 10. 
1128/ MCB. 01636‑ 07https:// journ als. asm. org/ doi/ abs/ 10. 1128/ MCB. 
01636‑ 07.

 10. Someya S, Yu W, Hallows WC, Xu J, Vann JM, Leeuwenburgh C, et al. Sirt3 
mediates reduction of oxidative damage and prevention of age‑related 
hearing loss under caloric restriction. Cell. 2010;143:802–12. https:// doi. 
org/ 10. 1016/j. cell. 2010. 10. 002.

 11. Brown KD, Maqsood S, Huang JY, Pan Y, Harkcom W, Li W, et al. Activation 
of SIRT3 by the  NAD+ precursor nicotinamide riboside protects from 
noise‑induced hearing loss. Cell Metab. 2014;20:1059–68. https:// doi. org/ 
10. 1016/j. cmet. 2014. 11. 003.

 12. Han S, Du Z, Liu K, Gong S. Nicotinamide riboside protects noise‑induced 
hearing loss by recovering the hair cell ribbon synapses. Neurosci Lett. 
2020;725:134910. https:// doi. org/ 10. 1016/j. neulet. 2020. 134910.

 13. Igarashi M, Nakagawa‑Nagahama Y, Miura M, Kashiwabara K, Yaku K, 
Sawada M, et al. Chronic nicotinamide mononucleotide supplementa‑
tion elevates blood nicotinamide adenine dinucleotide levels and alters 
muscle function in healthy older men. NPJ Aging. 2022;8:5.

 14. Yaku K, Okabe K, Nakagawa T. Simultaneous measurement of NAD 
metabolome in aged mice tissue using liquid chromatography tandem‑
mass spectrometry. Biomed Chromatogr. 2018;32:e4205. https:// doi. org/ 
10. 1002/ bmc. 4205.

 15. Idota N, Horie S, Tsutsui T, Inoue J. Temporary threshold shifts at 1500 
and 2000 Hz induced by loud voice signals communicated through ear‑
phones in the pinball industry. Ann Occup Hyg. 2010;54(7):842–9. https:// 
doi. org/ 10. 1093/ annhyg/ meq048.

 16. Kanda Y. Investigation of the freely available easy‑to‑use software “EZR” 
for medical statistics. Bone Marrow Transplant. 2013;48:452–8. https:// doi. 
org/ 10. 1038/ bmt. 2012. 244.

 17. Wasano K, Kaga K, Ogawa K. Patterns of hearing changes in women and 
men from denarians to nonagenarians. Lancet Reg Health West Pac. 
2021;9:100131. https:// doi. org/ 10. 1016/j. lanwpc. 2021. 100131.

 18. Clement J, Wong M, Poljak A, Sachdev P, Braidy N. The plasma NAD 
+ metabolome is dysregulated in “normal” Aging. Rejuvenation Res. 
2019;22:121–30. https:// doi. org/ 10. 1089/ rej. 2018. 2077.

 19. Galassi L, Di Stefano M, Brunetti L, Orsomando G, Amici A, Ruggieri S, et al. 
Characterization of human nicotinate phosphoribosyltransferase: kinetic 
studies, structure prediction and functional analysis by site‑directed 
mutagenesis. Biochimie. 2012;94:300–9. https:// doi. org/ 10. 1016/j. biochi. 
2011. 06. 033.

http://www.editage.com
https://doi.org/10.1016/j.cub.2012.07.024
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.tcb.2014.04.002
https://doi.org/10.1126/science.aac4854
https://doi.org/10.3389/fonc.2020.00358
https://doi.org/10.1016/j.cmet.2020.02.001
https://doi.org/10.1016/j.cmet.2020.02.001
https://doi.org/10.15252/emmm.202113943
https://www.who.int/publications/i/item/world-report-on-hearing
https://www.who.int/publications/i/item/world-report-on-hearing
https://doi.org/10.1128/MCB.01636-07
https://doi.org/10.1128/MCB.01636-07
https://journals.asm.org/doi/abs/10.1128/MCB.01636-07
https://journals.asm.org/doi/abs/10.1128/MCB.01636-07
https://doi.org/10.1016/j.cell.2010.10.002
https://doi.org/10.1016/j.cell.2010.10.002
https://doi.org/10.1016/j.cmet.2014.11.003
https://doi.org/10.1016/j.cmet.2014.11.003
https://doi.org/10.1016/j.neulet.2020.134910
https://doi.org/10.1002/bmc.4205
https://doi.org/10.1002/bmc.4205
https://doi.org/10.1093/annhyg/meq048
https://doi.org/10.1093/annhyg/meq048
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1016/j.lanwpc.2021.100131
https://doi.org/10.1089/rej.2018.2077
https://doi.org/10.1016/j.biochi.2011.06.033
https://doi.org/10.1016/j.biochi.2011.06.033


Page 12 of 12Nakagawa‑Nagahama et al. BMC Geriatrics           (2023) 23:97 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 20. Zamporlini F, Ruggieri S, Mazzola F, Amici A, Orsomando G, Raffaelli N. 
Novel assay for simultaneous measurement of pyridine mononucleo‑
tides synthesizing activities allows dissection of the NAD + biosynthetic 
machinery in mammalian cells. FEBS J. 2014;281:5104–19. https:// doi. org/ 
10. 1111/ febs. 13050.

 21. Henderson LM. Niacin. Annu Rev Nutr. 1983;3:289–307. https:// doi. org/ 
10. 1146/ annur ev. nu. 03. 070183. 001445.

 22. Collins PB, Chaykin S. The management of nicotinamide and nicotinic 
acid in the mouse. J Biol Chem. 1972;247:778–83. https:// doi. org/ 10. 
1016/ S0021‑ 9258(19) 45675‑5.

 23. Jackson TM, Rawling JM, Roebuck BD, Kirkland JB. Large supplements 
of nicotinic acid and nicotinamide increase tissue  NAD+ and poly(ADP‑
ribose) levels but do not affect diethylnitrosamine‑induced altered 
hepatic foci in Fischer‑344 rats. J Nutr. 1995;125:1455–61. https:// doi. org/ 
10. 1093/ jn/ 125.6. 1455.

 24. Wong ACY, Ryan AF. Mechanisms of sensorineural cell damage, death 
and survival in the cochlea. Front Aging Neurosci. 2015;7:58. https:// doi. 
org/ 10. 3389/ fnagi. 2015. 00058.

 25. Liang X, Yang L, Qin AR, Ly J, Liederer BM, Messick K, et al. Measuring 
 NAD+ levels in mouse blood and tissue samples via a surrogate matrix 
approach using LC–MS/MS. Bioanalysis. 2014;6:1445–57. https:// doi. org/ 
10. 4155/ bio. 14.8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1111/febs.13050
https://doi.org/10.1111/febs.13050
https://doi.org/10.1146/annurev.nu.03.070183.001445
https://doi.org/10.1146/annurev.nu.03.070183.001445
https://doi.org/10.1016/S0021-9258(19)45675-5
https://doi.org/10.1016/S0021-9258(19)45675-5
https://doi.org/10.1093/jn/125.6.1455
https://doi.org/10.1093/jn/125.6.1455
https://doi.org/10.3389/fnagi.2015.00058
https://doi.org/10.3389/fnagi.2015.00058
https://doi.org/10.4155/bio.14.8
https://doi.org/10.4155/bio.14.8

	Blood levels of nicotinic acid negatively correlate with hearing ability in healthy older men
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Introduction
	Materials and methods
	Study outline
	Extraction of NAD+-related metabolites and LC–MS analysis 
	Hearing tests
	Statistical analysis

	Results
	Participant characteristics 
	Relationship of age with hearing thresholds and whole-blood concentrations of NAD+-related metabolites
	Relationship of NA and NAR, precursors of the Preiss-Handler pathway, with hearing thresholds
	Relationship of NAM, precursor of the salvage pathway, with hearing thresholds
	Other NAD+-related metabolites and hearing thresholds

	Discussion
	Acknowledgements
	References


