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IMPORTANCE Persistent tinnitus is common, disabling, and difficult to treat.

OBJECTIVE To evaluate the association between circulating metabolites
and persistent tinnitus.

DESIGN, SETTING, AND PARTICIPANTS This was a population-based case-control study
of 6477 women who were participants in the Nurses’ Health Study (NHS) and NHS II with
metabolomic profiles and tinnitus data. Information on tinnitus onset and frequency was
collected on biennial questionnaires (2009-2017). For cases, metabolomic profiles were
measured (2015-2021) in blood samples collected after the date of the participant’s first
report of persistent tinnitus (NHS, 1989-1999 and 2010-2012; NHS II, 1996-1999).
Data analyses were performed from January 24, 2022, to January 14, 2023.

EXPOSURES In total, 466 plasma metabolites from 488 cases of persistent tinnitus
and 5989 controls were profiled using 3 complementary liquid chromatography tandem
mass spectrometry approaches.

MAIN OUTCOMES AND MEASURES Logistic regression was used to estimate odds ratios (ORs)
of persistent tinnitus (per 1 SD increase in metabolite values) and 95% CIs for each individual
metabolite. Metabolite set enrichment analysis was used to identify metabolite classes
enriched for associations with tinnitus.

RESULTS Of the 6477 study participants (mean [SD] age, 52 [9] years; 6477 [100%] female;
6121 [95%] White individuals) who were registered nurses, 488 reported experiencing
daily persistent (�5 minutes) tinnitus. Compared with participants with no tinnitus
(5989 controls), those with persistent tinnitus were slightly older (53.0 vs 51.8 years) and
more likely to be postmenopausal, using oral postmenopausal hormone therapy, and have
type 2 diabetes, hypertension, and/or hearing loss at baseline. Compared with controls,
homocitrulline (OR, 1.32; (95% CI, 1.16-1.50); C38:6 phosphatidylethanolamine (PE; OR, 1.24;
95% CIs, 1.12-1.38), C52:6 triglyceride (TAG; OR, 1.22; 95% CIs, 1.10-1.36), C36:4 PE (OR, 1.22;
95% CIs, 1.10-1.35), C40:6 PE (OR, 1.22; 95% CIs, 1.09-1.35), and C56:7 TAG (OR, 1.21; 95% CIs,
1.09-1.34) were positively associated, whereas α-keto-β-methylvalerate (OR, 0.68; 95% CIs,
0.56-0.82) and levulinate (OR, 0.60; 95% CIs, 0.46-0.79) were inversely associated with
persistent tinnitus. Among metabolite classes, TAGs (normalized enrichment score [NES],
2.68), PEs (NES, 2.48), and diglycerides (NES, 1.65) were positively associated, whereas
phosphatidylcholine plasmalogens (NES, −1.91), lysophosphatidylcholines (NES, −2.23),
and cholesteryl esters (NES,−2.31) were inversely associated with persistent tinnitus.

CONCLUSIONS AND RELEVANCE This population-based case-control study of metabolomic
profiles and tinnitus identified novel plasma metabolites and metabolite classes that were
significantly associated with persistent tinnitus, suggesting that metabolomic studies may
help improve understanding of tinnitus pathophysiology and identify therapeutic targets
for this challenging disorder.
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P ersistent tinnitus can be disabling and adversely affect
quality of life.1,2 Approximately 50 million US individu-
als experience tinnitus,3 yet its causes are often un-

known, and for most individuals the effectiveness of pro-
posed treatments is uncertain.4 Identifying potentially
modifiable risk factors could aid prevention efforts and in-
form targeted treatments for this challenging disorder.

There is a critical need to improve the understanding of
the biologic underpinnings of tinnitus and the diverse
underlying causes.5 Accumulating evidence suggests com-
plex interactions between individual-level and environmen-
tal factors that may influence the generation and persistence
of tinnitus.6 Metabolomic studies provide a comprehensive
picture of an individual’s metabolic status and have eluci-
dated biological pathways underlying several neurodegen-
erative disorders. The metabolome encompasses the collec-
tion of small molecules in biologic samples. Metabolite
levels are downstream of transcriptional and translational
processes and reflect direct input from the diet, environ-
ment, and intestinal microbiome, thus the systematic analy-
sis of metabolites can uncover valuable insights into a disor-
der as complex as tinnitus.

Previous studies identified metabolomic biomarkers for
neurodegenerative disorders,7,8 but human metabolomic
studies of tinnitus are lacking. A study in rats identified per-
turbations in several metabolic pathways with tinnitus,9 and
multiple metabolite alterations demonstrated in brain tissue
were also demonstrated in plasma.9 However, to our knowl-
edge, no human studies have evaluated plasma metabolomic
profiles and persistent tinnitus. Therefore, we conducted
a large cross-sectional study in 2 well-characterized cohorts
of US women, the Nurses’ Health Study (NHS) and Nurses’
Health Study II (NHS II), to identify metabolomic alterations
associated with tinnitus.

Methods
The study protocol was approved by the institutional review
boards of the Brigham and Women’s Hospital and Harvard T.
H. Chan School of Public Health. The return of the self-
administered questionnaire and blood sample was con-
sidered to imply consent when the study protocols were
approved in 1976 (NHS) and 1989 (NHS II).

Study Populations
The NHS began in 1976 when 121 700 female registered
nurses (age range, 30-55 years) enrolled by returning a
mailed questionnaire; then in 1986, the NHS II enrolled
116 429 female nurses (25-42 years) using the same
method.10 Since then, participants have been followed up
biennially with questionnaires on reproductive history,
lifestyle factors, diet, medication use, and new disease diag-
noses. In 1989 to 1990 and 1996 to 1999, 32 826 NHS and
29 611 NHS II participants provided blood samples and com-
pleted a short questionnaire.11 In brief, the participants
arranged to have their blood drawn and the sample shipped
with an ice pack via overnight courier to our laboratory, the

Brigham and Women’s Hospital/Harvard Cohort Bioreposi-
tory. These blood samples were processed and separated
into plasma and red and white blood cell components and
frozen in gasketed cryovials in the vapor phase of liquid
nitrogen freezers. Using the same protocol, 18 743 female
participants in the NHS and 17 275 in the NHS II provided a
second blood sample in 2000 through 2002 and 2010
through 2012.

Tinnitus Assessment
Information on tinnitus was collected on the biennial
questionnaires in 2012 and 2016 for the NHS, and in 2009,
2013, and 2017 for the NHS II. These questionnaires included
the question, “In the past 12 months, have you had ringing,
roaring, or buzzing in your ears or head?” The 6 response
options ranged from never to daily. Information on age of
onset and how long the perception of sound lasts was also
collected. The outcome in this study was self-reported per-
sistent daily tinnitus; a case was defined as tinnitus experi-
enced daily with a duration of 5 minutes or more during 1
year or more (hereafter referred to as tinnitus). We used a
stringent definition of tinnitus to mitigate potential misclas-
sification and focus on cases of tinnitus that were most likely
to be clinically meaningful. A control was defined as never
tinnitus. This study included 488 participants with preva-
lent tinnitus (cases) and 5989 participants who had never
experienced tinnitus (controls). For all of the cases, metabo-
lomic measurements were obtained from blood samples
collected after the date of the participant’s first report of
persistent tinnitus.

Assessment of Covariates
Information on covariates (Table) was self-reported, includ-
ing race and ethnicity, and obtained from substudy question-
naires completed at the time of blood collection and from bi-
ennial questionnaires completed nearest to and before the
date of the blood collection. Covariate information on many
of these factors has been formally validated.12-16

Key Points
Question Are there differences in circulating plasma metabolites
between individuals with persistent tinnitus and those who have
never experienced this disorder?

Findings This population-based case-control study of 6477
participants from the Nurses’ Health Study (NHS) and the NHS II,
including 488 women with daily persistent tinnitus and 5989
controls, found several novel metabolites associated with
persistent tinnitus. Homocitrulline, 3 phosphatidylethanolamines,
and 2 triglycerides were significantly positively associated,
whereas α-keto-β-methylvalerate and levulinate were significantly
inversely associated with persistent tinnitus.

Meaning The findings of this population-based case-control
study underscore the value of metabolomics studies for tinnitus
biomarker discovery and demonstrate the potential for
metabolomics to identify therapeutic targets for persistent
tinnitus and other challenging disorders.
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Table. Participant Characteristics According to Tinnitus Case-Control Status at the Time of Sample Collection, NHS and NHS II

Characteristic

Participant status, No. (%)a

P valueNo tinnitus ever (controls) Persistent tinnitus (cases)

Participants, No. 5989 488 NA

Age, mean (SD), y 51.8 (8.8) 53.0 (7.9) <.01

Race and ethnicity, Whiteb 5666 (94.6) 455 (93.2) .24

BMI, mean (SD) 25.5 (5.0) 25.8 (4.5)
.31

Missing data 58 (1.0) 5 (1.0)

Menopausal status

Premenopausal 2835 (47.3) 198 (40.6)

.02
Postmenopausal 2957 (49.4) 269 (55.1)

Indeterminate 187 (3.1) 21 (4.3)

Missing data 10 (0.2) 0

Current hormone use

No PMH 2892 (48.3) 196 (40.2)

<.01
Oral PMH 1907 (31.8) 199 (40.8)

Other PMH type 33 (0.6) 6 (1.2)

Premenopausal/missing data 1157 (19.3) 87 (17.8)

Current oral contraceptive use

No 5830 (97.3) 481 (98.6)

.20Yes 140 (2.3) 7 (1.4)

Missing data 19 (0.3) 0

Diabetes, ever 889 (14.8) 86 (17.6)
.17

Missing data 10 (0.2) 0

Hypertension, ever 2472 (41.3) 222 (45.5)
.13

Missing data 10 (0.2) 0

Depression, everc 1737 (29.1) 128 (26.2)
.28

Missing data 10 (0.2) 0

Smoking

Never 3350 (56.9) 262 (53.7)

.77
Past 2087 (34.8) 179 (36.7)

Current 534 (8.9) 46 (9.4)

Missing data 18 (0.3) 1 (0.2)

Physical activity in MET-h/wk, mean (SD) 17.3 (22.2) 16.8 (19.9)
.61

Missing data 52 (0.9) 5 (1.0)

DASH score, by quintile

1 1169 (19.5) 82 (16.8)

.28

2 1196 (20.0) 99 (20.3)

3 1042 (17.4) 99 (20.3)

4 1181 (19.7) 106 (21.7)

5 1106 (18.5) 83 (17.0)

Missing data 295 (4.9) 19 (3.9)

Alcohol intake, g/d

None 2214 (37.0) 182 (37.3)

.46

1.0-4.9 1946 (32.5) 168 (34.4)

5.0-14.9 1045 (17.4) 73 (15.0)

15.0-29.9 335 (5.6) 29 (5.9)

≥30 154 (2.6) 17 (3.5)

Missing data 295 (4.9) 19 (3.9)

(continued)
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Metabolite Profiling
Metabolomics assays were performed within 15 prospective
case-control studies (eTable 1 in Supplement 1) nested within
the NHS and NHS II, including studies of different cancers
(breast, ovarian, colon, pancreatic), diabetes, stroke, glau-
coma, inflammatory bowel disease, amyotrophic lateral
sclerosis, Parkinson disease, rheumatoid arthritis, and post-
traumatic stress disorder. In eTable 1 in Supplement 1 are the
number of tinnitus cases and controls by nested case-control
study. We used the probit transformation within individual
studies to correct for batch effects before merging individual
metabolomic data across studies.

In total, 6477 women responded to the tinnitus ques-
tions and had metabolomic data previously measured. Plasma
metabolites were profiled at the Broad Institute of the Massa-
chusetts Institute of Technology and Harvard University using
3 complementary liquid chromatography tandem mass
spectrometry methods designed to measure amino acids,
amines, lipids, free fatty acids, bile acids, sugars, organic ac-
ids, purines, and pyrimidines, as described previously.17-21 For
each method, metabolite identities were confirmed using
authentic reference standards or reference samples. Addi-
tional details describing the metabolomic assays are pro-
vided in the eMethods of Supplement 2.

During quality control analysis, 192 metabolites were ex-
cluded because they were not robust with respect to sample
collection characteristics,20 and an additional 132 metabo-
lites were excluded because they had been measured in fewer
than 100 participants.

In total, 466 metabolites were included in the study, of
which 389 (83%) metabolites had a coefficient of variation
equal to 25% or less. Metabolite sample sizes varied from 100
participants to 6477, which was mostly because of the se-
lected extraction methods in the individual nested case-
control studies (up to 4 methods selected from hydrophilic
interaction liquid chromatography positive and negative, C8+,
C18−) and to a lesser extent, missing metabolite values.

Statistical Analysis
Missing value imputation for metabolites was performed within
individual nested case-control studies. Missing values for me-
tabolites with less than 25% missingness within an indi-
vidual nested case-control study were imputed with half of
the minimum value measured for that metabolite in that in-
dividual study (n = 422 across all 15 studies). Metabolites miss-
ing in 25% or more of the samples within an individual nested
case-control study were not imputed in that individual study.
Metabolites were evaluated among samples with nonmissing
or imputed values. Continuous metabolite values were trans-
formed to probit scores within a nested case-control study to
correct for batch effects, reduce the influence of skewed dis-
tributions, and heavy tails on the results, and to scale the mea-
sured metabolite values to the same range. Logistic regres-
sion was used to evaluate metabolite associations, modeled
continuously, with tinnitus.

We present the odds ratios (ORs) and 95% CIs for an in-
crease of 1 SD in probit-transformed metabolite levels esti-
mated with 4 statistical models: model 1 adjusts for age, race
and ethnicity, fasting status, season of blood draw, collec-
tion, cohort, and end point; model 2 adjusts for all covariates
in model 1 plus body mass index (calculated as weight in ki-
lograms divided by height in meters squared); model 3 ad-
justs for all covariates in model 2 plus menopausal sta-
tus, current oral hormone use, and current oral contraceptive
use; and model 4 adjusts for all covariates in model 3 plus smok-
ing status, physical activity, Dietary Approaches to Stop Hy-
pertension dietary score, and alcohol intake. We used residu-
als to adjust for categorical variables given the large number
of resulting cross-classified subgroups compared with the
sample size when including categorical variables in the mod-
els. We used the number of effective tests (NEF) to account
for testing multiple correlated hypotheses.22 We used metabo-
lite set enrichment analysis23 and the false discovery rate
(FDR)24 to identify metabolite classes enriched for associa-
tions with tinnitus. We present and discuss individual me-

Table. Participant Characteristics According to Tinnitus Case-Control Status at the Time of Sample Collection, NHS and NHS II (continued)

Characteristic

Participant status, No. (%)a

P valueNo tinnitus ever (controls) Persistent tinnitus (cases)

Cohort, NHS II 2178 (36.4) 157 (32.2) .07

Hearing loss

No 3928 (65.6) 129 (26.4)

<.01

Mild 1378 (23.0) 196 (40.2)

Moderate 543 (9.1) 122 (25.0)

Severe 132 (2.2) 38 (7.8)

Missing data 8 (0.1) 3 (0.6)

Abbreviations: BMI, body mass index, calculated as weight in kilograms divided
by height in meters squared; DASH, Dietary Approaches to Stop Hypertension,
calculated on the distribution of the entire cohort; MET, metabolic equivalent of
task; NA, not applicable; NHS, Nurses’ Health Study; NHS II, Nurses’ Health
Study II; PMH, postmenopausal hormone therapy.
a These data represent mean values and SDs for continuous variables, and

counts and percentages for categorical variables. P values were estimated
from a t test for continuous variables or from a χ2 test for categorical variables

and are based on nonmissing values only.
b Race and ethnicity included Asian, Black, Hispanic, White, and other; however,

the number of participants who did not self-report as White was small and
could potentially identify study participants; therefore, they are not reported
in these findings.

c Defined as the use of antidepressants in the past 2 years or self-reported
diagnosis.
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tabolites with NEF-corrected P < .20, and metabolite classes
with FDR < .20.

The main analysis included 488 cases (defined as partici-
pants with daily tinnitus of ≥5 minutes duration) and 5989
controls (participants with no tinnitus). We conducted strati-
fied analyses restricted to those without self-reported hear-
ing loss (129 cases vs 3928 controls) and to those with
moderate or severe hearing loss (160 cases vs 675 controls). We
conducted sensitivity analyses restricted to women who par-
ticipated in the first NHS collection (268 cases vs 2683 con-
trols), the second NHS collection (63 cases vs 1128 controls),
the first NHS II collection (147 cases vs 2021 controls), and to
controls as defined within an individual study (235 cases vs
3021 controls; ie, controls in the breast cancer or ovarian
cancer prospective case-control study).

Statistical significance was defined as NEF-P < .05 or
FDR < .05. Given the hypothesis-generating nature of this
study, we also reported and discuss the findings with
NEF-P < .20 or FDR < .20. Data analyses were performed from
January 24, 2022, to January 14, 2023, using R, version 4.0.3
(R Foundation for Statistical Computing) and the R packages,
Stats, Fast Gene Set Enrichment Analysis,25 and ggplot2.26

Results

Study Population
The 6477 study participants were all female registered nurses,
had a mean (SD) age of 52 (9) years, and most (95%; 6121 wom-
en) were White. Of these, 488 women reported experiencing
daily persistent (≥5 minutes) tinnitus. Compared with the
participants with no tinnitus (n = 5989), those with persis-
tent tinnitus were slightly older (53.0 vs 51.8 years) and were
more likely to be postmenopausal, using oral postmeno-
pausal hormone therapy, and/or have type 2 diabetes, hyper-
tension, and/or hearing loss (Table).

Individual Metabolites and Metabolite Classes
In the fully adjusted model 4, we found 8 metabolites associ-
ated with tinnitus at the NEF-corrected P value (NEF-P) < .05
(Figure 1 and eTable 2 in Supplement 1). Homocitrulline (OR,
1.32; 95% CI, 1.16-1.50; NEF-P = .01), C38:6 phosphatidyletha-
nolamine (PE; OR, 1.24; 95% CI, 1.12-1.38; NEF-P = .01), C52:6
triglyceride (TAG; OR, 1.22; 95% CI, 1.10-1.36; NEF-P = .03),
C36:4 PE (OR, 1.22; 95% CI, 1.10-1.35; NEF-P = .03); C40:6 PE

Figure 1. Individual Metabolites Associated With Persistent Daily Tinnitus Among 488 Participants With Tinnitus (Cases)
and 5989 Participants Without Tinnitus (Controls), NEF-P < .20 in at Least 1 Model, NHS and NHS II

0 2
OR (95% CI)

1

Metabolite

Levulinate
Methylvaleratea

C18:0 LPC
C18:2 LPC
Thiamine
C34:2 PE
C36:3 PE
C54:5 TAG
C38:4 PE
C54:8 TAG
C56:3 TAG
C58:6 TAG
C38:5 DAG
C38:5 PE
C55:3 TAG
C56:4 TAG
C56:7 TAG
C36:4 PE
C40:6 PE
C52:7 TAG
C52:6 TAG
C38:6 PE
Homocitrulline

OR (95% CI)

0.60 (0.46-0.78)
0.70 (0.58-0.85)
0.84 (0.76-0.93)
0.84 (0.76-0.93)
1.17 (1.06-1.28)
1.18 (1.07-1.31)
1.18 (1.07-1.31)
1.19 (1.08-1.32)
1.19 (1.07-1.31)
1.19 (1.07-1.32)
1.20 (1.08-1.33)
1.20 (1.08-1.33)
1.20 (1.08-1.33)
1.20 (1.08-1.33)
1.20 (1.08-1.33)
1.21 (1.09-1.34)
1.21 (1.10-1.34)
1.21 (1.09-1.33)
1.21 (1.10-1.34)
1.21 (1.09-1.34)
1.22 (1.10-1.35)
1.23 (1.11-1.37)
1.31 (1.15-1.49)

Model 1A

0 2
OR (95% CI)

1

OR (95% CI)

Model 2B

0 2
OR (95% CI)

1

OR (95% CI)

Model 3C

0 2
OR (95% CI)

1

OR (95% CI)

Model 4D

P <.05 NEF-P <.20 NEF-P <.05

0.63 (0.48-0.82)
0.70 (0.57-0.84)
0.83 (0.75-0.92)
0.83 (0.75-0.92)
1.17 (1.07-1.29)
1.19 (1.07-1.31)
1.18 (1.07-1.31)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.19 (1.08-1.32)
1.20 (1.08-1.33)
1.20 (1.08-1.34)
1.20 (1.08-1.33)
1.19 (1.07-1.32)
1.20 (1.09-1.34)
1.21 (1.10-1.35)
1.21 (1.09-1.34)
1.21 (1.09-1.34)
1.21 (1.09-1.34)
1.22 (1.10-1.35)
1.24 (1.12-1.37)
1.32 (1.16-1.51)

0.60 (0.46-0.79)
0.69 (0.57-0.83)
0.83 (0.75-0.92)
0.83 (0.75-0.92)
1.18 (1.07-1.29)
1.19 (1.07-1.32)
1.19 (1.07-1.31)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.20 (1.08-1.33)
1.20 (1.08-1.34)
1.20 (1.08-1.34)
1.20 (1.08-1.33)
1.19 (1.07-1.32)
1.21 (1.09-1.34)
1.21 (1.10-1.35)
1.21 (1.10-1.35)
1.21 (1.09-1.35)
1.21 (1.09-1.34)
1.22 (1.10-1.36)
1.24 (1.12-1.38)
1.33 (1.16-1.51)

0.60 (0.46-0.79)
0.68 (0.56-0.82)
0.83 (0.75-0.92)
0.83 (0.75-0.92)
1.18 (1.07-1.29)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.19 (1.07-1.32)
1.18 (1.07-1.32)
1.19 (1.08-1.32)
1.20 (1.08-1.33)
1.20 (1.08-1.34)
1.20 (1.08-1.33)
1.19 (1.07-1.32)
1.21 (1.09-1.34)
1.21 (1.09-1.34)
1.22 (1.10-1.35)
1.22 (1.10-1.35)
1.21 (1.09-1.34)
1.22 (1.10-1.36)
1.24 (1.12-1.38)
1.32 (1.16-1.50)

a α-keto-β-methylvalerate.

Odds ratios (ORs) of tinnitus were calculated per 1 SD increase in
probit-transformed metabolite values. Model 1 adjusts for age, race and
ethnicity, fasting status, season of blood draw, collection, cohort, end point;
model 2 adjusts for all covariates in model 1 plus BMI; model 3 adjusts for all
covariates in model 2 plus menopausal status, current oral hormone use, and

current oral contraceptive use; model 4 adjusts for all covariates in model 3 plus
smoking status, physical activity, DASH score, and alcohol intake. BMI refers to
body mass index calculated as weight in kilograms divided by height in meters
squared; DAG, diglycerides; DASH, Dietary Approaches to Stop Hypertension;
LPC, lysophosphatidylcholines; NHS, Nurses’ Health Study; NHS II, Nurses’
Health Study II; PE, phosphatidylethanolamines; and TAG, triglycerides.
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(OR, 1.22; 95% CI, 1.09-1.35; NEF-P = .04), and C56:7 TAG (OR,
1.21; 95% CI, 1.09-1.34; NEF-P = .05) were positively associ-
ated with tinnitus; whereas, α-keto-β-methylvalerate (OR,
0.68; 95% CI, 0.56-0.82; NEF-P = .01) and levulinate (OR, 0.60;
95% CI, 0.46-0.79; NEF-P = .04) were inversely associated with
tinnitus. An additional 12 metabolites (6 TAGs, 4 PEs, 1 diglyc-
eride [DAG], and thiamine) were positively associated and an
additional 2 lysophosphatidylcholines (LPCs) were inversely
associated with tinnitus at NEF-P < .20. Odds ratios and sig-
nificance levels were similar across the 4 logistic regression
models tested. eFigure 1 in Supplement 2 shows pairwise Spear-
man correlations across all metabolites associated with tinni-
tus at NEF-P < .20. Similar associations were observed in sen-
sitivity analyses restricted to women who participated in the
first NHS collection, the second NHS collection, the first NHS
II collection, or to controls as defined within an individual
study.

In total, 337 of the 466 metabolites were mapped to 34 me-
tabolite classes, of which 22 classes included at least 3 me-
tabolites and were tested with metabolite set enrichment analy-
sis. The TAGs (normalized enrichment score [NES], 2.68; FDR
< .001), PEs (NES, 2.48; FDR < .001), and DAGs (NES, 1.65;
FDR = .05) were positively associated with tinnitus, whereas
phosphatidylcholine (PC) plasmalogens (NES, −1.91;
FDR = .02), LPCs (NES, −2.23; FDR < .001), and cholesteryl es-
ters (CEs; NES, −2.31; FDR < .001) were inversely associated
(FDR < .05) (Figure 2; eTable 3 in Supplement 1). The PCs were
positively associated with tinnitus, whereas alkaloids and
derivatives, carboxylic acids and derivatives, PE plasmalo-
gens, carnitines, and lysophosphatidylethanolamines were
inversely associated (FDR < .20).

Metabolites and Metabolite Classes by Hearing Status
In total, 129 participants with tinnitus (cases) and 3928 par-
ticipants without tinnitus (controls) reported no hearing loss,
while 160 cases and 675 controls reported moderate or se-
vere hearing loss. Based on the findings of fully adjusted model
4, the associations with tinnitus observed among those with
no hearing loss were statistically significant and stronger than
among participants with moderate or severe hearing loss for
these individual metabolite ORs: vitamin A (OR, 1.89 [95% CI,
1.29-2.77], NEF-P = .19 vs 0.84 [95% CI, 0.6-1.19], NEF-
P > .99); C52:6 TAG (OR, 1.46 [95% CI, 1.20-1.77], NEF-P = .02
vs 1.17 [95% CI, 0.96-1.43], NEF-P > .99); C52:5 TAG (OR, 1.62
[95% CI, 1.30-2.02], NEF-P < .001 vs 1.06 [95% CI, 0.81-1.37],
NEF-P > .99); C36:3 DAG (OR, 1.41 [95% CI, 1.16-1.72], NEF-
P = .10 vs 1.17 [95% CI, 0.95-1.44], NEF-P > .99); C52:4 TAG (OR,
1.39 [95% CI, 1.14-1.69], NEF-P = .19 vs 1.18 [95% CI, 0.96-
1.46], NEF-P > .99); C20:4 CE (OR, 0.70 [95% CI, 0.57-0.85],
NEF-P = .07 vs 0.87 [95% CI, 0.72-1.05], NEF-P > .99); and
C20:3 CE (OR, 0.69 [95% CI, 0.57-0.84], NEF-P = .04 vs 0.85
[95% CI, 0.71-1.03], NEF-P > .99). Figure 3 and eTable 4 in
Supplement 1 illustrate these data further. In contrast,
the association between α-keto-β-methylvalerate and tinni-
tus was stronger and statistically significant among those
with hearing loss (OR, 0.24 [95% CI, 0.10-0.54], NEF-P = .11)
than among those with no hearing loss (OR, 0.70 [95% CI,
0.50-0.98], NEF-P > .99).

Based on the metabolite set enrichment analyses, TAGs and
PEs were positively associated with tinnitus among those with
and without hearing loss (Figure 4; eTable 5 in Supple-
ment 1). Based on the fully multivariable-adjusted model 4,
the observed associations with tinnitus were stronger and

Figure 2. Metabolite Classes Associated With Persistent Daily Tinnitus Among 488 Participants
With Tinnitus (Cases) and 5989 Participants Without Tinnitus (Controls), NHS and NHS II

MSEA enrichment score
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statistically significant among those with no hearing loss than
among those with moderate or severe hearing loss for these
metabolite classes: DAGs (NES, 1.93; FDR = .02 vs NES, 0.86;
FDR > .99), organic acids and derivates (NEF, 1.47; FDR = .16
vs NES, −0.33; FDR > .99), PC plasmalogens (NES, −1.80;
FDR = .04 vs NES, −1.02; FDR = .93), LPCs (NES, −1.96;
FDR = .01 vs NES, −1.43; FDR = .41), and CEs (NES, −2.49; FDR
< .001 vs NES, −1.47; FDR = .40). Steroids and steroid deriva-
tives were associated with tinnitus among those with moder-
ate or severe hearing loss (NES, 1.86; FDR = .01), but not among
those with no hearing loss (NES, −1.47; FDR = .28). Although
LPCs and CEs were associated with tinnitus among those with
moderate or severe hearing loss based on the least adjusted
model (model 1), the associations were no longer statistically
significant in the fully multivariable-adjusted model. Given the
hypothesis-generating nature of this study, all metabolites
associated with tinnitus at P < .05 based on the fully adjusted
model 4 are shown in eFigure 2 in Supplement 2, and among
those with and without hearing loss in eFigures 3 and 4 in
Supplement 2.

Discussion
To our knowledge, this is the largest population-based inves-
tigation of plasma metabolite profiles and tinnitus, assessing
466 plasma biomarkers among 6477 participants. We con-
ducted a broad search for plasma tinnitus biomarkers using a
high throughput, agnostic metabolomic approach. We iden-

tified significant associations of a number of individual me-
tabolites and metabolite classes with persistent tinnitus. Me-
tabolites positively associated with tinnitus included the amino
acid homocitrulline, 3 PEs (C38:6 PE, C36:4 PE, C40:6 PE), and
2 TAGs (C56:7 TAG and C52:6 TAG); α-keto-β-methylvalerate
and levulinate were inversely associated. The metabolites
classes TAGs, PEs, and DAGs were positively associated, and
PC plasmalogens and CEs were inversely associated. These
study findings suggest that metabolomic profiles offer a prom-
ising approach for identifying tinnitus biomarkers and gain-
ing valuable insights into tinnitus pathophysiology.

We observed striking differences in metabolite profiles
among participants experiencing persistent tinnitus with mod-
erate or severe hearing loss and without hearing loss. For ex-
ample, significant associations for certain metabolites and me-
tabolite classes were observed only among women with
tinnitus and no hearing loss. Several TAGs and vitamin A were
positively associated with tinnitus without hearing loss, and
CEs were inversely associated. For metabolite classes, posi-
tive associations were observed for DAGs and organic acids,
whereas inverse associations were observed for PC plasmalo-
gens, LPCs, and CEs, only among those without hearing loss.
In contrast, strong positive associations were observed for
steroids and steroid derivatives only among those with
moderate or severe hearing loss. Strong positive associations
of TAGs and PEs with tinnitus were observed in both groups.

These study findings indicate that metabolic dysregula-
tion may contribute to tinnitus, although further research is
needed to clarify which metabolites and metabolic pathways

Figure 4. Metabolite Classes Associated With Persistent Daily Tinnitus, Moderate or Severe Hearing Loss
(160 Cases, 675 Controls) and No Hearing Loss (129 Cases, 3928 Controls), NHS and NHS II
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may be most influential. Although individual metabolites
showed statistically significant associations, the observed
effect-sizes were modest. This finding suggests that dysregu-
lation of whole metabolic pathways involving the complex in-
terplay of several individual metabolites may drive tinnitus
development. This finding also underscores that tinnitus is a
complex disorder with metabolic perturbations associated with
hyperlipidemia, atherosclerosis, hypertension, diabetes, and
genetic and environmental factors that may affect inflamma-
tion, oxidative stress, neural transmission, and neuroplasti-
city, which may all play a role. This study substantially aug-
ments the scarce literature on plasma metabolomic biomarkers
for tinnitus. Specifically, a few small metabolomic investiga-
tions of sensorineural hearing loss in animals and humans
have examined metabolomic profiles in perilymph, plasma,
urine, temporal bone or brain tissue,27 and evaluated metabo-
lomic alterations after noise or cisplatin exposure. Plasma me-
tabolomic alterations after noise exposure were observed
for several individual metabolites and pathways, such as those
involving glycerophospholipid, choline, and fatty acid
metabolism.28 We identified significant associations with me-
tabolites and metabolite classes, which suggest that dysregu-
lation of lipid metabolism and other metabolic pathways
may be influential.

Homocitrulline, an amino acid and by-product of
ornithine metabolism, was positively associated with tinni-
tus. Altered plasma homocitrulline levels have been identi-
fied among individuals with autism spectrum disorder.29

In addition, higher plasma homocitrulline has been shown
to be associated with chronic kidney disease,30 liver dis-
ease,31,32 coronary artery disease,33 and a higher risk of mor-
tality among individuals with diabetes.34 Plasma homocit-
rulline reflects the carbamylation rate of serum proteins,
promotes autoimmune and inflammatory responses,35-38

and may be associated with neuroinflammation39 and
proteinopathy.35,40-42 Homocitrulline also promotes
endothelial dysfunction and vascular disease,43 possibly
indicating a neurovascular component of tinnitus patho-
physiology.

Several TAGs and DAGs, key components of fatty acid
metabolism, were positively associated with tinnitus, con-
sistent with a small Turkish case-control study (n = 156) that
found higher serum TAG, total cholesterol, and low-density
lipoprotein levels among those with tinnitus.44 In our study,
higher plasma TAGs were strongly associated with tinnitus
among individuals with and without hearing loss, whereas
higher plasma DAGs were significantly associated with tinni-
tus only among those without hearing loss. Specific lipid
species are structural components of cellular membranes
and regulate a range of critical aspects of brain function.45

Furthermore, lipids play a fundamental role in the patho-
physiology of neurodegenerative diseases46,47; lipid metabo-
lism perturbations have been shown to be associated with
amyotrophic lateral sclerosis (ALS),48-50 Parkinson disease,46

and Alzheimer disease.47,51 Whether lipidomic profiles aid in
distinguishing tinnitus subgroups or whether targeted inter-
ventions that modify plasma lipids affect tinnitus merits
further exploration.

Phosphatidylethanolamines were positively associated
with tinnitus among those with and without hearing loss. Phos-
phatidylethanolamines, the second-most abundant cellular
phospholipids, are involved in protein biogenesis, oxidative
phosphorylation, membrane fusion, mitochondrial stability;
serve as precursors to other lipids; and their dysregulation has
been implicated in neurodegenerative disease.47,52 A study
among men with occupational noise exposure (n = 124) found
lower plasma PE levels among those with hearing loss.28,53

Phosphatidylcholine plasmalogens—common glycero-
phospholipids that rigidify membranes, facilitate signaling pro-
cesses, act as free radical scavengers, and protect membrane
lipids from oxidation54—were inversely associated with tinni-
tus. Plasmalogens decrease with aging, and altered plasma PC
plasmalogens have been demonstrated to be involved in
Alzheimer disease, Parkinson disease, multiple sclerosis, and
ALS.55,56 Among individuals with Alzheimer disease, signifi-
cantly lower plasma PC have been observed among those with
hearing loss compared with those without hearing loss.53

The role of PC plasmalogens in tinnitus is unclear, but studies
in rats suggest that PCs may help protect cochlear mitochon-
drial function.57 Further investigation into the protective
role for PC plasmalogens in tinnitus could yield promising
findings.

We observed inverse associations of plasma LPCs and CEs
with persistent tinnitus, findings that are consistent with pre-
vious studies58-63 suggesting that low LPCs and CEs may be im-
portant in the pathobiology of neurodegenerative disease.
Given that LPC is the preferred carrier of long-chain polyun-
saturated fatty acids across the blood-brain barrier, insuffi-
cient LPC could limit their supply to the brain.63 Also, LPC-
related neuroprotection may involve signaling pathways
that protect against apoptosis and enhanced production of
nerve growth factor.64-68 Cholesterol is an essential mem-
brane component, signaling molecular cofactor and steroid pre-
cursor, and CEs are a major component of high density lipids.
Altered cholesterol metabolism and lower plasma CEs have
been demonstrated in several neurodegenerative conditions,
including Alzheimer disease, Parkinson disease, multiple
sclerosis, and ALS.58-62,69 Taken together, these findings in-
dicating alterations in plasma TAGs, PCs, LPCs, PEs, and cho-
lesterol-related metabolites suggest a role of lipid dysregula-
tion in tinnitus pathogenesis and are consistent with findings
for several other neurodegenerative disorders.

We observed inverse associations for 2 novel plasma me-
tabolites not previously examined in relation to tinnitus,
α-keto-β-methylvalerate and levulinate. A catabolic product
of isoleucine, α-keto-β-methylvalerate is a branched-chain
amino acid often used as a B-complex vitamin marker in labo-
ratory tests.70 Levulinate is a food additive and calcium supple-
ment. Further studies to investigate the role of these 2 me-
tabolites in the pathogenesis of tinnitus are needed.

Strengths and Limitations
The strengths of this study include use of 2 richly character-
ized cohorts, enabling adjustment for a broad range of covar-
iates, and a well-characterized metabolomics platform that
measured a large set of metabolites with robust coefficients
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of variation and low missingness. Limitations include the cross-
sectional study design using nonrandom samples from previ-
ous studies, metabolomic profiling methods that covered only
a subset of the full metabolome, and potential unmeasured
confounding. Previous examinations of metabolite profile sta-
bility in NHS showed most measured metabolites demon-
strate reasonable within-person stability for 1 to 2 years as well
as for 10 years, showing 1 plasma sample reasonably repre-
sents long-term exposure.20,71 Subjective tinnitus is per-
ceived only by the individual, and therefore, tinnitus diagno-
sis relies on self-report.72 Notably, among those who reported
persistent tinnitus in 2009, 88% reported persistent tinnitus
again 4 years later. Tinnitus definitions vary greatly.73 We ex-
amined a stringent definition to reduce potential misclassifi-
cation and evaluate cases of tinnitus most likely to be clini-
cally meaningful. The study findings are not generalizable to

the general population because the participants were predomi-
nantly White and female registered nurses; research among
other populations is warranted.

Conclusions
This large population-based metabolomic case-control study
of tinnitus identified plasma metabolites and metabolite classes
that were significantly associated with persistent tinnitus, and
which differed by hearing status. These findings provide new
insights into metabolic pathways that may be involved in tin-
nitus and suggest that metabolomic profiling offers a prom-
ising approach to identifying tinnitus biomarkers and inform-
ing investigations of novel therapeutic targets for this
challenging disorder.
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