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ARTICLE INFO ABSTRACT

Transportation noise is a ubiquitous urban exposure. In 2018, the World Health Organization concluded that
chronic exposure to road traffic noise is a risk factor for ischemic heart disease. In contrast, they concluded that
the quality of evidence for a link to other diseases was very low to moderate. Since then, several studies on the
impact of noise on various diseases have been published. Also, studies investigating the mechanistic pathways
underlying noise-induced health effects are emerging. We review the current evidence regarding effects of noise
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on health and the related disease-mechanisms. Several high-quality cohort studies consistently found road traffic
noise to be associated with a higher risk of ischemic heart disease, heart failure, diabetes, and all-cause mortality.

Furthermore, recent studies have indicated that road traffic and railway noise may increase the risk of diseases
not commonly investigated in an environmental noise context, including breast cancer, dementia, and tinnitus.
The harmful effects of noise are related to activation of a physiological stress response and nighttime sleep
disturbance. Oxidative stress and inflammation downstream of stress hormone signaling and dysregulated
circadian rhythms are identified as major disease-relevant pathomechanistic drivers. We discuss the role of
reactive oxygen species and present results from antioxidant interventions. Lastly, we provide an overview of
oxidative stress markers and adverse redox processes reported for noise-exposed animals and humans. This
position paper summarizes all available epidemiological, clinical, and preclinical evidence of transportation
noise as an important environmental risk factor for public health and discusses its implications on the population

level.
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2-OH-E* 2-hydroxyethidium
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ELISA  enzyme-linked immunosorbent assay
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GBD global burden of disease
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Lden equivalent A-weighted sound pressure level over 24 h with
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LgenMax noise at the most exposed facade
LgenMin noise at the least exposed facade
L-NAME N€-nitro-L-arginine methyl ester
LysM lysozyme M
MACE  major adverse cardiovascular events

MAO monoamine oxidase
MDA malondialdehyde
MI myocardial infarction

mPTP mitochondrial permeability transition pore
NFxB nuclear factor kappa B
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NIHL noise-induced hearing loss
nNOS neuronal nitric oxide synthase
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NOX NADPH oxidase (e.g. isoforms 1, 2, 3, 4, 5)
NOX-2 NOX isoform 2 (phagocytic NADPH oxidase)
NRF-2  nuclear factor E2 related factor-2
OR odds ratio
p47Ph°%  cytosolic regulator of NOX2
p66Shc SHC-transforming protein 1
PER period
PET-CT positron emission tomography-computed tomography
PKC protein kinase C
PM, s fine particulate matter
RAAS renin-angiotensin-aldosterone system

ROS reactive oxygen species

RR relative risk

SAPALDIA Study on Air Pollution and Lung and Heart Diseases in
Adults

SNS sympathetic nervous system

SOD2 mitochondrial superoxide dismutase

SPL sound pressure level

TNFa tumor necrosis factor alpha
WHO World Health Organization

1. Health impact of transportation noise

1.1. Introduction

Urban expansion and densification and increasing needs for

transportation have led to a general rise in exposure to environmental
noise from vehicles, trains, and aircraft. A recent assessment of the
exposure to transportation noise in the European Union, as part of the
Environmental Noise Directive (END), demonstrates the scale of the
problem: over 113 million individuals, constituting approximately 20 %
of the population, reside in areas exposed to transportation noise (Lqen)
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Table 1

Summary of design and findings in key epidemiological studies.

Key epidemiological
studies

Disease
investigated

Summary of findings

Pyko et al, 2023 [63]

Thacher et al, 2022 [8]

Roswall et al, 2021 [4]

Saucy et al, 2021 [106]

Ischemic heart
disease

Heart failure

Stroke

Acute CVD
mortality

Pooled analyses were performed
based on nine cohorts from
Denmark and Sweden, together
including 132,801 subjects, with
22,459 and 7682 cases of ischemic
heart disease (IHD) and myocardial
infarction, respectively, identified
during follow-up. The HR for IHD
was 1.03 (95 % CI: 1.00, 1.05) per
10 dB Lyge, for both road and railway
noise exposure. Higher risks were
indicated for IHD excluding angina
pectoris cases, with HRs of 1.06
(1.03, 1.08) and 1.05 (1.01, 1.08)
per 10 dB Lgey, for road and railway
noise, respectively. Corresponding
HRs for myocardial infarction were
1.02 (0.99, 1.05) and 1.04 (0.99,
1.08). Increased risks were observed
for aircraft noise but without clear
exposure-response relations. A
threshold at around 55 dB Lge, was
suggested in the exposure-response
relation for road traffic noise and
IHD.

A nationwide study covering
Denmark consisting of 2.5 million
individuals older than >50 years, of
whom 79,358 cases developed heart
failure during follow-up
(2005-2017) found 10-y time-
weighted road traffic noise at the
most and least exposed fagades to be
associated with HRs (95 % CI) of,
respectively, 1.039 (1.033; 1.045)
and 1.087 (1.073; 1.101) per 10 dB.
The exposure-response curve
indicated elevated risks for LgepMax
from around 50 dB and up. People
exposed to >45 dB of both road,
railway and aircraft noise had
highest HRs.

In a pooled cohort of 135,951
participants from seven Swedish
and two Danish cohorts with
harmonized data on transportation
noise, stroke, and confounders,
11,056 cases developed stroke
during follow-up. Road traffic noise
(Lgen, 5-year) was associated with a
HR of 1.06 (1.03; 1.08) per 10 dB
after adjustment for SES and 1.05
(1.02; 1.07) after further
adjustment for lifestyle and BMI.
Adjustment for air pollution did not
change the HR. No clear
associations were observed for
aircraft and railway noise.

A case-crossover study including all
deaths due to cardiovascular causes
(N = 24,886) that occurred around
Zurich Airport (Switzerland)
between 2000 and 2015. The odds
for nighttime cardiovascular
mortality significantly increased
with higher noise levels in the 2 h
prior to the event (2h-Lcq). With
<20 dB 2h-Lxcq as reference group,
the OR at 40-50 dB 2h-Laq was
1.33 (95 % CI: 1.05; 1.67), and >50
dB 2h-Laeq OR was 1.44 (95 % CI:
1.03; 2.04). P for trend was 0.01,
indicative of a linear exposure-

Table 1 (continued)
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Key epidemiological
studies

Disease
investigated

Summary of findings

Vienneau et al, 2022 [6]

Thacher et al, 2021
[115], Sgrensen et al.,
2023 [117]

Cantuaria et al, 2021
[132]

CVD mortality

Type 2
diabetes

Dementia

response relationship. No
association was observed
concerning daytime deaths.

A census-based, nationwide cohort
study from Switzerland of 4.14
million individuals aged >30 years
followed from 2000 to 2015, during
which period 277,506 CVD deaths
were accrued. Cause-specific
mortality was studied. In multi-
exposure models (including all
noise sources and PM, 5) the HRs
(per 10 dB Lgep) for road traffic were
all elevated at 1.029 (1.024-1.034)
for CVD and 1.034 (1.027-1.042)
for MI mortality. HRs were similar
for BP-related, THD, and ischaemic
stroke, and lower but still
significant for heart failure, and
stroke. Associations for railway
noise were generally weaker, at
1.013 (1.010-1.017) for CVD and
1.021 (1.015-1.027) for MI
mortality, with BP-related, IHD and
stroke also statically increased.
Aircraft noise was only clearly
associated with MI at 1.040
(1.020-1.060) and ischemic stroke
mortality at 1.065 (1.021-1.111).
Most associations did not differ
from linear, and often started below
40 dB Lyge, for road traffic and
railway noise. Each outcome was
also independently associated with
higher levels of noise intermittency,
evaluated using intermittency ratio
(IR%), most strongly for heart
failure (1.053 (1.050-1.055) for IR
> 75 % (4th quintile) vs. <25 %
(reference, 1st quintile).

A nationwide cohort study from
Denmark of 3.56 million persons
and >230,000 cases found noise to
be associated with higher risk of
type 2 diabetes, with HRs of 1.05
(1.04, 1.05) and 1.09 (1.08, 1.10)
for road traffic noise at the most and
least exposed fagade, respectively,
and 1.03 (1.02, 1.04) and 1.02
(1.01, 1.03) for railway noise at the
most and least exposed fagade,
respectively. Exposure-response
curves starting from 35 to 40 dB
indicated no threshold below which
noise was not harmful.

A prospective cohort study based on
286,151 persons and 7574 type 2
diabetes cases found that lifestyle
adjustment in analyses already
adjusted for key sociodemographic
covariates only resulted in small
changes in risk estimates.

In a Danish cohort of ~2 million
participants >60 years, 103,500
developed dementia during a 14-
year follow-up period. A 10-year
mean exposure to road traffic and
railway noise at the most and least
exposed facades was found to be
associated with a higher risk of all-
cause dementia. These associations
showed a general pattern of higher
HRs with higher noise exposure,
and a levelling off or even small
declines in risk at high noise levels.

(continued on next page)
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Table 1 (continued)

Disease
investigated

Key epidemiological
studies

Summary of findings

Sgrensen et al, 2021 [10] Breast cancer A nationwide Danish cohort study
of 1.8 million women of whom
66,006 developed breast cancer
during follow-up. In fully adjusted
models, road traffic noise at the
most and least exposed facades were
associated with HRs of 1.012
(1.002; 1.022) and 1.032 (1.019;
1.046), respectively, and railway
noise at the most and least exposed
facades were associated with HRs of
1.020 (1.001; 1.039) and 1.023
(0.993; 1.053), respectively. For
road LgenMin, a threshold at around
50 dB was indicated in the
exposure-response relation.
Cantuaria et al, 2023 Tinnitus In a nationwide cohort based in
[11] Denmark of people older than 30
years, 40,692 persons were
diagnosed with tinnitus. Exposure
to 10-year mean road traffic noise at
the least exposed fagade was
associated with a HR of 1.06 (1.04,
1.08), whereas for Lge,Max the
corresponding HR was 1.02 (1.01;
1.03). Railway noise was not
associated with tinnitus.

The burden of disease due to road
traffic and railway noise was
estimated in terms of Disability-
adjusted Life years (DALYs) for the
Nordic countries, Denmark,
Finland, Norway and Sweden and
their capital cities. The estimations
were based on noise exposure data
from the European Environmental
Noise Directive (END) in addition to
nationwide noise models which
were available for Denmark and
Norway. Noise annoyance, sleep
disturbance and ischemic heart
disease were included as the main
health outcomes, using exposure-
response functions from the WHO
2018 systematic reviews.

Due to methodological differences
when assessing noise exposure
according to END, no comparable
burden of disease estimates could be
provided for the entire countries,
only for the capital cities. For road
traffic noise, the DALY rates for the
capitals ranged from 329 to 485
DALYs/100,000 and increased with
up to 17 % upon inclusion of stroke
and diabetes. From 44 to 146
DALYs/100,000 could be attributed
to railway noise. The DALY
estimates based on nationwide
noise data were 51 and 133 %
higher than the END-based
estimates, for Norway and
Denmark, respectively,
demonstrating a large
underestimation of attributable
burden based on END noise data.

Aasvang et al, 2023 Burden of
[179] disease

exceeding 55 dB [1]. However, this noise mapping only includes ag-
glomerations with >100,000 inhabitants and areas along major roads,
railways, and airports outside of urban centers, so this number is highly
likely an underestimation [1].

In 2018, an expert panel appointed by the World Health Organiza-
tion (WHO) published a report summarizing the evidence up to the year

Redox Biology 69 (2024) 102995

2015 of the effect of environmental noise on various health outcomes
[2]. They concluded that there was ‘high-quality evidence’ to support an
association between road traffic noise and ischemic heart disease (IHD),
with a relative risk (RR) of 1.08 (95 % confidence interval (CI): 1.01;
1.15) per 10 dB higher noise. For railway and aircraft noise, the quality
of evidence was ranked as low to very low. When evaluating other
cardiometabolic diseases as well as various other outcomes, such as
sleep, birth outcomes, and mental and cognitive health, the WHO expert
panel concluded that the evidence was of very low to moderate quality,
primarily due to the scarcity of cohort and case-control studies on
transportation noise and incident disease. Since 2015, available evi-
dence has increased substantially, particularly from studies investi-
gating the effects of road traffic noise on incident stroke and type 2
diabetes as well as cardiovascular mortality [3-7]. Also, newer studies
have suggested that environmental noise may be a risk factor for dis-
eases not evaluated by the WHO expert panel, such as heart failure,
breast cancer, and tinnitus [8-12].

While mechanistic studies on noise-induced damage in humans are
scarce, a substantial number of animal studies have provided deep
mechanistic insights [13]. Preclinical research has identified the acti-
vation of inflammatory cells, the formation of reactive oxygen species
(ROS), and oxidative damage as significant drivers of noise-associated
health complications. Studies in animals have also confirmed human
data on noise-triggered stress response pathways [14,15] and reduced
sleep quality with dysregulation of the circadian clock [16]. These
central disease-relevant pathophysiological mechanisms will be
addressed briefly in the subsequent section.

With this position paper, we aim to provide an overview of the latest
epidemiological research on the health effects of transportation noise.
We also take a position on the urgent need for action for better popu-
lation protection. Furthermore, we provide a detailed description of key
publications within each specific outcome area (summarized in Table 1)
to highlight important findings and exemplify high-quality study designs
in estimating the health effects of transportation noise. The second part
of the review highlights pathophysiological mechanisms linked with
noise-triggered chronic disease, primarily based on evidence from
experimental preclinical studies. The mechanistic part focuses on
oxidative stress and adverse redox signaling, particularly in the car-
diovascular system and the brain. Overall, we highlight the important
contribution of noise to the exposome, which represents the sum of all
environmental exposures with the associated biochemical changes and
health outcomes across the entire lifespan [17].

1.2. Central pathomechanisms

While a link between the environment and various diseases was
established decades ago, the field has continued to refine our under-
standing of risks that impact disease burden, including air [18] and
noise pollution [13]. Specifically, environmental and lifestyle risk fac-
tors are intimately tied to cardio- and cerebrovascular disease [19].
Several studies have shown that noise below the level that induces direct
physical damage can increase the risk of various diseases, most likely
through the pathway proposed by Wolfgang Babisch in the ‘noise reac-
tion model’ (Fig. 1) [20]. Babisch proposed that noise could work
through an ‘indirect pathway’ to elicit subconscious stress responses and
noise annoyance that in turn exacerbate risk factors and could lead to
the development of cardiovascular disease (CVD), such as myocardial
infarction (MI), heart failure, persistent hypertension, arrhythmia, and
stroke [21,22]. Noise can also disturb sleep, ‘hijacking’ a pathway that
increases the risk of ischemic heart disease (IHD) [23] and atrial fibril-
lation [24].

Arousal caused by noise activate physiological stress response sys-
tems, namely the hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic nervous system (SNS). The mediators of these pathways are
cortisol and catecholamines, respectively (Fig. 2), which can then sub-
sequently activate the renin-angiotensin-aldosterone system (RAAS)
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Fig. 1. Different noise sources and levels and their adverse health effects as envisaged by epidemiological data. Sound pressure levels (SPL) of different noise
sources leading to adverse health outcomes via the direct and indirect pathways suggested by Babisch. Modified from Miinzel et al. [22] with permission of Elsevier.
The icons in the figure were partially taken from Flaticon.com. The figure was created using BioRender.com.

Amygdala

Hypothalamus

Cortex

Glucocorticoids
[cortisol (humans),
corticosterone (mice)]

»
»

Stress response

'S
Impaired sleep
and annoyance

?

Dysregulated
circadian rhythm

o oG noradrenaline]

Catecholamines
[adrenaline,

- RAAS activation
- Vasoconstriction
- Inflammation

- Oxidative stress

Inflammation and oxidative stress

Fig. 2. Pathophysiology of noise-induced cardiovascular and brain disease. Neuronal activation (arousal) induced by noise exposure triggers signaling via the
hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS) [13,44]. The release of glucocorticoids and catecholamines in turn leads to the
activation of other neurohormonal pathways (such as the renin-angiotensin-aldosterone (RAAS) system) as well as to dysregulated circadian rhythm (altered

expression of central clock genes such as period 1, cryptochrome 1 and Bmall/Arnt

1) and increased inflammation and oxidative stress, which can ultimately have

adverse effects on cardiovascular function and molecular targets [29,45]. Alternatively, there may be a direct impact of noise-induced sleep disorders on inflam-

mation and oxidative stress. The image was created using Biorender.com.

and have immediate effects on the cardiovascular system, including
increase in heart rate and vasoconstriction [25,26]. Although not yet
proven in humans, there is some evidence that living in close proximity
to major roadways is associated with higher left ventricular mass, which
may be due to air pollutants or another component of roadway prox-
imity, such as noise [27]. The connections between HPA, SNS, and RAAS
activation and inflammation and oxidative stress in the vasculature and

brain have been reviewed elsewhere [28,29]. One end-product of RAAS
is angiotensin II, a potent (transient) vasoconstrictor and vascular
regulator with well-acknowledged inflammatory and pro-oxidative
properties. Angiotensin II activates circulating monocytes, which then
increase circulating levels of interleukin (IL)-1p, IL-6, and reactive ox-
ygen and nitrogen species [14,29,30]. Through this mechanism,
stressors can lead to arterial hypertension and blunted endothelial
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Noise exposure levels correlate with MACE and amygdala
activation or arterial inflammation and predict MACE
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Fig. 3. Key data on health effects of noise through the brain-heart/vessel-axis. Left panel: Main results of animal studies regarding brain-heart/vessel inter-
action. Middle and right panel: Proof-of-concept translational study in humans demonstrating the association between transportation (road and aircraft) noise-induced
cerebral (amygdala relative to cortical) metabolic activity and arterial inflammation increasing major adverse cardiovascular events (MACE) [47,48]. Reused with

permission from Ref. [48].

function linked with increased oxidative stress and impaired nitric oxide
bioavailability [31]. Over time, this can result in a super-sensitivity of
vessels to stress hormone-induced vasoconstriction [32]. In addition,
angiotensin II also causes cardiac hypertrophy and medial thickening in
hypertensive mice, directly by effects on cell growth factors and indi-
rectly by pressure overload [33,34], a property also shared by
endothelin-1 [35,36]. Structural remodeling and hypertrophy induced
by these vasoconstrictors contributes to the development of heart failure
[37,38].

Notably, chronic oxidative stress and low-grade inflammation also
represent pathomechanistic hallmarks of diabetes [39,40], cancer [41],
and neurodegenerative diseases [42], making these adverse processes
central disease-drivers in the majority of non-communicable diseases.
The underlying mechanisms of noise-induced stress reactions, develop-
ment of cerebrovascular inflammation, and oxidative stress are dis-
cussed in detail in the second part of this position paper (reviewed
previously [29,43]). There, we highlight the important contribution of
impaired circadian rhythm, stress response, inflammation, and oxidative
stress to the effects of transportation noise on disease development
(Fig. 2).

A 2020 study was designed to address the neurobiological link be-
tween noise exposure, inflammation, and major adverse cardiovascular

events (MACE). Stress-associated neural activity (as the ratio of amyg-
dala to regulatory cortical metabolic activity) and the degree of arterial
(aortic) inflammation was quantified in 498 healthy adults without
active cancer or clinical CVD by evaluating clinical '®F-fluorodeox-
yglucose positron emission tomography-computed tomography
(PET-CT) imaging [46]. In this study, increased noise exposure at the
individuals home address was independently linked with metabolic
activity of the amygdala (relative to regulatory cortical activity), arterial
inflammation, and a higher risk of MACE after accounting for air
pollution, socioeconomic factors, and established CVD risk factors. An-
alyses indicated that higher noise exposure was associated with MACE
via heightened amygdala activity and arterial inflammation (Fig. 3) [47,
48]. Notably, the same pathway has also been implicated in the link
between perceived stress and socioeconomic disparities (e.g., lower
education or income) and CVD [49,50].

1.3. Health effects of exposure to traffic noise in humans

In the following section, we provide an overview of some of the key
scientific advancements since 2015, focusing on cardiometabolic dis-
eases as well as diseases that are emerging in a noise context, with
emphasis on results from cohort and case-control studies. We will touch

Textbox 1
Key noise definitions and metrics

The Ljeq is often calculated as annual average noise levels.

The sound pressure level (SPL) is the pressure level of a sound measured using the logarithmic decibel scale (dB). Most studies estimate or
measure A-weighted SPL (dB(A)). The A-weighting (where A relates to the international normalized frequency rating curve) is employed to
accommodate varying sensitivity of the human ear across different sound frequencies.

Laeq is the A-weighted, equivalent ("eq") sound pressure level, corresponding to the average received sound energy (A-weighted) over time.
Commonly used Laeq’s include: Laeg,24n (covers an entire day, 24 h), Lgay (07:00 to 19:00), Leyening (19:00 to 23:00), and Lyjgh¢ (23:00 to 07:00).

Lgen is the Laeq over 24 h with a penalty of 10 dB(A) for nighttime noise (23.00-07.00, Lyjghy) and a penalty of 5 dB(A) for evening noise
(19.00-23.00, Levening)- These penalties are used to capture higher sensitivity to noise exposure during the evening and the night. Lge, is often
calculated as average noise levels over 1-, 5- and/or 10-years in research studies. Lgen and Lyjgh, are the noise indicators that are used in strategic
noise mapping according to The Environmental Noise Directive, 2002/49/EC (END).

LgenMax. Lge, is commonly estimated at the most exposed facade of a building/residence. The term LgenMax specifies that the Lqe, is estimated at
the most exposed facade, and in many scientific papers and reports, LgenMax and Lge, are the same.

LgenMin is the estimation of Lge, at the least exposed facade of a building/residence. Ly, Min is a relatively new noise metric in environmental
research. It is hypothesized to be a proxy of bedroom noise, thus better capturing exposure during sleep than Lge,Max.
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upon the importance of conducting a valid noise exposure assessment,
having a sufficient number of observations, and applying an extensive
confounder control, as these are prerequisites for achieving reliable re-
sults. As the shape of the exposure-response function for transportation
noise and disease is crucial for health impact assessment, we provide
detailed descriptions of key papers that report such data, estimated
based on assessment of noise levels throughout the exposure span.
Recent studies have investigated health effects using a “new” noise in-
dicator - noise at the least exposed facade (L4enMin) - in addition to noise
at the most exposed facade (LgenMax), corresponding to the noise indi-
cator used in most previous studies. As people often select a bedroom
facing away from a busy road (if possible), LgepnMin is hypothesized to be
a proxy of bedroom noise exposure, thus better capturing exposure
during sleep. This is important because health effects of noise are
believed to be partially mediated through sleep disturbance [51,52]. We
describe some of the key studies assessing effects of LyenMin. A definition
of these and other important noise metrics are provided in Textbox 1.

1.3.1. Ischemic heart disease incidence

The most comprehensive human evidence on adverse health effects
of transportation noise, besides annoyance and sleep disturbances, re-
lates to IHD. IHD includes acute myocardial infarction (MI) and angina
pectoris, which share a similar pathophysiology and contribute to heart
failure. MI is the most common outcome studied in relation to trans-
portation noise and has the advantage of clear diagnostic criteria and a
high probability of hospital care, leading to very good coverage in pa-
tient registries.

The only epidemiological evidence on cardiovascular effects that was
judged by the WHO in 2018 to be of high quality was the association
between road traffic noise and incidence of IHD [2]. Seven longitudinal
studies from Europe were included in the quantitative assessment, pri-
marily based in large cities, such as Berlin, Bristol, Copenhagen/Aarhus,
and Stockholm [2]. The weighted mean road traffic noise level in the
reference category in the studies was 53 dB Lge, and the association
exceeding this level appeared approximately linear with a RR of 1.08
(95 % CI: 1.01; 1.15) per 10 dB Lgep. The majority of the studies focused
on MI, thus, it is uncertain to what extent this risk estimate also applied
to other types of IHD.

Several studies on road traffic noise and MI/IHD have been published
after the WHO meta-analysis. One systematic review and meta-analysis
on MI focused on 13 studies, including those in the WHO review,
comprising a total of seven cohort studies, five case-control studies and
one cross-sectional study [53]. Excluding one conference report, the
overall RR per 10 dB Lge, was 1.03 (95 % CI: 1.00; 1.05), with significant
heterogeneity between the studies. More recent findings, not included in
the two reviews, also indicated lower risk estimates than in the WHO
review or no clear associations [54-58]. All but one of these studies were
strictly registry-based and did not contain any information on lifestyle,
e.g., smoking, increasing the risk of residual lifestyle confounding
compared to the studies in the two reviews, which generally included
such data. A particular issue in relation to confounding for road traffic
noise concerns air pollution, i.e., fine particulate matter (PMy 5), which
is a risk factor for CVD. Several of the studies on road traffic noise and
MI/IHD were adjusted for air pollution which led to attenuation of the
associations in some cohorts. However, a recent systematic review of 52
studies concluded that there was little evidence for a confounding effect
of air pollution on CVD [59]. While the review also concluded that noise
associations are mostly not confounded by air pollution, more studies
investigating potential interactions between noise and air pollution are
needed to investigate whether there are intertwined health effects and
pathophysiological mechanisms, as suggested by other reviews [60,61].
A cumulative effect on risk for MI by noise, air pollution and lack of
green space was recently published [62].

Most studies on road traffic noise and MI/IHD did not make a
detailed evaluation of exposure-response relationships. However, this
was assessed in a pooled analysis of nine cohorts from Denmark and
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Fig. 4. Association between 5-year mean exposure to road traffic noise and risk
of incident ischemic heart disease (IHD) (A) and stroke (B) in pooled analyses
based on nine cohorts from Denmark and Sweden including ~130,000 partic-
ipants. Reused from Refs. [4,63] with permission.

Sweden [63]. Several cohorts in this pooled study were included in the
two reviews mentioned above [2,53], but longer follow-up periods
resulted in a substantially greater number of cases in the pooled analysis.
The adjusted hazard ratio (HR) for IHD was 1.03 (95 % CI: 1.00; 1.05)
per 10 dB Lge, road traffic noise exposure during five years prior to the
cardiovascular event. A higher risk was indicated for IHD excluding
angina pectoris cases, with a corresponding HR of 1.06 (95 % CI: 1.03;
1.08), while it was 1.02 (95 % CI: 0.99; 1.05) for MI. A threshold of
around 55 dB Lge, was proposed in the exposure-response relation for
road traffic noise and IHD (Fig. 4). Such a threshold in the
exposure-response function may contribute to explaining the lower risk
estimates in studies published after the WHO review, as these studies
often had a lower proportion of persons exposed to high levels of road
traffic noise [64].

The studies on road traffic noise and MI/IHD were generally based on
estimated noise levels at the most exposed facade (LgenMax). Only one
study investigated risks of MI and IHD in relation to estimated noise
levels at the least exposed facade (LgenMin) [8]. This study was based on
a nationwide Danish cohort, using information from registries. The HR
for IHD was 1.05 (95 % CI: 1.04; 1.06) per 10 dB 10-year mean road
LgenMin. Corresponding risk estimates for MI and angina pectoris were
1.03 (95 % CI: 1.02; 1.05) and 1.11 (95 % CI: 1.08; 1.14), respectively.
The risk estimates for road LgenMax were similar to those for LgenMin,
and the exposure-response relation indicated a threshold of around 50
dB (Fig. 5).

Few studies have addressed risks of MI/IHD concerning exposure to
railway or aircraft noise, probably because these exposures affect a
relatively small proportion of the general population, making risk esti-
mates uncertain. In three large studies, risk estimates for MI related to
railway noise were 1.02 (95 % CI: 1.01; 1.04) [65], 0.97 (95 % CI: 0.95;
0.99) [8] and 1.04 (95 % CIL: 0.99; 1.08) [63] per 10 dB Lgep,
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Fig. 5. Association between 10-year mean exposure to road traffic noise at the
most (pink line) and least (blue line) exposed facade and risk of (A) ischemic
heart disease and (B) heart failure in a cohort covering entire Denmark (2.5
million persons >50 years). Graphs created de novo based on the population
described in Ref. [8].

respectively. These three studies also investigated effects of aircraft
noise, suggesting an increased risk of MI. In a small fourth study no
association with aircraft noise was observed [54]. Two studies indicated
that combined exposure to all three kinds of transportation noise (road
traffic, railway and aircraft) may bring a risk of IHD [8,66].

In conclusion, there is strong evidence that long-term exposure to
road traffic noise is associated with an increased risk of incident IHD,
including MI. However, the excess risk appears lower in recent studies
compared to the estimate calculated for the WHO report, which may be
ascribed to relatively fewer individuals exposed to high noise levels and
thresholds in the exposure-response function. An increased risk prob-
ably also exists in persons exposed to railway and aircraft noise, but the
data is too limited for precise risk estimation.

1.3.2. Heart failure incidence

Heart failure is one of the leading causes of morbidity and mortality
worldwide. It is characterized by symptoms such as shortness of breath,
structural or functional cardiac abnormalities and by reduced cardiac
output caused by either impaired systolic or diastolic function (in gen-
eral, the heart’s inability to pump blood efficiently). One consequence of
chronic noise exposure is activation of the SNS, leading to an increase in
blood pressure and elevated heart rate, which can induce structural
vascular changes and over time result in heart damage [67,68]. To date,
only a handful of studies have investigated the association between
transportation noise and heart failure, and heart failure was not evalu-
ated by WHO in 2018 [69].

Currently, six longitudinal studies have investigated the association
between transportation noise and the incidence of heart failure [8,55,
70-73]. Studies yield consistent positive associations between road
traffic noise and heart failure, ranging from 2 to 9 % higher risk per 10
dB [8,55,70-73]. While the two studies on railway noise and heart
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failure both indicated positive associations [8,71], the two studies on
aircraft noise and heart failure were contradictory: a Danish nationwide
study reported a positive association [8] while a large German study
found no overall association [71].

The most recent of the aforementioned studies was a nationwide
cohort from Denmark with a study base of around 2.5 million persons
above 50 years of age and 79,358 incident cases of heart failure. The
study reported an association with a 4 % higher risk of heart failure per
10 dB road traffic noise [8]. A novel aspect and important strength of
this study was the inclusion of noise at the least exposed facade (Lden-
Min), which was associated with a higher risk for heart failure compared
to noise at the most exposed facade (LgenMax). This was the case for both
road and railway noise (e.g., for road traffic noise the HRs per 10 dB
were 1.04 (95 % CI: 1.03; 1.05) for LgepMax and 1.09 (95 % CI: 1.07;
1.10) for LyenMin). Thacher and colleagues also reported that combined
exposure to multiple noise sources (road, rail, or aircraft) was particu-
larly harmful, with a HR of 1.27 (95 % CI: 1.17; 1.37) in people exposed
to all three noise sources.

Few studies have investigated the shape of the exposure-response
function for transportation noise and heart failure. In the Danish
nationwide study, a clear exposure-dependent association was seen for
road traffic noise, with elevated risk for heart failure evident already at
around 50 dB for LgenMax and 45 dB for Lge,Min (Fig. 5) [8]. Lastly,
Thacher et al. found that road and railway noise models were robust to
adjustment for PMy s.

Taken together, the studies published to date consistently point to-
wards transportation noise as a risk factor for incident heart failure,
particularly for road traffic noise. However, further well-designed lon-
gitudinal studies are still needed, especially to elucidate to what extent
railway and aircraft noise affects the risk of developing heart failure.

1.3.3. Stroke incidence

Stroke is one of the leading causes of death and disability worldwide
[74]. When the evidence was compiled for the 2018 WHO noise
guidelines, only one cohort study on the effects of noise on stroke inci-
dence was available [69]. The Danish study found an HR of 1.14 (95 %
CI: 1.03; 1.25) per 10 dB Lge, increase in road traffic noise [75] and the
WHO rated the evidence as being of moderate quality. At that time there
were only a few ecological and cross-sectional studies that addressed the
impact of railway and aircraft noise, and the evidence was rated as very
low quality for both.

The number of studies on road traffic noise and incident stroke has
increased substantially in recent years. In five of the new studies,
confounder adjustment has been thorough (i.e., lifestyle factors and/or
individual level socioeconomic status as well as air pollution have been
accounted for). Two of the studies, based on data from nine pooled
Scandinavian cohorts and the entire Danish population, respectively,
found road traffic noise to be associated with a higher risk of stroke [4,
5]. Studies based on cohorts in London [72], Norway and Oxford [76],
and the United Kingdom as a whole [77] found no associations in the
fully adjusted models. However, it should be noted that simplified noise
exposure assessment approaches were applied in the studies which
found no association. In studies with less complete confounder adjust-
ment, two studies reported an association with stroke [56,78], whereas
three other studies did not [54,58,79].

There have been only a few new longitudinal studies on railway and
aircraft noise. Two studies reported no association between railway
noise and stroke [4,5], whereas one study with less complete confounder
adjustment did [78]. The same study did not find any association be-
tween daily mean aircraft noise level and stroke, but there were in-
dications that nighttime noise events might be harmful. One study on
aircraft noise had only five cases [54], rendering the results uninfor-
mative, and another study found an association at moderate but not high
noise levels [4].

A pooled study of nine cohorts in Denmark and Sweden is a recent
example of a study applying both valid noise exposure assessment,
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sufficient observations, and extensive adjustment for confounders [4].
This study included over 135,000 participants and 11,000 stroke cases
and adjusted for individual and area-level confounders. It assessed
exposure using the Nordic prediction method accounting for full resi-
dential history at address-level precision. The study found road traffic
noise to be associated with a higher risk of stroke, with an HR of 1.06 (95
% CI 1.03; 1.08) for each 10 dB increase in Lgen, and the association
remained after adjustment for air pollution. There was no difference
between the effect estimates for two stroke subtypes (i.e., ischemic and
hemorrhagic). Railway noise was not associated with stroke, and the
results for aircraft noise were inconclusive.

The exposure-response function for road traffic noise in the pooled
Scandinavian study was approximately linear from 40 dB to 80 dB
(Fig. 4). Similarly, a large nationwide Danish study found that the as-
sociation was seemingly linear at lower levels of noise (from 40 dB),
although the effect seemed to level off at higher levels (roughly above
62 dB) [5]. HR in the study was 1.04 (95 % CI: 1.03; 1.05) per 10 dB road
LgenMax. The effect estimate for road Lqe,Min was comparable.

In summary, the number of studies on road traffic noise and stroke
incidence has substantially increased in recent years. Although large
studies of high quality regarding exposure, confounders, and outcome
assessment reported adverse effects, the inconsistent findings relating to
road traffic noise and stroke call for more research based on high-quality
prospective cohort studies. For railway and aircraft noise there are too
few studies to draw conclusions. Of note, a cumulative effect on risk for
stroke by noise, air pollution and lack of green space was recently
published [80].

1.3.4. Cardiovascular mortality

Chronic exposure to transportation noise and its effects on the body
can influence the progression of CVD and ultimately lead to death.
Reflecting the available body of evidence at the time, mortality studies
in the 2018 WHO review [69] related only to IHD and stroke, in relation
to road traffic [81-84] or aircraft noise [85-87]. No studies were avail-
able on railway noise. For IHD mortality, the pooled estimates per 10 dB
Lgen were 1.04 (95 % CI: 0.97; 1.12) for aircraft noise and 1.05 (95 % CI:
0.97; 1.13) for road traffic noise. Only aircraft noise exposure showed a
trend towards an association with stroke mortality: 1.07 (95 % CI: 0.98;
1.17). Overall, the number of studies was limited in number and scope
with studies mainly from Europe. For aircraft noise, the majority were
ecological studies and later judged to have ‘low-quality evidence’. For
road traffic noise, however, the judgment was deemed ‘moder-
ate-quality evidence’.

Newer mortality studies have included a broader range of specific
CVDs. Those showing an association of incident CVD with noise were
mainly the larger cohort studies (predominantly from Denmark and
Switzerland), which not only followed participants for decades, but had
the highest quality exposure assessment at the home’s fagade [6,88-90].
This has been demonstrated to be essential for minimizing exposure
measurement error [91]. In these studies, the associations between noise
and CVD mortality were also robust to air pollution adjustment [6,8,92,
93]. Unique features of the Danish studies included: the long address
record allowing exposure to be explored over different long-term aver-
aging periods (e.g. as 1, 5, 10 and 23-year means depending on the
study) [88,90] and exposure for both the most and least exposed facades
[90,91]. Similarly, the Swiss studies offer unique insights into the timing
of noise exposure over the 24-h day [52] and the influence of other noise
characteristics such as intermittency [6,89].

A Danish cohort study, including roughly 53,000 individuals, re-
ported the risk of all CVDs and stroke mortality to be 1.13 (1.06; 1.19)
and 1.11 (0.99; 1.25), respectively, per IQR 10-year mean road Lqe,Max
and 1.10 (1.01; 1.21) for IHD for LgenMin, after considering important
lifestyle factors not often available in all large cohorts [90]. The Swiss
National Cohort, effectively including all adults in Switzerland but
lacking lifestyle factors, studied these relationships plus mortality from
blood pressure-related disease, MI, and heart failure, finding small
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(2-4%) increased risks for each condition in relation road traffic noise
(e.g., 1.03 (1.02-1.03) per 10 dB Lgep,Max for CVD mortality) [6].
Railway noise was also associated with all CVDs, blood pressure-related,
IHD, M1, and stroke mortality but not with heart failure. Higher levels of
intermittency at night were independently associated with mortality.
Another Danish study with detailed lifestyle data on ~25,000 female
nurses did not find significant associations between road traffic noise
and all CVD, stroke or IHD (e.g., 1.10 (0.91-1.31) per 10 dB road traffic
noise for stroke mortality) [88]. Two small studies on road traffic noise
and all CVD mortality exclusively in men were conducted in Caerphilly,
South Wales, UK (n = 2398) and Gothenburg, Sweden (n = 6304) and
did not find any associations [94,95]. In addition, two large studies from
the UK (n ~ 340,000) and the Netherlands (n ~ 340,000) found no as-
sociations with road traffic noise [77,96]. In the UK study, the associa-
tion between road traffic noise and CVD mortality attenuated to null
after adjusting for air pollution, and the Dutch study found no associa-
tion with either road traffic noise, railway noise, or air pollution. The
latter observation suggests that the study suffered some methodological
constraints, as the link with air pollution and CVD is well-established.

Few newer studies have investigated CVD mortality in relation to
aircraft noise; only two based on cohorts with individual-level data
investigated CVD mortality in relation to aircraft noise: the US nurses
cohort [97] and the Swiss National Cohort study [6]. Neither found an
association with all CVD mortality, though the Swiss study did show
increased risk for mortality specifically from MI and ischemic stroke
(1.04 (1.02-1.06) and 1.07 (1.02-1.11) per 10 dB Lgep, respectively after
co-exposure adjustment). Exposures were generally low in the US study,
and the exposure contrast was small. Interestingly, in Switzerland, the
association between aircraft noise exposure and CVD mortality were
stronger and exhibited a linear increase from as low as 30 dB when
focusing on the populations in the immediate vicinity of airports: 1.02
(1.01-1.03) and 1.06 (1.02-1.09) per 10 dB Lge, for CVD and MI mor-
tality, respectively [98].

In conclusion, road traffic noise shows associations with all CVD and
IHD/MI mortality and is judged to be of moderate-high quality. Studies
on railway and aircraft noise are still too few to judge, though indicate
only a small increased risk for all CVD mortality, if any, based on
moderate quality evidence.

1.3.5. Short-term cardiovascular health effects of noise in a population
setting

Investigating short-term or acute health effects of transportation
noise on any health outcome in epidemiological studies is notoriously
difficult due to a variety of methodological challenges. First, to study
short-term effects, fine resolution time information on both the exposure
and the outcome are necessary. Concerning MI, for example, exposures
in the 2 h preceding the event are usually considered as possible triggers
[99]. This means that to study transportation noise as a possible trigger
for MI, hourly resolution noise exposure data and the exact time of the
outcome event are required. Second, in many settings, noise follows
regular patterns with variations in the exposure levels, primarily due to
external factors influencing traffic activity, such as the time of the day,
day of the week, and holidays. Since these factors also influence people’s
behavior and, therefore, are associated with the onset of many acute
adverse health outcomes, disentangling possible acute health effects
from such time trends is difficult. This mainly applies to road traffic
noise, railway noise, and industry noise. Other sources, like wind turbine
and aircraft noise, show a higher temporal variability, which offers
opportunities to study acute health effects.

Multiple epidemiological approaches suited to studying the acute
effects of exposure on transient risk changes for immediate onset out-
comes exist. Time series analyses are commonly conducted in environ-
mental epidemiology for aggregated data [100]. For data on individual
level, self-matched designs, such as the case-crossover design or the
more recently developed case time series design, are well-suited [101,
102]. These designs have the additional benefit of adjusting for
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time-constant, individual-level covariates by design. So far, they have
been predominantly applied to study health risks due to temperature or
air pollution [103,104].

Only few methodologically robust studies on acute effects of trans-
portation noise have been conducted and, therefore, we in this section
also evaluate studies investigating acute effects of other noise-sources.
In a Danish study, hospitalizations and deaths from stroke (16,913
cases) and AMI (17,559 cases) among Danes exposed to wind turbine
noise between 1982 and 2013 were analyzed using a time-stratified
case-crossover design [105]. Mean nighttime outdoor (10 Hz-10 kHz)
and low frequency (10-160 Hz) indoor wind turbine noise was predicted
for the four days preceding diagnosis and reference days. For outdoor
wind turbine noise above 36 dB, there were indications of an association
with stroke but not with MI. For low-frequency indoor noise between 10
and 15 dB and above 15 dB, odds ratios (ORs) (95 % CI) for MI were 1.27
(0.97; 1.67) and 1.62 (0.76; 3.45), respectively, when compared to in-
door low-frequency wind turbine noise below 5 dB. For stroke, corre-
sponding ORs (95 % CI) were 1.27 (0.95; 1.69) and 2.30 (0.96; 5.50).

One case-crossover study found evidence for short-term associations
between aircraft noise exposure and CVD mortality based on an analysis
of all cardiovascular deaths that occurred around the Zurich airport
between 2000 and 2015 [106]. Nighttime noise 2 h preceding death
among people exposed to 40-50 dB and >50 dB was associated with ORs
(95 % CI) of respectively 1.33 (1.05; 1.67) and 1.44 (1.03; 2.04)
compared to the reference of <20 dB with a significant
exposure-response trend. No associations were observed for daytime
deaths. This suggests that nighttime aircraft noise can trigger deaths by
CVD. Among specific outcomes, associations indicated an increased risk
for IHD, M, heart failure, and arrhythmias.

A study around Heathrow Airport applied the same crossover
approach on hospital admissions and deaths due to CVD [107]. Since
only the date, and not time, of death was available, however, they could
not investigate exposures directly before the events. The study found
slight associations between emergency hospital admissions due to CVD
and aircraft noise exposure on the previous late evening (22:00-23:00h,
OR per 10 dB = 1.007 [95 % CI: 1.000; 1.013]) or in the early morning
(04:30-06:00h, OR per 10 dB = 1.012 [95 % CI: 1.002; 1.021]) of the
same day. No associations with cardiovascular deaths were observed.
This is an example of the challenges when investigating the acute effects
of noise in a population setting, and how important it is to have fine
temporal resolution exposure and outcome data to do so successfully.

In conclusion, more high-quality studies on the acute health effects
of transportation noise are needed. In light of the available methods and
increasing availability of high-quality, fine temporal and spatial reso-
lution noise models, the necessary tools to conduct such studies are
available.

1.3.6. Incidence of type 2 diabetes

Global diabetes prevalence has been on a steady rise for decades,
surging from 108 million in 1980 to 422 million in 2014 [108]. Key risk
factors include obesity, a sedentary lifestyle, and an unhealthy diet, and
recent studies have suggested that also transportation noise may be a
risk factor for type 2 diabetes [54,109-115].

In 2018, the expert group appointed by WHO identified only one
high-quality study on transportation noise and diabetes [116], based on
which they concluded moderate-quality evidence for an association
[69]. Since then, nine cohort studies investigating the effects of trans-
portation noise on the risk of incident diabetes have been published,
consistently showing that noise, especially from roads, was associated
with a higher risk of type 2 diabetes [54,109-115]. Based on these cohort
studies, a 2023 meta-analysis found a joint risk estimate per 10 dB of
1.06 (1.03; 1.09) for road traffic noise (7 studies), 1.01 (1.00; 1.01) for
aircraft noise (3 studies), and 1.02 (1.01; 1.03) for railway noise (2
studies) [3].

The study that added most weight into the meta-analysis on noise
and diabetes [3], was a nationwide study in Denmark, with the inclusion
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Fig. 6. Association between 10-year mean exposure to road traffic noise at the
most (pink line) and at the least (blue line) exposed facade and risk of type 2
diabetes in a cohort covering all of Denmark (3.56 million persons >35 years
old). Graphs created de novo based on the population described in Ref. [3].

of 3.56 million participants >35 years old and 233,912 incident cases of
type 2 diabetes [115]. The study investigated the effects of long-term
noise exposure (10-year mean) to road, railway, and aircraft noise,
calculated based on detailed information on the moving history of all
participants at address-level precision. For roads and railways, the study
included both LgepMax and LgenMin. Lastly, the analyses adjusted for
various individual- and area-level sociodemographic covariates, such as
education, income, and occupation, and air pollution. The study found
that road traffic and railway noise were associated with a higher dia-
betes risk. For road traffic noise, the association was strongest for Lgen.
Min, with HRs per 10 dB of 1.08 (1.07; 1.09) for L4e,Min and 1.03 (1.03;
1.04) for LgepMax in fully adjusted models, indicating that effects of
noise on sleep is an essential pathway in the development of
noise-induced diabetes. The exposure-response curves for road Lge,Max
and Lgep,Min indicated the lack of lower “safe” noise level, as the risk
increased throughout the exposure range from 35 to 40 dB and up
(Fig. 6). If confirmed in future studies, this will add substantially to the
estimated disease burden, as current health impact studies are based
mainly on noise levels >55 dB Lgep.

A limitation of administrative studies, such as the above-described
Danish study, is the lack of information on lifestyle factors. The de-
gree of residual confounding from lifestyle in studies with access to only
sociodemographic covariates was recently investigated in a Danish
cohort study of 286,151 persons of whom 7574 developed diabetes
during follow-up [117]. This study found a HR of 1.07 (95 % CI: 1.04;
1.10) per 10 dB LgepMax in a crude model adjusted for age, sex, and year.
Following adjustment for individual- and area-level sociodemographic
covariates, the HR was reduced to 1.05 (95 % CI: 1.02; 1.08), indicating
the importance of considering socioeconomic differences in noise
studies. After further adjustment for lifestyle, more specifically smoking,
consumption of fruit, vegetables and red meat, and physical activity, the
HR was 1.04 (95 % CI: 1.01; 1.07). This suggests that residual con-
founding due to lifestyle covariates is not a major concern in
registry-based studies with adjustment for key sociodemographic cova-
riates, although these results need confirmation in future studies on
other populations, both in relation to diabetes and other outcomes.

In support of noise as a risk factor for type 2 diabetes, four longitu-
dinal cohort studies have indicated that transportation noise increases
the risk of developing overweight [118-121], which is a major risk factor
for diabetes. Although the indicators of obesity investigated displayed
some variation across the studies (body mass index (BMI), waist
circumference, and weight gain), associations were generally observed
between road traffic noise and markers of obesity. Interestingly, results
on changes in waist circumference and central obesity were more
consistent than results on changes in BMI [118,119]. This observation
aligns with a noise-induced activation of the stress-response, as high
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concentrations of cortisol have primarily been associated with central
obesity.

In conclusion, exposure to road traffic noise has consistently been
shown associated with diabetes, whereas evidence is still lacking for
railway and aircraft noise. Recent studies suggest that Lje,Min may be
more relevant than LgepMax in the development of diabetes and there-
fore future studies should include this measure. Importantly, a cumu-
lative effect on risk for diabetes by noise, air pollution and lack of green
space was recently published [122].

1.3.7. Incidence and mortality from neurodegenerative diseases

As described above, substantial evidence linking transportation noise
and cardiometabolic diseases has emerged in recent years. However, our
understanding of the detrimental health effects of noise on the brain
remains limited. Degenerative diseases of the brain and nervous system
(e.g., Alzheimer’s disease, and Parkinson’s disease) affect millions of
persons worldwide and are a public health priority due to their eco-
nomic and societal burden [123,124].

Among well-known risk factors for neurodegenerative diseases, such
as education and unhealthy lifestyle, environmental exposures like air
pollution and noise have been suggested to affect the central nervous
system [123-126]. The number of studies investigating associations
between transportation noise and dementia and cognition in adults is,
however, limited. In the WHO guidelines from 2018, dementia was not
evaluated due to lack of studies [2].

A systematic review from 2020 concluded that there was no clear
evidence supporting an association between transportation noise and
dementia or cognitive decline, given the few studies with high variation
in outcome definition and study design [127]. Among the five studies
included in this review, only two investigated transportation noise and
incidence of dementia. Both studies, one from Sweden [128] and one
from the UK [129], found that noise was not associated with a risk of
dementia. Two cross-sectional studies included in this review, however,
suggested that transportation noise can affect cognitive function in
adults [130,131].

Since this review, four new studies on transportation noise and de-
mentia have been published [88,132-134]. One was an American cohort
study including 1612 participants, which found positive associations
between road traffic noise and Alzheimer’s disease, with a HR of 1.3 (95
% CI: 1.0; 1.6) per 11.6 dB (interquartile range, IQR) [133]. In a Ca-
nadian study investigating neurodegenerative diseases (i.e., non--
Alzheimer’s dementia, Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis), traffic-related community noise was not associated
with any of the outcomes [134]. Another study conducted in Denmark
looked specifically at dementia-related mortality and found a HR of 1.12
(95 % CI: 0.90; 1.38) per 10 dB increase in 5-year mean Lgje,Max [88].
The fourth and largest of these recent studies was a Danish nationwide
cohort study including almost two million elderly [132]. Besides its
large study population and long follow-up, this study presented some
unique strengths compared to most studies on the topic. First, the
exposure assessment was based on the exact address location and
considered the complete address history before and throughout the
entire follow-up period, which differs from other studies that estimated
noise levels at postal code levels [129,134], and/or only assessed noise
at one point in time [128,129,133]. Second, noise exposure was esti-
mated at the most and least exposed facades, which allows for possible
interpretations on noise exposure during sleep.

The nationwide Danish study found transportation noise from road
traffic and railway to be associated with an increased risk for all-cause
dementia and dementia subtypes. For Alzheimer’s disease, the authors
found a HR of 1.16 (95 % CI: 1.11; 1.22) for road LgenMax >65 dB
compared with <45 dB; and 1.27 (95 % CI: 1.22; 1.34) for road LgenMin
>55 dB compared with <40 dB. Road traffic noise, but not railway
noise, was associated with vascular dementia. For all-cause dementia,
exposure-response functions showed linear associations starting from
35 dB, with leveling-off or even small declines at high noise exposures.
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Despite the limited number of studies investigating associations be-
tween transportation noise and neurodegenerative diseases, a growing
body of evidence has demonstrated that transportation noise may also
be detrimental to the brain and nervous system. Therefore, future
studies investigating associations between transportation noise and
these diseases are strongly recommended.

1.3.8. Cancer incidence and mortality

Exposure to transportation noise has been associated with various
risk factors for cancer, including oxidative stress, inflammation,
disruption of the circadian rhythm, and change in lifestyle habits, such
as smoking and alcohol intake (Figs. 1 and 2) [14,67,135,136]. How-
ever, the effects of transportation noise on cancer have received only a
little attention, with a total of 10-15 epidemiological studies to cover
this highly diverse and prevalent disease outcome, including studies on
breast and colon cancer [9,10,137-140] and cancer mortality [7,88,90].

The most studied cancer outcome concerning transportation noise is
breast cancer, which has been investigated in three Danish [9,10,137]
and one German study [141]. While the three Danish studies investi-
gated effects of long-term exposure to noise (10-year mean in two
studies [10,137] and 24-year mean in one study [9], the German study
only had information on noise exposure at time of cancer diagnosis. The
results on breast cancer are inconsistent. A Danish cohort study of 29,
875 women found both road traffic and railway noise to be associated
with a higher risk of estrogen-receptor negative but not with
estrogen-receptor positive breast cancer [137], which was partly sup-
ported by a large German case-control study (=478,000 women) that
indicated associations between exposure to high levels of aircraft noise
only among women with estrogen-receptor negative breast cancer
[141]. However, the German study found only weak indications of as-
sociations between road traffic and railway noise and the risk of breast
cancer. Furthermore, a Danish cohort of 22,466 nurses found associa-
tions between road traffic noise and breast cancer only among women
with estrogen-receptor-positive breast cancer [9]. The largest study of
noise and breast cancer is a nationwide Danish cohort study of 1.8
million women, of whom over 66,000 developed breast cancer during
follow-up [10]. The study had access to residential address history for all
participants, with address-specific estimation of road traffic and railway
noise at the most and least exposed facades. The authors reported that a
10 dB increase in road LqenMin (10-year mean) was associated with an
HR of 1.032 (95 % CI: 1.019; 1.046), whereas for road LgepMax, only a
slightly higher risk was observed (HR: 1.012; 95 % CI: 1.002; 1.022) in
fully adjusted models, including socioeconomic status and use of hor-
mone replacement therapy. This indicates that the effects of noise during
sleep may be significant in developing breast cancer, potentially dis-
turbing the circadian rhythm [136], which is a suspected risk factor for
breast cancer [142]. The study also found railway noise associated with
a slightly higher risk of breast cancer with HRs of 1.02 for both Lge,Max
and LgepnMin. In contrast to previous studies, the nationwide Danish
study found similar size HR among women with estrogen-receptor
positive and estrogen-receptor negative breast cancer subtypes.

Another type of cancer that has received some attention in relation to
transportation noise is colon cancer [138-140]. The studies conducted
indicated that long-term exposure to road traffic noise (5- or 10-year
time-weighted means) might be associated with a slightly higher risk
of colon cancer with a HR per 10 dB increase of 1.011 (95 % CI: 0.997;
1.025) in a nationwide Danish cohort of 3.5 million participants and 36,
000 incident cases [140] and a HR of 1.06 (95 % CI: 1.00; 1.12) in a
population of 11 pooled Nordic cohorts totaling ~155,000 persons and
2757 cases [139]. Long-term effects of road traffic noise on the risk of
prostate cancer, non-Hodgkin’s lymphoma (NHL), and childhood cancer
have been investigated in only one study each, which suggested that
high exposure to road traffic noise may be a risk factor for NHL [143],
but not for prostate [144] or childhood cancer [145]. Lastly, a few
studies have investigated associations between noise and overall cancer
mortality, indicating associations between long-term exposure to road
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Table 2
Characteristics of the identified original studies investigating the effect of transportation noise on all natural cause mortality.
Paper Cohort® Cause Study population Noise Exposure Adjustment Exposure Relative risk (95 %
(Country)h source characterization for air metric confidence
N Sex/Age Follow-up . . ¢
pollution interval)
Grady (2023) NHS, NHSIT All 117,364 Female/ 1994-2014 Aircraft Aviation Enviro PM, 5 Lan® Aircraft: 1.03
[97] (USA) natural mean 57.3 Design Tool (0.94-1.12)
cause years
Sgrensen DNC (DK) All 2.6 Both/>50 2000-2017 Road Nordic Prediction PM, 5 Lden Road: 1.091
(2023) [7] natural million years Rail Method (1.087-1.095)
cause Rail: 0.997
(0.964-1.032)°
Vienneau SNC (CH) All 4.2 Both/>30 2000-2014 Road SonBASE PM, 5 Lden Road: 1.045
(2023) [6] natural million years (1.041-1.050)
cause All sources: 1.044
(1.039-1.048)
Hao (2022) UK Biobank All-cause 342,566 Both/ 2006 Road CNOSSOS-EU - Laeq,24h Road: 1.08
[771 40-69 (+app.. 9y) (1.04-1.12)
years
Klompmaker Dutch All- 10.5 Both/>30 2013-2018 Road STAMINA PM, 5 (road Lden Road: 1.002
(2021) [169] National natural million years only) (0.999-1.006) per
Cohort (NL) cause 7.5 dB¢
Rail: 1.004
(1.001-1.007) per
9.4 dB’
Thacher (2020) DDCH (DK) All 52,758 Both/ 1993-2016 Road SoundPLAN PM, 5 Lden Road: 1.08
[90] natural 50-64 (1.05-1.11) per
cause years 10.4 dB
Andersson PPS (SE) All 6304 Male/47- 1975-2011 Road Nordic Prediction NOx Laeq,24h Road: 0.986
(2020) [95] natural 45 years Method (0.906, 1.073)"

cause

Abbreviations: N = Number of participants.

4 DDCH = Danish Diet, Cancer and Health cohort, DNC = Danish Nurse Cohort, NHS/NHSII = Nurses’ Health Study, PPS = Primary Prevention Study, SNC = Swiss

National Cohort.

> CH = Switzerland, DK = Denmark, SE = Sweden, UK = United Kingdom, USA = United States of America.

¢ If not otherwise indicated, relative risks refers to a 10 dB increase related to the maximum facade value.

4 The Ly, is the average equivalent sound level over a 24 h period, with a penalty added for noise during the nighttime hours of 22:00 to 07:00.

¢ The relative risk has been converted to per 10 dB (based on reported effect size per increment in original study).

f Derived from categorical analysis by means of a random effects meta-regression. Effect estimates per categories were weighted according to the inverse variance of
the effect estimates and the weight of the reference category was estimated from the distribution of the sample size across all noise categories.

traffic noise (10- or 23-year time-weighted means) and overall cancer
mortality with HRs ranging from 1.02 to 1.08 [7,88,90]. Interestingly,
one of these studies investigated associations between Lge,Max and
LgenMin and found stronger associations with road Lge,Min (HR: 1.06;
95 % CIL: 1.05; 1.07) compared to LgepMax (HR: 1.03; 95 % CI: 1.02;
1.03), suggesting that effects of noise on sleep are especially relevant
concerning overall cancer mortality [7].

In conclusion, much more research is needed to elucidate whether
transportation noise is a risk factor for cancer. So far, focus has been on
only a few cancer types, mainly breast and colon cancer. However,
transportation noise may also increase the risk of other cancer types,
given the suggested mechanisms behind noise-associated pathologies
(section 2).

1.3.9. Hearing loss and tinnitus incidence

Noise exposure can affect hearing through increased ROS that have
effects on outer hair cells of the cochlea, especially in the 3-6 kHz re-
gion, resulting in sensorineural noise-induced hearing loss (NIHL)
[146-151]. The risk of NIHL increases if noise exposure exceeds the
equivalent A-weighted sound pressure level (LAeq) of 85 dB(A) as
repeated exposures for an extended period (Fig. 1) [147]. This is
frequently seen following high occupational noise exposure and recre-
ational noise [147,152]. Furthermore, there is a high risk of NIHL with
frequent exposure to transient impulse-like sounds, such as shooting and
explosions from military activities [151]. These sudden and transient
sound exposures can be > 140 dB SPL and result in blast injuries of the
sense of hearing immediately [153].

It is well-known that loud sound exposures above 85 dB(A) can result
in temporary threshold shifts, where the hearing thresholds return to the
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pre-exposure threshold levels after some time [154]. Recurrent sound
exposures can lead to permanent threshold shifts with permanent
damage of the outer hair cells in the cochlea [155]. Rodent experiments
have shown that sound exposure resulting in a temporary threshold
shifts can lead to synaptopathy (damaged synapses between inner hair
cells of the cochlea and the spiral ganglion neuron) [156,157]. This is
referred to as hidden hearing loss because synaptopathy occurs even
though the cochlea’s outer hair cells are not damaged and, thereby, do
not affect hearing thresholds [157,158].

Tinnitus is perceived by the affected individual as a phantom
sensation of noise. There is a high risk of tinnitus in patients with NIHL
and other types of hearing loss [159-161]. It has also been suggested that
tinnitus can result from spiral ganglion neuron fiber loss due to syn-
aptopathy [158,162].

While noise exposure at levels above 85 dB(A) can harm hearing and
lead to tinnitus, much less is known about whether exposures below that
level can affect the auditory system, such as transportation noise. The
general understanding is that noise exposure below 80 dB(A) cannot
harm hearing. However, a recent nationwide study from Denmark found
that exposure to road traffic noise was associated with higher risk of
tinnitus with adjusted HR of 1.06 (95 % CI: 1.04; 1.08) and 1.02 (95 %
CI: 1.01; 1.03) per 10-dB increase in 10-year exposure to Lge,Min and
LgenMax, respectively [11]. The highest HRs were found among people
without hearing loss and among those who had never been in a
blue-collar job. This demonstrates that the cause leading to tinnitus may
differ fundamentally from the well-known associations between hearing
loss in general, particularly NIHL and tinnitus related to distress.
Transportation noise is a known stressor and stress can increase the
loudness of tinnitus and the distress caused by the condition [163].
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Relative Risk Weight
Study with 95% CI (%)
Air
Grady (2023) 0o 1.030[0.944, 1.124] 4.91
Heterogeneity: ° = 0.00, I = %, H* = . ——— S 1.030 [ 0.944, 1.124]
Test of 6, = 6: Q(0) =0.00, p=.
Rail
Sorensen (2023) 0.997 [ 0.964, 1.032] 10.23
Klompmaker (2021) : 1.004 [ 1.001, 1.007] 12.67
Heterogeneity: © = 0.00, I = 0.14%, H = 1.00 " 1.004 [ 1.001, 1.007]
Test of 6, = 6; Q(1) = 0.16, p = 0.69
Road
Sorensen (2023) [ | 1.091[1.087, 1.095] 12.65
Vienneau (2023) [ | 1.045[ 1.041, 1.050] 12.64
Hao (2022) —— 1.080[1.041, 1.121] 9.88
Cole-Hunter (2022) —B——1.080[1.026, 1.137] 823
Klompmaker (2021) [ | 1.003 [ 0.999, 1.008] 12.64
Thacher (2020) ——  1.077[1.048, 1.106] 11.03
Anderson (2020) - 0.986[ 0.906, 1.073] 5.12
Heterogeneity: 1° = 0.00, I* = 98.83%, H’ = 85.79 - 1.055[ 1.026, 1.084]
Test of 6 = 6; Q(6) = 830.61, p = 0.00
Overall - 1.041[ 1.015, 1.067]
Heterogeneity: t° = 0.00, I* = 99.14%, H? = 115.97
Test of 6, = 6 Q(9) = 1418.09, p = 0.00
Test of group differences: Qy(2) = 12.49, p = 0.00

090 085 100 105 1.10
Relative Risk

Random-effects REML model

Fig. 7. Meta-analysis of cohort studies on all-cause mortality in relation to transportation noise, stratified by source. Relative risks refer to a 10 dB increase in Lgen.
Graph was created de novo from data of the indicated studies (also cited in the text).

Tinnitus symptoms are likely enhanced in stressful periods, where stress
hormones can affect the limbic, reticular, and auditory systems, as
negative thoughts towards tinnitus affect the ability to habituate to the
symptoms [164,165]. Cantuaria et al. demonstrated the highest HRs for
LgenMin, a potential proxy for nighttime noise exposure [11,166]. Stress
and tinnitus may form a vicious circle as sleep deprivation increases
stress, which has negative impact on tinnitus [167]. Tinnitus can itself
affect sleep initiation and the resumption of sleep if awakening occurs
during night [168]. Of note, also the indirect noise pathway can induce
auditory effects.

The mechanism regarding how environmental noise affects the
auditory system is not well understood and requires further research. It
is, however, unlikely that the mechanism is identical to the tinnitus
associated with hearing loss in general.

1.3.10. All-cause mortality

With increasing evidence that transportation noise has a systemic
impact on the body and may thus affect additional fatal outcomes
beyond CVD, several cohort studies on all-cause mortality have recently
been published using long-term exposure assessment based on estab-
lished prediction models and accounting for most relevant confounding
factors, such as age, sex and socioeconomic variables (Table 2) [7,77,90,
93,95,971.

Seven studies addressed associations with road traffic noise (Fig. 7).
Thereof, four studies reported significant associations ranging between
4.5 and 8 % increase in mortality per 10 dB increase in road traffic noise
and one study reported a significant association with railway noise
[169]. One smaller study from Sweden did not observe any association
with transportation noise. According to a random effect meta-analysis,
the five European cohort studies addressing road traffic noise yielded
a pooled relative risk of 1.06 (95 % CI. 1.03; 1.08) per 10 dB.
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Sgrensen et al. reported separate estimates for road and railway noise
and observed no significant associations between railway noise and
mortality if expressed as risk increase per 10 dB [7]. However, in this
study, an increased relative risk for all 5-dB noise exposure categories
above an Lgep of 35 dB was observed compared to the reference category
(<35 dB). However, the exposure-response function did follow a
continuously increasing pattern and thus linearization of the curve
resulted in absence of association. Grady et al. addressed only aircraft
noise and did not observe any significant association [97]. In the U.S.
study on aircraft noise [97], only 7 % of the population was exposed to
>50 dB Lg,. Consequently, a substantial part of the study population is
expected to be exposed to considerably higher levels of road traffic noise
than aircraft noise, which thus may have masked the association with
aircraft noise. Vienneau et al. provided a relative risk for road traffic as
well as for the energetic sum of railway, aircraft and road traffic noise on
all-natural cause mortality [93]. The latter relative risk was very similar
to the one for road traffic noise.

The lowest effect threshold was presented in some of the papers
either by non-parametric splines or by categorical analysis. In terms of
Lgen, significant associations were observed in Sgrensen et al. above 35
dB for railway noise and above 45 dB for road traffic noise [7], and in
Thacher et al. above 55 dB [90]. Vienneau et al. showed non-parametric
splines for cardiovascular mortality [6], where associations were
observed to become significant above 30 dB (railway), 38 dB (road) and
50 dB (aircraft noise). This indicates that new studies with large sample
sizes and high-quality noise exposure modeling are able to demonstrate
detrimental effects from noise even below the WHO guideline values.
This conclusion is supported by studies on the incidence of other out-
comes that also found low effect thresholds such as for IHD [63], stroke
[5], heart failure [8] or diabetes [170].
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Fig. 8. Pathways activated by noise to trigger adverse health effects. Noise perception starts in the brain, leading to neuronal activation associated with
disruption of circadian rhythms (especially by nighttime noise causing sleep deprivation and fragmentation), neuroinflammation, and cerebral oxidative stress. Noise
activates down-stream stress responses such as activation of the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis, leading to
stress hormone release such as catecholamines and cortisol with secondary activation of the renin-angiotensin-aldosterone system. This cascade converges in
oxidative stress and inflammation associated with eNOS uncoupling, endothelial dysfunction, high blood pressure, and hyperglycemia, all well-known triggers of
cardiovascular sequelae. Modified from Ref. [187] with permission. Copyright © 2021 the authors. The image was created using Biorender.com.

1.3.11. Burden of disease

To transfer scientific knowledge on noise and health to preventive
and regulatory measures, it is important to quantify the attributable
health impacts on the population. A key quantitative health impact
assessment metric is Disability-Adjusted Life Years (DALYs), which in-
cludes both morbidity and mortality. The growing use of DALYs is pri-
marily driven by WHO and the Global Burden of Disease (GBD) study
[171], as they use this metric when estimating burden of disease (BoD)
attributable to several risk factors in addition to a wide range of physical
and mental disorder and disabilities.

In 2011, WHO estimated DALYs attributable to transportation noise
in Western Europe for the first time [172], using noise exposure data
assessed according to the Environmental Noise Directive, 2002/49/EC
(END). High noise annoyance, high degree of sleep disturbance, IHD,
cognitive impairment, and tinnitus were included as health outcomes in
this BoD assessment by WHO. Since then, the European Environmental
Agency has estimated environmental noise to be the second most
important environmental risk factor, after air pollution, in driving dis-
ease burden in the EU [173]. Noise was associated with 22 million
DALYs due to high annoyance, 6.5 million DALYs due to high sleep
disturbance, 48,000 DALYs due to IHD, and 12,000 premature deaths
(due to IHD) per year.

As described above, the knowledge in the field of noise and health
has grown rapidly since the WHO systematic review was published in
2018 [2]. Updated knowledge of the causal association between noise
and various health outcomes from high-quality studies is an important
pillar in health impact assessment. Only a limited number of studies
have estimated the disease burden due to environmental noise
[174-180], and these studies often differ in methodological aspects,
which makes comparison across areas and studies difficult. To estimate
DALYs, several input parameters are required. In addition to selecting
health outcomes with associated exposure-response functions, noise
exposure distribution and health data are needed for the population for
which the calculations will be performed.
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A recent BoD study in the Nordic countries, Denmark, Finland,
Norway, and Sweden, aimed at using a harmonized approach and
comparable input data to estimate DALYs attributable to road traffic and
railway noise [179]. This study also addressed the influence of meth-
odological choices in the estimation of BoD. Noise exposure assessment
according to END was used as the primary source of exposure. In addi-
tion, nationwide noise models were available for Denmark and Norway.
Transportation noise contributed with a considerable disease burden in
the Nordic capitals, between 300 and 500 DALYs/100,000 for road
traffic noise and 40-150 DALYs/100,000 for railway noise. The esti-
mated BoD attributable to road traffic noise was found to be in the same
order of magnitude as for PMjy 5 air pollution, as reported by GBD.
Furthermore, the DALY estimates for road traffic noise were increased
with up to 17 % when stroke and diabetes were included in addition to
the high annoyance (HA), high sleep disturbance (HSD), and IHD. In
addition, several important methodological findings were uncovered.
First, the assessment based on noise exposure data according to END
considerably underestimated the burden due to transportation noise at
the national level. The study revealed considerably higher DALY rates
attributable to road traffic noise when based on the nationwide models
compared to END. Thus, the degree of coverage contributes consider-
ably to the higher estimates for the nationwide models. Secondly, the
study revealed different interpretations across the Nordic countries of
the geographical areas to be included in the END noise mapping and the
noise exposure assessment method. Thus, no comparable DALYs
attributable to noise could be assessed for the Nordic countries, only for
the capital cities using additional noise exposure data beyond what was
reported to the European Commission according to END. Differences in
definitions of agglomerations according to END across geographical
areas and time have also previously been reported for European coun-
tries [181]. Lastly, by using lower cut-offs of Lgen and Lyighe the DALY
rates for HA and HSD increased by up to 40 % compared to the estimates
based on the END mapping thresholds (Lgen 55 dB and Lyignt 50 dB).

Another recent BoD study estimated DALYs from HA, HSD, IHD,
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Fig. 9. Noise exposure induces neuronal activation with multiple targets for oxidative stress. First-line neuronal events in response to noise exposure are sleep
disturbance (when exposed during the sleep phase) and stress response reactions linked with activation of the hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic nervous system. This leads to the release of stress hormones (glucocorticoids and catecholamines) and secondary activation of the cerebral (and sys-
temic) renin-angiotensin-aldosterone system (RAAS) as well as endothelin-1 expression. These potent triggers of inflammation and oxidative stress will lead to
activation of NOX-2 via protein kinase C (PKC) and p47P"°* phosphorylation, expression of inflammation markers and increased lipid peroxidation in the brain.
Moreover, noise caused down-regulation of neuronal nitric oxide synthase (nNOS), and loss of antioxidant genes such as catalase (Cat) and forkhead box O3 (Fox03)
transcription factor. All these changes induce a neuroinflammatory phenotype with cerebral oxidative stress. These stress hormones and vasoconstrictors lead to
similar adverse changes in the cardiovascular (and pulmonary) system, which may promote the development of manifest diseases, including cardiometabolic disease,
dementia, and cancer. The HPA axis, sympathetic nervous system, RAAS, ET-1 expression, and neuroinflammation are redox-regulated and vice versa can induce
oxidative stress via NOX-2 activation and other sources. CRH, corticotrophin-releasing hormone; ACTH, adrenocorticotrophic hormone; CVD, cardiovascular disease.

Reused from Ref. [45] with permission.

stroke, and diabetes attributable to long-term transportation noise ex-
posures in England for the adult population in 2018. It was concluded
that ~97,000 DALYs are lost due to road traffic, ~13,000 due to railway,
and ~17,000 due to aircraft noise [180].

It is important to further update the scientific evidence and to
develop harmonized methods to reliably quantify the BoD of environ-
mental noise. Previous BoD studies have selected a few specific out-
comes but none of them have considered new studies on e.g., all-cause
mortality as discussed in the previous chapter (1.3.10). Thus, current
BoD estimates are expected to substantially underestimate the impact of
transportation noise. As transportation noise contributes considerably to
the environmental BoD, inclusion of noise as an environmental risk
factor in the GBD is strongly encouraged.

2. Pathophysiological mechanisms of noise exposure
2.1. General pathophysiological mechanisms

Decades of research investigating the detrimental health outcomes of
noise exposure have identified ‘direct’ and ‘indirect’ pathways that
contribute. The direct pathway describes the manner in which high-
intensity noise produces mechanical damage in the inner ear and the
downstream physiological responses to such an exposure (Fig. 8). The
indirect pathway, on the other hand, was suggested by Babisch in 2002
[182], and describes how noise exposure at “sub-hazardous” intensities
for the cochlea is able to elicit cognitive, emotional, and physiological
responses. Both pathways contribute to stress responses, which lead to
elevated levels of catecholamine, adrenocorticotropic hormone (ACTH),
and cortisol secretion via SNS and HPA activation. Sound is perceived by
the auditory cortex and the stress response is thought to be activated in
hypothalamus but the exact sequence of signaling events, interplay
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between different brain regions and identity of activated neurons re-
mains to be fully elucidated and are the subjects of ongoing in-
vestigations [183].

Chronic activation of stress systems contributes to peripheral and
central adverse health effects [29]. Exposure to loud or unwanted noise
can interrupt sleep, cause emotional stress, or disrupt daily activities.
Reduced sleep quantity and quality, and chronic stressors can mimic
many of the effects that are observed following noise exposure,
including decreased melatonin production which result in disruption of
the circadian and endocrine systems and an increased allostatic load
[184]. Impaired sleep also increases leptin and ghrelin levels as well as
appetite, coinciding with reduced insulin sensitivity [184]. Chronic
activation of the HPA axis leads to high cortisol levels, which can
heighten risk factors for CVDs, including increased blood pressure,
vascular reactivity, and anxiety [185]. In concert, sympathetic activa-
tion can increase blood pressure as well as proinflammatory and pro-
coagulant responses [186]. Overall, noise triggers neuroinflammation
and cerebral oxidative stress, blood pressure increases, endothelial
dysfunction, cardiovascular and systemic oxidative stress, inflammation
and myelomonocytic infiltration of peripheral tissues, and dysregulation
of circadian rhythms (Fig. 8) [13]. Mechanistically, these noise-induced
disruptions activate the endothelin-1 (ET-1) pathway and RAAS, leading
to vasoconstriction and a rise in circulating inflammatory markers
including tumor necrosis factor-alpha (TNFa), interleukins IL-1 and IL-6,
and C-reactive protein (CRP), and oxidative stress biomarkers [184]. In
addition, ET-1 and RAAS activation contribute to medial thickening,
structural remodeling and hypertrophy (as mentioned in section 1.2)
promoting the onset of heart failure by noise exposure [37,38].

The original concept of “oxidative stress” was formulated in 1985 as
“imbalance of prooxidants and antioxidants in favor of the prooxidants”
[188]. In subsequent years, progress in redox research on the role of
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Textbox 2
Clinical correlates of noise-induced stress response.

In line with an activation of the HPA axis, early studies identified elevated cortisol levels in humans exposed to transportation noise or
intermittent pink noise”! [214,215]. These results were extended to noise-exposed children with findings of chronically elevated free cortisol in
the first half of the night and serious disturbances of the circadian rhythm of cortisol concentrations [216]. Two clinical trials reported elevated
morning cortisol levels in women living near airports [217] and higher evening cortisol concentrations in participants exposed to aircraft noise
[218]. In subsequent studies, it was pointed out that noise-induced increases in cortisol levels may be associated with the degree of annoyance by
noise [219] and autonomic arousals independent of sleep impairment [220]. In parallel to cortisol and following SNS activation, adrenaline, and
noradrenaline levels were elevated by acute and chronic noise exposure [221]. A subsequent study indicated that nighttime noise is the driving
force for elevated noradrenaline levels [222]. Acute nighttime noise also increased adrenaline associated with endothelial dysfunction [30] and
has been associated with stress-induced cardiomyopathy (also known as Takotsubo syndrome) [223].

oxidants in redox signaling and redox regulation called for an update of
the concept [189], which led to the updated definition of oxidative stress
as “an imbalance between oxidants and antioxidants in favor of the oxidants,
leading to a disruption of redox signaling and control and/or molecular
damage” (reviewed in Ref. [190]). In order to account for the beneficial
versus detrimental nature of oxidative stress, different subforms of
oxidative stress were classified, ranging from physiological oxidative
stress (eustress) to excessive and toxic oxidative burden (distress)
[190-192]. Hydrogen peroxide is a central redox signaling agent in
physiological oxidative stress (eustress) [193]. In the context of noise
exposure, one could ask whether a physiological low level of noise is
required, especially when in view of a comfortable social environment,
to contribute to health-promoting eustress, such as the documented
positive psychosocial effects of music. In contrast, high levels of
(annoying) noise initiate detrimental distress. Whether prolonged ab-
solute silence is beneficial or harmful needs to be examined.

Oxidative stress from any source, including NOX2-derived or mito-
chondrial Hy05/0%" [194], can trigger ET-1 expression [195,196],
which can then lead to a vicious circle that contributes significantly to
the cardiovascular oxidative stress and damage [197]. In hypertensive
rats, plasma angiotensin II (one product of RAAS) and ET-1 levels are
positively correlated with blood pressure [198], and both are decreased

following treatment with bosentan (ET,, g receptor blocker), implying
crosstalk between the two systems [199]. The connection between these
two pathways has a potent physiological influence and triggering either
pathway can produce a strong vasoconstrictive stimulus. Bulk RNA
sequencing of heart, kidney, and aorta in a translational murine model
of noise exposure indicated downregulation of antioxidant enzymes
(superoxide dismutase 1, glutathione peroxidase 1) as well as the tran-
scription factor Forkhead box protein O (FOXO). This implies that noise
activates systems leading to oxidative stress (i.e., activation of inflam-
matory myeloid cells) at the same time as downregulating expression of
the antioxidant enzymes [14,16]. Fig. 9 summarizes some of the
oxidative stress-driven pathomechanisms linked to noise exposure that
results in an increased susceptibility to various diseases [29].
Understanding the crosstalk between the stress response, oxidative
stress and vasoconstrictor mechanisms has been vital in understanding
how noise elicits detrimental health effects. Pre-clinical models using
approaches that directly and indirectly study stress as a key component
support the association [13,22,67,200]. Critically, glutamatergic
signaling in the amygdala of rats [201] and heightened amygdala ac-
tivity in humans [47,202-204], are indicative of stress-induced arousal,
and appear to be enhanced following noise exposure. Corticosterone is
increased in the plasma of noise-exposed rats and mice [29], implying
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Fig. 10. Noise-induced health effects in human interventional field studies. (A) Left panel: Method used to determine endothelial function via the flow-mediated
dilation (FMD) technique. Following the baseline brachial artery diameter measurement, a blood pressure cuff is inflated for 5 min to supra-systolic blood pressure to
stop forearm blood circulation. The release of the cuff after 5 min causes a strong reactive hyperemia and the increased forearm blood flow. Thus, shear stress on
endothelial cells results in an endothelium-dependent vasodilation that is mainly dependent on the release of the endothelium-derived nitric oxide. FMD is measured
by high-resolution B-mode ultrasound. Adapted from Ref. [241] with permission. Right panel: Schematic presentation of adverse effects of simulated nighttime
aircraft or train noise on FMD of the brachial artery in response to postischemic hyperemia and the beneficial acute effects of the antioxidant vitamin C [30,234]. (B)
Schematic picture of polygraphy screening devices (electrocardiogram (ECG) and sensor for fingertip plethysmography or tonometry; image a curtesy of SOM-
NOmedics GmbH, Randersacker, Germany). SNS activation and arterial stiffness are assessed by decreased pulse transit time, increased circulating adrenaline levels,
and blood pressure increase [30,237]. The entire scheme was arranged for a review article [13] and reused with permission.
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Fig. 11. Summary of vascular effects of noise exposure in healthy mice. Noise increases serum levels of the catecholamine noradrenaline (=norepinephrine) and
the vasoconstrictor angiotensin-II determined by ELISA (A) as well as vascular oxidative stress in the aortic wall of mice measured by dihydroethidium (DHE) staining
(B). Consequently, noise increases systolic blood pressure determined by the tail cuff method and impairs endothelial function assessed by the isometric tension
method using acetylcholine-dependent vasodilation (C). Bioavailability of the important vasodilator nitric oxide ("NO) was decreased in the aorta of noise-exposed
mice (measured by electron spin resonance spectroscopy), whereas sensitivity to vasoconstrictors such as noradrenaline was increased (determined by isometric

tension method) (D). Data are mean + SEM, at least n = 6 mice/group. *
with permission.

activation of the HPA axis. Increases in plasma and kidney adrenaline
and noradrenaline indicate sympathetic activation in noise-exposed
mice [14] and rats [205,206]. Activation of these stress response sys-
tems corresponds with detrimental cardiovascular readouts in murine
models of noise exposure, including hypertension [207,208], increased
myocardial fibrosis [209], and atrial interstitial fibrosis [210]. Of note,
enhanced stress hormone signaling has also been associated with a
higher risk of cancer [211], and increased amygdala metabolic activity
was reported to correlate with adiposity [202,212] and diabetes [213],
in relation to noise exposure. The clinical correlates of this
noise-induced stress response are summarized in Textbox 2. The sub-
sequent sections shed light on the downstream molecular mechanisms.

2.1.1. Noise-dependent adverse effects on the cardiovascular system
Investigation of the cardiovascular health effects of noise in humans
dates back to the 1960s. An early study revealed that noise exposure led
to the narrowing of peripheral blood vessels in individuals engaged in
exercise [224]. Another study claimed that exposure to noise or music
elicited variable cardiac output and minute flow and concluded that it
was the stimulus’ intensity rather than the nature of the sound caused
the responses [225]. A study supporting this conclusion included 1005

2 Pink noise (1/f-random noise): swoosh with a decreasing amplitude at
higher frequencies. In pink noise, each octave interval (halving or doubling in
frequency) carries an equal amount of noise energy. In general, humans will
perceive all hearable frequencies with the same loudness. Pink noise sounds like
a waterfall and is one of the most commonly observed signals in biological
systems.
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“, p < 0.05 versus unexposed CTR. WT, wildtype; CTR, control. Adopted from Ref. [14]

German industrial workers, showing that workers in noisy industries
were more likely to have problems of the peripheral circulation and
heart as well as disturbed balance [226]. These studies describe the
‘direct’ pathway of the noise reaction scheme, but only account for noise
exposure during waking hours. Also, factory workers exposed to high
noise levels (Laeq > 80 dB(A)) were found to have significantly higher
glutathione peroxidase levels, systolic and diastolic blood pressure, and
DNA damage than office workers (Laeq 40-50 dB(A)) [227]. Exposure to
one night of transportation noise in humans was sufficient to increase
blood pressure the following day [228,229]. This is likely due to inter-
ference with blood pressure dipping by repeated nighttime autonomic
arousal [230]. Another human field study found that one night of
aircraft noise exposure (Leq 46.3 dB(A), peak level 60 dB(A)) reduced
sleep quality, increased stress hormone levels, caused endothelial
dysfunction, and decreased pulse transit time (reflecting SNS activation)
in healthy individuals (Fig. 10) [30]. Notably, when exposed to noise
while awake, feelings of “annoyance” appear to be linked to conditions
such as anxiety and depression [231,232] as well as atrial fibrillation
[24,233].

In two additional small human field studies, vitamin C was shown to
alleviate endothelial dysfunction associated with one night of aircraft
noise exposure or railway noise (Fig. 10) [30,234], suggesting that
oxidative stress plays a key role in the underlying pathophysiology
[235]. Healthy individuals subjected to either 30 or 60 train noise events
during the night (average SPL of 52 and 54 dB(A)) resulted in reduced
sleep quality and impaired flow-mediated dilatation (FMD) of the
brachial artery compared to control individuals exposed to background
noise (average SPL 33 dB(A)) [234]. Furthermore, the plasma proteome
of these subjects appeared to shift toward a pro-thrombotic and
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Fig. 12. View of the brain-body interaction in response to noise stress. Activation of the HPA axis and the sympathetic system triggers the release of different
stress hormones (dopamine, noradrenaline, adrenaline, and cortisol), leading to oxidative stress and inflammation and the modulation of behavioral and neuronal
processes, (e.g., physical exercise [264] or smoking) [135]. Tau phosphorylation and Ap accumulation by noise promote dementia and stroke. Modified from

Ref. [125] with permission and created with BioRender.com.

pro-inflammatory state. Additionally, the SAPALDIA consortium re-
ported that chronic exposure to nocturnal intermittent train or road
traffic noise correlated with arterial stiffness, measured as pulse wave
velocity [236]. These investigations and others underline the impor-
tance of sleep disruption as a cardiovascular risk factor. Importantly,
these studies also indicated that noise can impact health even when
subjects are apparently unaware. These human studies, pointing to the
involvement of inflammation, oxidative stress or adverse redox
signaling in noise-related CVD, are further supported by mechanistic
animal studies described in the preceding sections, building upon pre-
vious reviews [13,22,67,200].

Given the high incidence of CVD and the fact that IHD was the first
disease directly linked to noise exposure, it is important to investigate
how noise can affect the risk and severity of CVDs. It should also be kept
in mind that epidemiological studies have linked noise exposure with a
higher risk of other major diseases, including diabetes, cancer, and de-
mentia (see section 1). One of the few human studies investigating the
impact of noise on CVD-associated pathways reported that one night of
aircraft noise was enough to increase serum levels of 3-nitrotyrosine-
modified proteins in patients with established coronary artery disease
[16,237]. This is strong evidence for an increased oxidative stress.
Endothelial dysfunction was also pronounced in these patients, sug-
gesting that a compromised endothelium or pre-activated oxidative
milieu could predispose to the harmful effects of noise. The exposure of
healthy volunteers to one-night of noise (Leq 45 dB(A)) also impaired
diastolic heart function, as assessed through sequential echocardiogra-
phy, compared with a control group (Leq 37 dB(A)) [238]. Importantly,
endothelial dysfunction is also an early marker of diabetes [239] and
this relationship could partially explain the link between higher amyg-
dala activity and the cardiometabolic effects of transportation noise
[240].

High-intensity industrial noise during longer periods was also found
to induce hypertension in rhesus monkeys [207] and in rats [242].
Furthermore, rats exposed to very high levels of white noise (100 dB(A))
had impaired endothelium-dependent relaxation of the thoracic aorta,
higher sensitivity to the vasoconstrictor agonist serotonin, and increased
systolic blood pressure [243,244]. The latter studies used very high SPL
levels that could incur physical damage, however, studies of “sub--
hazardous” levels of noise exposure (<80 dB(A)) are rare. More recent
studies investigated the effects of aircraft noise on cardiovascular bio-
markers by exposing mice to around the clock lower SPL (e.g., aircraft
noise with a Leq of 72 dB(A) and peak level of 85 dB(A) for 24 h for 1, 2
and 4 days) [14,16]. These identified a significant noise-induced
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increase in stress hormone levels, blood pressure, and vascular and ce-
rebral oxidative stress, all associated with impaired endothelial function
and diminished vascular nitric oxide levels (Fig. 11). While the protocol
of noise exposure in experiments with animals has differed quite
markedly between studies, the physiological consequences have been
consistent and comparable to the results reported in humans.

In animal studies, RNA-sequencing has revealed noise-induced dys-
regulation of gene networks associated with endothelial and vascular
signaling and even potential risk marker genes [14]. Importantly, mice
exposed to white noise (similar exposure time and mean SPL as to
aircraft noise) did not show these cardiovascular effects, implying that
noise characteristics (such as frequency or pattern) rather than the SPL
determine the extent of cardiovascular damage [14]. Since white noise
represents a continuous “swoosh” including a broad range of fre-
quencies, it may be even the pattern of aircraft noise based on the
intermittent irregular crescendo and decrescendo sound levels of the
starting and landing events. Aircraft noise exposure during sleep was
substantially more detrimental to the cardiovascular system than
exposure during the awake phase, and cardiovascular damage was
almost entirely prevented by Nox2 deletion, pointing to the crucial role
of inflammatory cells in mediating noise-induced cardiovascular effects
[16]. In mice, endothelial dysfunction and blood pressure increases were
established very rapidly i.e., on the first day of noise exposure, and
persisted over 4 weeks of continuous noise exposure, indicating no
apparent adaptation [245]. However, when noise exposure ceased,
vascular dysfunction and oxidative stress in conductance vessels
returned to normal within 4 days, whereas the damage to microvessels
of the brain, envisaged by ROS formation and impaired relaxation per-
sisted [246].

Importantly, noise exacerbated blood pressure increases and endo-
thelial dysfunction in mice with pre-existing hypertension (induced by
angiotensin-II infusion) [247] and aggravated cardiovascular damage in
three models of diabetes (unpublished data, Mihalikova et al.). More-
over, exposure to aircraft noise for 4 days primed the cardiovascular
system in favor of an inflammatory phenotype with enhanced HoO5/03~
formation and infiltration of pro-inflammatory immune cells. The latter
resulted in exacerbated damage of the heart and impaired cardiac
function in mice subjected to MI by ligation of the left anterior
descending artery [248]. Exposure of animals to noise prior to MI also
increased cardiac mitochondrial O3~ formation, impaired mitochondrial
respiration and increased pro-inflammatory cytokines in the heart. In
addition, noise pre-exposure also caused endothelial dysfunction, and
more pronounced increases in vascular ROS levels. This correlates well
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Textbox 3
Clinical correlates of noise-dependent adverse effects on the brain.

dysregulated neuronal signaling.

Noise has been associated with cognitive impairment and memory deficits in children and adults. However, our understanding of the harmful
effects of noise on manifest diseases in the brain remains limited due to a lack of high-quality studies [133,286,287]. Similarly, although a few
epidemiological studies have indicated that transportation noise may be a risk factor for depressive and anxiety disorders, more research is
needed to establish the association [231,288,289]. Interestingly, a prospective study covering entire Denmark found both road traffic and
railway noise to be associated with a higher risk of dementia, especially Alzheimer’s disease [132], similar to results obtained in a small US study
[133]. Several studies have found that transportation noise is associated with a higher risk of stroke [4,290]. In addition, human studies reported
an association of chronic noise exposure with overweight [119,120,291], which may in part be attributed to different feeding behavior by

with observations from the population-based Gutenberg Health Cohort
Study as subjects with incident MI at follow up revealed elevated CRP at
baseline and worse left ventricular ejection fraction (LVEF) when they
had a history of high noise exposure and subsequent annoyance at
enrolment [248]. The most studied effects of noise on the development
of CVD and death due to CVD in humans are summarized in sections
1.3.1-1.3.4. For more mechanistic insight and human studies on adverse
cardiovascular effects of noise please refer to Refs. [13,22,200].

2.1.2. Noise-dependent adverse effects on the brain

Noise can elicit a variety of responses that ultimately culminate in
neuropsychiatric disorders (Fig. 12), including neuroanatomical
changes [249,250]. In animal studies, very high-intensity noise pulses
(=200 dB) were found to increase the expression of the proto-oncogenes
c-Fos and c-Myc. This happened in the cortex, thalamus, and hippo-
campus as rapidly as 2 h after exposure. While c-Myc levels returned to
control levels after seven days, c-Fos remained elevated for at least 21
days. Additionally, p-amyloid precursor protein (APP) levels increased,
creating a phenotype indicative of human traumatic brain injury and
Alzheimer’s disease [251]. While this study provided early evidence of
noise-provoked damage in the brain, the intensity of noise was very high
and not representative of average noise exposure in everyday life. Other
studies using lower-intensity noise have, however, generally supported
that noise produces damage within the brain [125]. Cheng et al. used a
murine noise exposure model of 80 dB SPL, 2 h/day for 1-3 weeks, and
found that noise could cause structural and functional changes in the
auditory cortex and hippocampus [252]. They additionally suggested
that while the auditory cortex was affected by a realistic level of noise, it
appeared that the hippocampus (a non-auditory brain structure) was
more vulnerable, meaning that there are aspects to how noise ‘propa-
gates’ within the brain that are poorly understood. It is becoming
evident, however, that nonauditory symptoms do arise, and
noise-induced stress has been found to impair cognition and motor co-
ordination and to cause changes in feeding behavior, fear, and anxiety,
possibly arising due to metabolic and anatomical changes in neurons
[253,254]. Feeding behavior seems to be particularly susceptible to
change following stress. Indeed, humans [255-257] and animals
[258-260] prefer more pleasurable food following exposure to stress,
and noise is reported to impair eating and lactation behavior [255,261].
Chronic stress may elicit depressive disorders, and recent epidemiolog-
ical studies have indicated that transportation noise may be associated
with depression and other mental disorders [127,262,263], which was
also supported by preclinical mechanistic data [249].

It has previously been mentioned that p-APP levels increased because
of high-intensity noise exposure [251], indicating a potential link be-
tween noise exposure, stress, and neurodegenerative disease. There are
standard mechanistic links between these diseases. Alzheimer’s disease
and dementia are both exacerbated by chronic inflammation and
oxidative stress [265], likely through activation of protein kinase C
(PKC) and protein kinase A [115], which can then hyperphosphorylate
tau and lead to the aggregation of amyloid plaques [266]. APP, the

19

protein from which amyloid beta (Ap) is cleaved, is a transmembrane
protein with a cholesterol-binding domain and is sensitive to oxidation
by ROS [267], leading to alterations in membrane fluidity and lipid
composition [268], and consequently, the growth of insoluble amyloid
plaques that prevent or disrupt neuronal signaling and pruning [269].

There is an essential overlap in pathophysiological mechanisms be-
tween Alzheimer’s and dementia with those of noise-elicited stress.
Oxidative imbalance is a hallmark feature of noise exposure models in
both humans and rodents, though neuroinflammation and oxidative
stress have only been recorded in the brains of rodents [16]. Wistar rats
subjected to 4 weeks of white noise (100 dB(A)) accumulated AB4p and
A4 in the hippocampus, which persisted for up to two weeks after noise
cessation. These rats also manifested persistent elevations in glial
fibrillary acidic protein (GFAP) staining, which indicates astrocyte
activation, as well as increases in TNFa and the receptor for advanced
glycation end (RAGE) products, indicating that both inflammatory and
oxidative processes were likely taking place in the brain of exposed rats
[270]. Thirty days of noise exposure has also been reported to cause tau
phosphorylation in the hippocampus [271] and increased CRH. These
studies are meaningful proofs-of-concept that noise can interact with
critical pathways for the pathogenesis of Alzheimer’s disease. It should
also be noted that these experiments typically studied quite young ani-
mals (—8 weeks). The ability to clear amyloid plaques is reduced with
age [272], suggesting that a more severe phenotype could be observed in
older populations.

Associations between transportation noise and the risk of Alz-
heimer’s disease have only been investigated in a few studies (e.g.,
Ref. [132]), suggesting transportation noise as a significant risk factor
for neurodegenerative diseases (described in detail in section 1.3.7.).
There are also studies indicating that noise exposure can impair cogni-
tion [273]. This is likely to occur through the stress hormone-dependent
mechanism previously described, as plasma corticosterone was signifi-
cantly increased in rats following 1, 15 or 30 days of 4-h of 100 dB noise
exposure [274]. The latter effects were coincident with increases in
superoxide dismutase expression and lipid peroxidation. These rats also
had changes in dendritic spines count in the hippocampus and prefrontal
cortex and deficiencies in their working and reference memory [275,
276]. Other studies have produced similar results by demonstrating a
reduction in dendritic processes in the hippocampus of noise-exposed
rodents, leading to impairment in memory as well as oxidative stress
[270,277]. Increased dopamine levels in the brain following noise stress
[278-280] also point to an oxidative influence in these symptoms, as
dopamine can be metabolized by monoamine oxidase (MAO) to
generate HyO,. Hydrogen peroxide can activate further ROS sources,
which perpetuates the production of other oxidative species and leads to
ROS-mediated changes in the morphology of cerebellar Purkinje cells
[280]. A neuroinflammatory phenotype involving astrocyte and
microglial activation and subsequent oxidative stress was reported in
mice following moderate-intensity noise exposure for four days (Fig. 9)
[281]. These symptoms were more severe in mice with pre-existing
hypertension and primarily associated with noise exposure during
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sleep [16,247]. Nox2 knockout mice were protected from these effects,
underlining the important role of ROS (H202/037) and phagocyte dys-
regulation in perpetuating the damage in the brain following noise
exposure [16,187]. Accordingly, it is not surprising that noise has been
associated with a higher risk of stroke, especially ischemic stroke (see
section 1.3.3). Since stroke is a vascular disease, the same pathophysi-
ological mechanisms are active as described for vascular/endothelial
damage in the preceding section, with a central role of inflammation and
oxidative stress, both key determinants of stroke development and
pathophysiology [282,283].

Concerning the permeability of the blood-brain barrier, there is some
mechanistic evidence indicating that noise exposure results in its
disruption, and substantial peripheral immune infiltration in the brains
of noise exposed mice was recently observed [281]. For example, the
exposure of pigs to low-frequency but high-intensity noise (140 dB(A))
increased permeability of the blood-brain barrier due to leaky tight
junctions [284]. The most important human correlates for noise effects
on the brain are reported in Textbox 3, and more mechanistic insights
and human studies on neuropsychiatric effects of noise were summa-
rized previously [125,285].

2.1.3. Impaired sleep

Another significant health impact of nighttime noise is sleep distur-
bance [200,292]. It is well established that insufficient sleep profoundly
impacts upon mental health [293,294]. Furthermore, sleep fragmenta-
tion and deprivation in general, and in response to nocturnal noise, are
established cardiovascular risk factors [295,296]. Several studies have
found nighttime aircraft noise to be associated with hypertension in
people living near airports [228,297,298], other studies, however, failed
to confirm this [299]. The underlying pathomechanisms may be related
to circadian dysregulation of metabolic, endocrine [300], and immune
pathways [301]. Sleep restriction [302] and fragmentation [303] also
induce endothelial dysfunction and potentiate cerebral oxidative stress
[304], likely due to increased NADPH oxidase (mainly NOX-2) activa-
tion. Similarly, chronic aircraft noise has also been associated with
learning and memory impairment in children [286], possibly due to
inappropriate activation of NOX-2 [305]. There is also translational
evidence that this enzyme is a critical component of noise-induced
adverse cerebral and cardiovascular complications; mice with a ge-
netic deletion of NOX-2 (gp91phox-) were almost completely protected
from noise [16]. NOX-5 could be another candidate for noise-induced
ROS formation in humans but was so far not studied.

The overlap in the pathophysiological mechanisms of noise and
impaired sleep is supported by several human studies. For example, a
field study of 75 healthy adults subjected to overnight aircraft noise
demonstrated that noise impaired sleep quality, increased adrenaline,
and subsequently worsened endothelial function - as determined by
FMD [30]. Further, these effects were noise exposure-dependent, clearly
linked to the “indirect pathway”. Human studies have been supple-
mented by translational work, including a study in mice by Carreras
et al. that demonstrated endothelial dysfunction and arterial hyperten-
sion following 20 weeks of sleep deprivation/fragmentation [303].
Furthermore, the vascular walls showed structural alterations, with
disturbed elastic fiber arrangement and aggregated foam cells and
macrophages, and the sleep-deprived mice expressed lower levels of
mRNA encoding the senescence markers telomerase reverse transcrip-
tase (TERT) and cyclin A, the tumor suppressor p16™<* as well as higher
levels of IL-6 [303]. In other animal studies, sleep fragmentation was
linked with insulin resistance, NADPH oxidase activation [306], and
increased oxidative stress [307], which mirror pathomechanistic ele-
ments of noise exposure. Similarly, links between sleep deprivation,
increased oxidative stress, manic-like behavior, and memory impair-
ment have also been made in mice [308-310], all triggered by HPA and
SNS activation. Sleep was also shown to protect against atherosclerosis
[311].

Overall, there is a remarkable overlap in symptoms and readouts of
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Fig. 13. Noise and the microbiome. The gastrointestinal microbiome is
connected to neuropsychiatric processes via the gut-brain axis, affecting
neuropsychiatric disorders, whereas mood and neuropsychiatric health may
also affect intestinal inflammatory disease [322,323]. Noise causes neuronal
activation with subsequent stress hormone release and has been associated with
annoyance, depression, and dementia. Accordingly, noise triggers alterations of
the gut-brain axis, leading to a shift to harmful bacteria in the intestine asso-
ciated with cognitive impairment and Af accumulation in a murine model of
Alzheimer’s disease [324]. Noise also disrupts the equilibrium of intestinal
pro-oxidative and antioxidant mechanisms associated with low-grade systemic
inflammation in mice [325] and generally causes an imbalance of
health-compromising versus -promoting bacteria together with impaired
mental health. As a proof-of-concept, these adverse health effects of noise
mainly were corrected by probiotic therapy [328]. In contrast, feces trans-
plantation from noise-exposed to unexposed mice induced the above-mentioned
health complications [324]. Image was created using Biorender.com by modi-
fying the central scheme from https://de.freepik.com/vektoren-premium/mens
chlicher-doppelpunktvektor-der-guten-bacterial-flora-illustration_3804027.htm
. Reused from Ref. [187] with permission. Copyright © 2021 the authors.

oxidative homeostasis and inflammatory activation between sleep
fragmentation/deprivation and noise exposure, as highlighted by
mechanistic mouse studies of noise-induced cerebral and cardiovascular
damage (reviewed in Refs. [13,22]). Significantly, in mice, noise expo-
sure during the sleep phase contributed to the bulk of the cardiovascular
and cerebral damage, with only minor contributions from exposure
during the waking phase [16]. RNA sequencing of noise-exposed mouse
kidney, heart, and aorta homogenates also revealed that FOXO3
signaling could be the molecular crux of circadian disruption following
poor sleep quality, as the transcriptional trigger for noise-induced
vascular damage via oxidative stress and inflammation. The role of
the impaired circadian clock for noise-induced adverse health effects is
explained in more detail in section 2.3.3.

Infrasound refers to frequencies below 20 Hz, while low-frequency
sound covers 20-200 Hz. These types of sound come from many envi-
ronmental sources, including machinery like compressors and ventila-
tion systems, as well as traffic noise. Research shows that wind turbines
can generate low-frequency noise exceeding 20 dB inside nearby homes
[312], and emerging evidence has linked low-frequency sound with
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health effects. This is important given the future shift towards renewable
energy and its implications for population health. Wind turbine noise
has been associated with some negative health effects, particularly
annoyance and sleep disturbance, in those living close to wind farms
[313,314]. The noise level for wind turbines is associated with multiple
factors apart from proximity e.g., wind speed (and its variations) and
other meteorologic factors (e.g., wet weather, fog). Overall, evidence
indicates that the level of audible noise from wind turbines increases
annoyance in nearby residents [315,316] with some studies reporting
that annoyance to wind turbine noise is higher than that for
traffic-related noise [314,317]. Self-reported sleep disturbance also ap-
pears to increase with proximity to wind turbines. One study from
Canada has shown that the aggregate annoyance from wind turbines is
linked with multiple factors beyond noise, including vibrations, visual
impact and shadow flicker, blinking warning lights, and those factors (in
addition to noise) explained two thirds of the reported annoyance
variability [318]. However, studies using objective measures of sleep
have not consistently detected any effect of wind turbine noise on sleep
quality or duration. The evidence for impacts on cardiovascular health,
mental health, cognitive function and metabolic processes is limited and
inconsistent. A sham-controlled trial of infrasound exposure did not pick
up any relationship between infrasound and the health factors examined
such as somatic and psychiatric symptoms, sound-sensitivity, sleep
quality, cognitive performance, and structural MRI [319]. Research on
health impact of infrasound is challenging given the ubiquitous nature of
infrasound (e.g., from wind, ocean waves, and earth vibrations), and the
difficulty in differentiating the actual effects of infrasound from just
sensing its presence.

2.1.4. Noise-dependent adverse effects on the intestine via the gut
microbiome

It is now widely accepted that the gut microbiome influences critical
biological processes. Disruption therein can influence inflammation and
redox signaling in the gastrointestinal tract and, thereby, impact car-
diometabolic health (Fig. 13) [320,321]. Gut health appears to influence
mood and behavior via a gut-brain axis that can also affect the devel-
opment of psychiatric disorders and intestinal inflammatory disease
[322,323]. Few studies have directly addressed the interaction between
noise and the gut microbiome. One study, however, reported that
exposure to noise for 4 h during the sleep phase of mice over a period of
30 days, caused alterations in the gut-brain axis (e.g., intestinal tight
junction proteins and neurotransmitters) [324]. This study used a mouse
model for Alzheimer’s disease and reported both cognitive impairment
and the accumulation of Af, supporting previous studies (see section
2.1.2) linking noise with neuropsychiatric disease. However, the authors
also reported decreased levels of the neurotransmitters serotonin and
gamma-aminobutyric acid (GABA), increased readouts of inflammation,
and impaired tight junction protein expression (claudins, occludin)
coupled with changes in the balance of intestinal flora by 16S ribosomal
RNA sequencing [324]. Additionally, feces from the noise-exposed mice
resulted in an Alzheimer’s-like phenotype when transplanted into un-
exposed mice. Taken together, these results could indicate a mechanism
where stress or poor-quality sleep because of noise compromises the
intestinal barrier, which then disrupts normal homeostasis in the gut and
creates a feedback loop within the gut-brain axis Fig. 13). A second study
also reported changes in pro-oxidative and antioxidant pathways and
inflammation following noise exposure in mice [325], compounded
with similar reports in another rat study that also found evidence that
glucose metabolism was disturbed following 30 days of noise exposure
[326]. These stressed rats also exhibited elevated glycogen and tri-
glycerides in the liver and IL1f and TNFa in the intestine, indicating a
disturbance in both metabolism and inflammation. Another report
described a shift in gut species from health-promoting actinobacteria to
health-compromising proteobacteria, that was also accompanied by
increases in TNF-a and IL-1p and changes in body weight [327].

Apart from proinflammatory and metabolic effects, anxiety-like
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behavior has also been reported in rats exposed to noise in conjunc-
tion with increased corticosterone; once again pointing to increased
stress as the ignition for these symptoms [328]. Interestingly, probiotic
treatment alleviated these symptoms by restoring the functional inter-
action of the gut-brain axis (Fig. 13). Treatment of noise-exposed rats
with Lactobacillus rhamnosus GG prevented cognitive deficits and sys-
temic inflammation by modulating the gut-brain axis (e.g., restoration of
behavior and corticosterone levels) [329]. Additionally, a recent study
found higher gut microbial diversity in sparrows living in a noisy
environment, suggesting that urban sparrows have higher bacterial
wealth than their rural counterparts, which was also associated with
increased corticosterone and decreased food intake [330]. While studies
directly connecting noise, gut health, and disease symptoms are sparse,
the results generally agree with mechanisms and symptoms reported in
other models, suggesting that the effects of noise are perpetuated
throughout the body by nonspecific and broad effects. It also suggests
that disturbances in one system (i.e., gut) could exacerbate dysregula-
tion in another system (i.e., vasculature) to promote pathogenesis [331].
In summary, the gut microbiome plays an important role in immune
system (de)activation in response to different noise patterns [332].

2.1.5. Noise exposure, aging, and age-related diseases

Substantial experimental evidence in animals supports the role of
noise exposure for accelerated aging, and both experimental and clinical
studies clearly show the key role of noise exposure promoting age-
related diseases. Indeed, the aging process is greatly modulated by the
environment. Accordingly, common pathophysiological mechanisms,
including mitochondrial oxidative stress, impaired nitric oxide
signaling, endothelial dysfunction, and inflammation, have been found
in the context of noise exposure [227,333,334] as well as in age-related
diseases, such as Alzheimer’s and Parkinson’s diseases, renal dysfunc-
tion, retinopathy, and CVDs [45,285,335]. Furthermore, noise exposure
can induce cognitive deficit, especially in spatial learning and memory
performance [265,336,337], and chronic noise was found to lead to
overproduction of amyloid § and tau hyperphosphorylation in the hip-
pocampus and prefrontal cortex in senescence-accelerated mouse prone
8 (SAMPS8) mice [338].

The auditory system is the one most affected by noise exposure upon
aging. Indeed, synaptopathic noise (100 dB) accelerates cochlear aging
[339]. Noise exposure is considered a major cause of age-related hearing
loss, called presbycusis [340], mainly by related to cochlear synaptic
loss [156,341] and sensory cell degeneration of the outer hair cells at the
high frequency end of the cochlea. Presbycusis seems to result from
damage to mitochondrial DNA and subsequent mitochondrial dysfunc-
tion [340], and noise enhances the age-related oxidative stress in the
cochlea by increasing superoxide production and lipid peroxidation
[342].

2.2. Sources of oxidative stress and detection of reactive oxygen species

Clinical and epidemiological data also show an association between
typical oxidative stress markers, such as lipid peroxidation products, 3-
nitrotyrosine or oxidized DNA/RNA bases, with all significant non-
communicable diseases of cardiovascular [343-345], metabolic [39,
40] or neurodegenerative origin [42,346] as well as with different forms
of cancer [41,347]. Especially ischemic heart disease is tightly linked to
mitochondrial H,0,/035" formation and oxidative tissue damage [348].
Since oxidative stress is a hallmark of most non-communicable diseases,
it is important to know more about the sources of HyO,/03% ", and to gain
insight into the mechanisms of oxidative damage, thereby providing
better understanding of noise-induced diseases described in the first part
of this position paper.

2.2.1. NADPH oxidases
NOX-2 (gp91phox), which was referred to frequently in the previous
sections, is the enzymatic weapon used by myeloid phagocytes to
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Fig. 14. Oxidative stress pathways activated by noise. Noise causes stress hormone release (catecholamines and cortisol) and downstream endocrinal activation
of vasoconstrictors activating common disease pathways, such as oxidative stress. Angiotensin II (AT-II) and endothelin-1 (ET-1) lead to the formation of diac-
ylglycerol (DAG), a potent activator of protein kinase C (PKC), via their receptors. (1) PKC via phosphorylation of p47P"°% at serine 328 causes activation of the
phagocytic NADPH oxidase (NOX-2) and potentially NOX-1. The expression of NOX-2 is upregulated by noise-triggered immune cell infiltration (lysozyme M-positive
(LysM*) cells) and systemic inflammatory conditions. NOX-2 (and NOX-1, especially in the brain) produces superoxide (03") and via dismutation also hydrogen
peroxide (H20,). NOX-4 was not changed by noise and NOX-5 (relevant for humans) was not studied so far. (2) Dysfunction of endothelial nitric oxide synthase
(eNOS) is mediated by noise-dependent activation of PKC and phosphorylation of threonine 495. Alternatively, NOX-2-dependent ROS formation may activate PKC
[349] and protein tyrosine kinase 2 (PYK-2) [350,351], causing adverse phosphorylation at tyrosine 657 and threonine 495. Uncoupling of eNOS may be induced by
noise-driven oxidative depletion of tetrahydrobiopterin (BH4) and S-glutathionylation (-SSG) of eNOS by ROS originating from NOX-2 [352]. Semi-uncoupled eNOS
may represent a potent source of peroxynitrite. (3) Noise also leads to mitochondrial ROS formation, generating both O3~ and H»0,. Noradrenaline (NA) and
adrenaline (A) originating from sympathetic activation are substrates of monoamine oxidases (MAO) that produce H;O,. PKC seems to activate the mitochondrial
Katp channel by phosphorylation of a threonine residue with subsequent depolarization of the mitochondrial membrane (A¥,]) and O3~ formation from respiratory
complexes I, IT and III. Mitochondrial H,0,/03~ and calcium are released to the cytosol upon the mitochondrial permeability transition pore (mPTP) opening (e.g., by
thiol oxidation of the regulatory subunit cyclophilin D (CypD) [353]). Karp channel activation and mPTP opening can also be stimulated by redox-crosstalk with
H,0, (probably also O3~ via peroxynitrite) derived from NOX-2 [197]. So far, there is no evidence for the role of xanthine oxidase in noise’s non-auditory (indirect)
effects. This scheme contains images from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

combat immune insults. This enzyme allows actors within the innate and leukocyte-endothelial cell interaction [16]. Moreover, proteomic
immune system to produce toxic oxidants to destroy engulfed analyses demonstrated no noise-induced increase in inflammatory
pathogens-a critically important action in host defense. However the signaling in plasma from Nox2 knockout mice, a situation that was
same machinery can also be inappropriately deployed and activated in markedly different in samples from Nox2 expressing mice [363]. The
response to sterile inflammation; a dysregulation that contributes to enzyme can be targeted pharmacologically and the NOX-2 inhibitor,
endothelial dysfunction [354,355], hypertension [356,357], IHD [358], GSK2795039, quenched ROS signals in cerebral cryo-sections of
and atherosclerosis [359]. Whereas the involvement of different NADPH noise-exposed mice [16], which overall points to this enzyme fueling the
oxidase isoforms (e.g., NOX-1, NOX-4, NOX-3, and DUOX-2) in proverbial oxidative fire that arises. Further support for a central role of
noise-induced hearing loss is well established [360-362], only a few NOX-2 in noise-mediated pathophysiology comes from a study showing
studies have provided information about the role of NADPH oxidases in an additive upregulation of NOX-2 protein in noise-exposed hyperten-
the non-auditory (indirect) pathology. Upon exposure to noise, NOX-2 sive mice, mirrored by additive increases of aortic and cardiac super-
protein and Nox2 mRNA levels are consistently upregulated in the mu- oxide formation [247]. A similar add-on effect of noise on NOX-2
rine aorta and heart [14,248,281]. Also, a more pronounced activation expression and activity was also reported in mice that had experienced
state of NOX-2 was reported for noise-exposed mice, which was driven MI before noise exposure [248]. It was also shown that
by angiotensin-II dependent diacylglycerol-mediated PKC activation NOX-2-expressing cells were primarily responsible for noise-induced
with subsequent Ser328 phosphorylation of p47P'%; the cytosolic cardiovascular and cerebrovascular damage through a selective abla-
regulator of NOX-2 (Fig. 14) [16]. Accordingly, the oxidative burst in tion protocol targeting cells expressing lysozyme M (LysM) (e.g.,
whole blood of noise-exposed mice, which is mainly driven by phago- monocytes and macrophages) by overexpression of an inducible diph-
cytic NADPH oxidase in leukocytes, was more pronounced than in un- theria toxin receptor [281]. By low dose treatment with diphtheria toxin
exposed mice [16]. The latter finding was further supported by slightly these inflammatory cell subsets can be specifically killed, thereby
higher serum levels of soluble NOX-2-derived peptide (sNox2-dp, an removing the most prominent NOX-2 expressing cells. As a result, blood
ELISA-based measure of NOX-2 activation) in mice upon noise exposure pressure, endothelial function, and oxidative stress parameters were not
[245]. adversely affected in mice without LysM™ cells exposed to noise.
Evidence of oxidative stress is readily detectable in the aorta, heart In the brains of noise-exposed mice, aggravated NOX-2 activation
and brains from mice exposed to noise. Importantly, mice with a genetic was observed in the form of phosphorylation of the significant cytosolic
deletion of Nox2 are protected from this oxidative stress as well as from regulator of NOX-2, p47ph°x, at serine 328, as well as activation of PKC,
the subsequent microvascular dysfunction in the cerebral microvessels as measured by phosphorylation of the myristoylated alanine-rich C-
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kinase substrate (MARCKS) [15,16]. NOX-2 protein expression was also
increased in cerebral micro-vessels [364]. In addition, NoxI mRNA
expression was increased in the brains of noise-exposed mice [16], an
observation mirrored by enhanced 3-nitrotyrosine, ROS formation, and
impaired microvascular function in cerebral arterioles [363]. NoxI
upregulation was also found in isolated lung endothelial cells [14]. In
contrast, no upregulation of vascular NOX-4 in mice exposed to noise
with low SPL (<80 dB(A)) was reported, although a tendency of higher
NOX-4 levels in the brains of noise-exposed mice was noted [16].

Studies have also observed that noise-exposed mice had increased
ET-1 expression in the aorta and that ET-receptor signaling was exac-
erbated as envisaged by more pronounced ET-1-dependent vasocon-
striction [14,16]. Endothelin-1 exacerbates oxidative burden by directly
inducing NOX-2 expression [365,366] and directing
ET-receptor-dependent NADPH oxidase-derived O3 formation and
subsequently HoO3 by dismutation. This second action can be illustrated
by ex vivo ETx-receptor blockade of vascular cells [365,367,368] or
white blood cells [36], resulting in reduced NOX-dependent O3~ and
H,0, formation, as is also the case in hypertension [369-371]. Alter-
natively, catecholamines can activate astrocytes, microglia, and conse-
quently NOX-2 [372].

2.2.2. Mitochondria

Though NOX enzymes are essential generators of O3, HyOy and
other ROS, they are not their sole source. Mitochondria are well-known
producers of O3~ and Hy05 and an important pharmacological target for
treating IHD [373,374] but may have on impact on development of
hypertension as well [375,376]. Interestingly, a study has found that
some of the oxidative burden observed after noise exposure may be
ascribed to mitochondria: rats exposed to low-frequency noise (>90 dB
(A), <500 Hz) had cardiac fibrosis, enlarged cardiac mitochondria and
reduced connexin 43 content, indicating mitochondrial damage [377].
Mitochondrial connexin 43 content affects ROS formation [378,379].
Mitochondrial swelling, matrix dilution, cristolysis, and DNA damage
have been reported in response to very loud noise (100 dB(A)) and
linked to high noradrenaline levels, MAO activity, and disturbed
mitophagy [380,381], possibly negatively impacting permeability
transition (e.g., mPTP) and calcium handling [382].

Two different isoforms of MAO exist, namely MAO-A and MAO-B,
both of which are located at the outer mitochondrial membrane
(reviewed in Ref. [383]). Species- and cell type-dependent expressed
MAO isoforms differ. Taking the heart as example, in rats MAO-A pre-
dominates at adulthood while in adult mice MAO-B dominates. Inter-
estingly, in rat hearts, MAO-B activity also predominates up to an age of
2-3 weeks, most likely since MAO-B expression increases under me-
chanical strain as compared to the quiescent situation [383]. Human
hearts contain both MAO isoforms, but with more, albeit moderate,
expression for MAO-A in cardiomyocytes. The two MAO isoforms have
common substrates, such as dopamine but also specific substrates:
MAO-B can metabolize 1-methyl histamine, produced by the
histamine-N-methyltransferase, while MAO-A metabolizes serotonin (or
5-hydroxytryptamin, 5-HT) and catecholamines. Interestingly, MAO-A
contributes to serotonin- but not norepinephrine-dependent damage of
rat ventricular myocytes [384]. MAO requires flavin adenine dinucleo-
tide as a cofactor that is reduced by the reaction and subsequently
re-oxidized by molecular oxygen, generating hydrogen peroxide. MAO
can also form reactive aldehydes, such as 4-hydroxynonenal, as
byproduct of catecholamine metabolism through cardiolipin peroxida-
tion inside mitochondria in primary cardiomyocytes. Deleterious effects
of 4-hydroxynonenal are physiologically prevented by its rapid meta-
bolism [385], furthermore facilitated by the activation of mitochondrial
aldehyde dehydrogenase 2 [386]. An increased expression/activity of
MAO occurs during aging and with different cardiovascular diseases.
While the underlying mechanisms of MAO upregulation are still unclear,
one potential factor contributing to increased MAO expression/activity
might be increased substrate availability.
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An increased sympathetic tone increases plasma norepinephrine and
epinephrine concentrations. Serotonin concentrations are increased
during different disease states (for review, see Ref. [387]) and part of the
increase has been attributed to altered platelet function [388]. Hista-
mine co-localizes with norepinephrine in neurons [389] and is enclosed
in cytoplasmic granules of mast cells, which lie adjacent to blood vessels
and between cardiomyocytes [390], and mast cell degranulation might
occur under stress conditions [391]. Activation of MAO contributed to
development of endothelial dysfunction [392] and irreversible car-
diomyocyte injury in vitro [393] and in vivo [394], also the latter was
restricted to males only.

In the cochlea, loud noise (100-120 dB(A)) also activates SHC-
transforming protein 1 (SHCI, p665hc), a mitochondrial source of
oxidative stress. Cochlear vascular dysfunction and transient noise-
induced hearing loss subsequently arose [395]. p66°™ is involved in
the regulation of vascular tone [396], also during aging [397], with little
effect on irreversible cardiac damage under stress conditions [398] (also
reviewed in Refs. [399,400]).

Some studies have reported that noise exposure <80 dB(A) can lead
to mitochondrial ROS formation in the brains of noise-exposed mice
[16] as well as higher superoxide formation rates in cardiac mitochon-
dria [247]. An additive increase in mitochondrial superoxide levels was
also seen in the hearts of noise-exposed mice with MI in conjunction
with impaired mitochondrial respiration and oxygen handling [248]. Of
note, whereas cerebral ROS formation (most probably superoxide) upon
1 or 2 days of noise exposure was fully responsive to NOX-2 inhibition or
genetic deletion of Nox2, the ROS signal after 4 days of noise was still
visible in the absence of NOX-2 activity, suggesting that mitochondrial
ROS formation may play a role following chronic noise exposure [16].
Potential mechanisms of mitochondrial O3~ and H,0, formation in
response to noise are summarized in (Fig. 14). Catecholamines released
upon noise-induced sympathetic activation could lead to hydrogen
peroxide formation by MAO, enzymes that are potent mitochondrial
H,0; sources using noradrenaline or adrenaline as substrates [401].
Another pathway of noise-induced mitochondrial O3~ and H,O5 for-
mation may consist of the PKC-dependent activation of the mitochon-
drial ATP-sensitive potassium channel (Karp) channel by
phosphorylation at a threonine residue [402,403] with subsequent de-
polarization of the mitochondrial membrane potential leading to higher
superoxide formation rates from respiratory complexes I, II, and III
[197]. Finally, ROS-induced mPTP opening by thiol oxidation of the
significant regulator cyclophilin D [353] may represent a mechanism for
how noise could promote the release of mitochondrial calcium, O3~ and
H,0; to the cytosol, activating redox- and calcium-sensitive kinases such
as PKC [197,404]. However, it is unclear to what extent this mechanism
contributes to noise-mediated pathophysiology.

2.2.3. Uncoupled nitric oxide synthases

Due to the excessive superoxide formation in noise-exposed animals,
endothelial NOS (eNOS) in the aorta (and nNOS in the brain) uncouples,
which means that it transforms into a source of O3~ and H,0, rather
than, or in addition to *NO source (Fig. 14) [45,405]. NOS uncoupling
was previously demonstrated in tissues of noise-exposed mice by dihy-
droethidium staining in the presence of the eNOS inhibitor N®-ni-
tro-t-arginine methyl ester (-NAME) [16,247,281]. eNOS is
redox-sensitive because of its reliance on a readily oxidizable cofactor,
tetrahydrobiopterin (BH4). Without BHy4, eNOS cannot produce *NO, but
instead produces O3~ [355]. The concomitant formation of *NO and O3~
by uncoupled eNOS generates peroxynitrite, which in term reacts with
proteins to result in their tyrosine nitration i.e. the appearance of
3-nitrotyrosine-positive proteins in the vascular wall of conductance and
resistance vessels [14,248,363]. eNOS uncoupling diminishes *NO
bioavailability in the aortas of noise-exposed mice as determined by the
direct quantification of *NO using electron spin resonance spectroscopy
[14] or via plasma nitrite levels [245,247]. eNOS activity is also regu-
lated by the phosphorylation of the enzyme and a reduction in the



M. Sgrensen et al. Redox Biology 69 (2024) 102995

<4

Neuronal activation’

Direct effecs of stress hormones and vasoconstrictors on oxidaTve'Sress™
and eNOS/nNOS function”

Redox-sensitive |-NAME
PKC / PYK-2 41 NOS inhibitor
NOX-2
- activation
eNOS
nNOS

ROS+GSH Redox-sensitive uncoupling

(T 5 CaMKI

RS e

nNOS inhibitor
> S v, Z

Endothelial dysfunction, increased blood pressure, cerebrovascular oxidative stress ion
Cardiometabolic disease and cognitive impairment

Fig. 15. Noise exposure causes eNOS and nNOS uncoupling. Superoxide formation induced by noise (e.g., NOX-2 activation) causes oxidative break-down of
°NO, leading to peroxynitrite formation explaining increased protein tyrosine nitration (also iNOS-derived *NO contributes) as well as impairment of *"NO/cGMP
signaling. Despite upregulation of eNOS and the tetrahydrobiopterin (BH,4)-generating enzymes GTP-cyclohydrolase 1 (GCH-1) and dihydrofolate reductase (DHFR),
diminished *NO bioavailability was observed in the aorta of noise-exposed mice. BH, is an essential cofactor of eNOS (but also of iNOS), and oxidative depletion by
ROS (e.g., peroxynitrite) to dihydrobiopterin (BHy) causes uncoupling of all NOS isoforms. BH, levels were not measured upon noise exposure, but upregulation of
GCH-1 and DHFR obviously cannot compensate for the loss of function of eNOS in this setting. Therefore, eNOS was found to be dysfunctional or uncoupled,
supported by S-glutathionylation (GSS-modification) by either peroxynitrite or H;O5/reduced glutathione (GSH) or S-nitros(yl)ated glutathione (GSNO) reaction.
eNOS S-glutathionylation is an accepted marker of eNOS uncoupling, and uncoupled eNOS after noise exposure was detected at the molecular level by endothelial
ROS formation that was sensitive to inhibition by the NOS inhibitor .-NAME. Although not measured in tissues of noise-exposed animals so far, the inactivating
phosphorylation of eNOS at threonine 495 or tyrosine 657, mediated by redox-activated protein kinase C (PKC) [349] and protein tyrosine kinase 2 (PYK-2)
respectively [350,351], would be conceivable under noise-induced oxidative stress conditions. In the brain, oxidative stress induction (e.g., NOX-2 activation) by
noise caused nNOS uncoupling as envisaged by cerebral ROS formation that was sensitive to inhibition by the selective nNOS inhibitor ARL-17477 as well as
phosphorylation at serine 847 (previously reported for uncoupled nNOS). Phospho-Ser847 in nNOS is introduced by calcium/calmodulin-dependent protein kinase
(CaMKII) activated by ROS, e.g. HoO,. The adverse redox regulation of eNOS and nNOS by noise-induced oxidative stress promotes the development of car-
diometabolic disease and cognitive impairment previously reported for noise exposure in clinical/epidemiological studies. Reused from Ref. [45] with permission.

phosphorylation of an activity promoting site (Ser1177) was also re- Murine cerebral nNOS was also phosphorylated on serine 847 [16],
ported in hypertensive mice exposed to 7 days of aircraft noise [247]. which is an inhibitory site [407], possibly indicating an uncoupled
Uncoupling of eNOS by noise at the same time as activating Ser1177 nNOS enzyme [408]. This site is also redox-sensitive via
phosphorylation seems contradictory but may represent a futile calcium/calmodulin-dependent protein kinase [408]. Some support for
counter-regulatory process. Increased plasma nitrite levels in the uncoupling of nNOS in the noise-exposed brain comes in the form of
noise-exposed rats have also been attributed to the action of inducible ex vivo inhibition with ARL-17477, which partially blocked the oxida-
NOS [206], as is common in inflammatory conditions. Taken together, tive stress signal in cerebral tissue of noise-exposed mice [16]. The
dysregulation or uncoupling of eNOS is a central event in the patho- presence of noise-induced O3 in the tissue may deplete vasodilatory
physiology of CVD and is closely correlated with impaired endothelial *NO, resulting in a neuroinflammatory phenotype and loss of the pro-
function (see section 2.1.1). eNOS S-glutathionylation was also tective antioxidant transcription factor Foxo3, exacerbating the oxida-
increased in the aorta and heart of noise-exposed mice [14]. The latter tive imbalance and potentiating endothelial dysfunction in the brain
effect was not observed in Nox2-deficient mice [16] and was aggravated [16,281]. These initial steps can produce a pro-oxidative/inflammatory
in noise-exposed hypertensive or ischemic/reperfused mouse hearts phenotype explaining the observed impairment of cognitive develop-
[247,248]. eNOS activity can be inhibited by its phosphorylation on ment (memory/learning) of school children exposed to high noise levels
inhibitory sites that shut down *NO and O35~ production completely but [286], similar to the learning and memory impairment reported in
no study has yet addressed the impact of noise on these mechanisms. adults [305]. An impact of dysregulated nNOS on impairment of
Still, the kinases that phosphorylate the inhibitory sites in eNOS (i.e., cognitive and memory function seems feasible in light of direct effects of
PKC, protein tyrosine kinase 2 (PYK-2)) are redox-activated, so an neuronal *NO on these processes or indirectly by the regulatory role of
involvement of this mechanism upon noise exposure is highly probable *NO on glutamate signaling Fig. 15 illustrates the mechanisms influ-
[45]. As a direct effect of loud noise in the cochlea of guinea pigs, encing the NOS coupling status in noise-exposed rodents.
inducible and endothelial NOS levels were upregulated, which likely
contribute to nitrosative and oxidative stress [406]. 2.2.4. Detection of reactive oxygen species

The NOS enzyme that is preferably expressed in neuronal tissues,
nNOS, appears to respond slightly differently to noise exposure than 2.2.4.1. Superoxide. The most used probe for the in vivo and in vitro
eNOS. Noise-exposed mice presented with downregulation and uncou- detection of superoxide radical anion (0%) is dihydroethidium (DHE,
pling of nNOS, an event that did not occur in Nox2 knockout mice [16]. also known as hydroethidine, HE) [409,410]. This probe forms an
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Fig. 16. Noise triggers a neuronal stress response, leading to oxidative stress, inflammation, and vasoconstriction. Traffic noise results in mental stress that
causes activation of the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis with subsequent release of catecholamines (e.g., adrenaline,
noradrenaline) and cortisol, a glucocorticoid. This process is accompanied by neuronal activation via inflammation and oxidative stress (exacerbated ROS formation,
mostly O3~ and H,0,), which promotes neuropsychiatric and sleep disorders. Sympathetic and HPA axis activation leads to adverse signaling via catecholamines,
angiotensin II (AT-II), endothelin-1 (ET-1), and glucocorticoids, leading to an inflammatory phenotype, oxidative stress, downregulation of eNOS and diminished
nitric oxide (*°NO) bioavailability, and vasoconstriction. These adverse signaling events contribute to increased blood pressure, atherosclerosis, and higher cardio-

vascular risk. Redrawn and modified from Refs. [29,43] with permission.

0% -specific red fluorescent product, 2-hydroxyethidium (2-OH-E™). It
should be noted, however, that 2-OH-E™ is not the only fluorescent
product of DHE oxidation, and ethidium (E¥) is another fluorescent
product that is formed during the oxidation of DHE by other oxidants.
Also, heme proteins, including cytochrome c, are known to efficiently
oxidize DHE to ethidium (E™) and several dimeric products [411].
Therefore, increased red fluorescence is expected during apoptosis and
is associated with mobilization of mitochondrial cytochrome c. This
implies the need to selectively detect and quantify 2-OH-E*, typically
accomplished using chromatographic techniques (HPLC with fluores-
cence, electrochemical or mass spectrometric detection) allowing sep-
aration and detection of different oxidation products [412,413].
Derivatives of DHE targeted to mitochondria (MitoSOX Red, MitoNeoD)
or the extracellular space (hydropropidine) have been also reported
[414-416]. The chemistry of those probes resembles the chemistry of
DHE, and therefore the same recommendations regarding the detection
of the O3 -specific product apply [410,411,417,418].

Lucigenin has been used for chemiluminescent O3 detection for
more than two decades [419]. While some studies showed a good cor-
relation with the production of 2-OH-E™ from DHE [420] without such a
parallel assay, the lucigenin-derived chemiluminescence may be diffi-
cult to interpret, as the probe reacts very slowly with O3". It may act as a
redox cycler in the presence of flavoproteins, resulting in O3 production
[421]. Nitroblue tetrazolium and more recently water-soluble tetrazo-
lium (WST-1) probes are being used as colorimetric stains for superox-
ide, as they form formazan-type reduced products, easily detectable by
spectrophotometry [422,423]. This type of probes is typically used for
cellular and cell-free assays in vitro. The major limitation is the possi-
bility of superoxide independent reduction of tetrazolium salts to for-
mazans, requiring further studies on the involvement of superoxide in
the reduction of the probes [424]. Also, the redox cycling activity of
nitroblue tetrazolium to produce superoxide has been reported and
should be considered when using the probe [425]. While still awaiting a
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complete chemical characterization and biological validation, addi-
tional promising chemical probes for O3, including triflate-, phospho-
nate- and more recently tetrazine-based sensors, have been developed
[426-428].

A further method to measure superoxide is by electron spin reso-
nance [429]. Superoxide is able to form a characteristic spin adduct with
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) forming DMPO-OOH, which
is easily detectable by electron spin resonance. Problems of this method
are the slow reaction of superoxide with DMPO, the low concentrations
of the spin adduct formed (also due to its degradation by biological
antioxidants such as vitamin C or glutathione) and the relatively
complicated analytical equipment required.

2.2.4.2. Hydrogen peroxide. Detection of HyOy is typically accom-
plished using peroxidase-dependent probes, including reduced fluores-
cein and rhodamine probes (DCFH, DHR), and Amplex Red [427,430].
Peroxidase-dependent assays may be used to analyze extracellular
H20;, or in cell-free systems, including isolated mitochondria, and
Amplex Red is the recommended probe [431]. The use of DCFH and
DHR probes should be avoided, as those probes do not react directly
with HyOg, can be oxidized by cytochrome ¢ mobilized during apoptosis
[432], and may produce O3 during their conversion to the fluorescent
product [421,433]. Using boronate-based probes may allow the detec-
tion of HyO5, ONOO™ or other boronate-reactive oxidants [434-436].
With proper experimental design and/or detailed profiling of the oxi-
dation/nitration products, the oxidants involved may be identified [437,
438]. The advantages of boronate probes include direct reaction with
the oxidants, resistance to peroxidatic oxidation, and a wide range of
detection modalities, including bioluminescence and other in viv-
o-compatible techniques [439,440].

2.2.4.3. Other ROS. Other probes typically used for general assessment
of oxidative stress and burst include luminol and analogs, such as L-012
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Fig. 17. Linkage between exposure to noise and inflammation and oxidative stress. First-line neuronal events in response to noise exposure are sleep
disturbance (when exposed during the sleep phase) and stress response reactions via activation of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic
nervous system. This leads to the release of stress hormones (glucocorticoids and catecholamines) and secondary activation of the cerebral (and systemic) renin-
angiotensin-aldosterone system (RAAS) as well as endothelin-1 expression. These potent triggers of inflammation and oxidative stress activate NOX-2 via protein
kinase G (PKC) and p47P"°* phosphorylation in the brain, increase expression of markers of inflammation, lipid peroxidation, and cause downregulation of neuronal
nitric oxide synthase (nNOS) and loss of antioxidant genes, such as catalase (Cat) and forkhead box O3 (Foxo3) transcription factor. These changes induce a neu-
roinflammatory phenotype with cerebral oxidative stress. These stress hormones and vasoconstrictors lead to similar adverse changes in the cardiovascular (and
pulmonary) system and increase the risk of cardiometabolic and potentially other non-communicable diseases, such as diabetes or cancer. The HPA axis, sympathetic
nervous system, RAAS, endothelin-1 expression, and neuroinflammation are redox-regulated, and vice versa, can induce oxidative stress via NOX-2 activation and
other sources. AT-II, angiotensin-II; CRH, corticotrophin-releasing hormone; ACTH, adrenocorticotrophic hormone. Reused from Ref. [45] with permission.

probe [441]. Although initially assumed to be specific for superoxide,
such probes are prone to peroxidase-catalyzed oxidation, and may
produce superoxide in such systems [442]. As inflammation may lead to
increased expression of peroxidases (e.g., myeloperoxidase), increased
oxidation of such probes should not be used as a sole indication of
increased ROS level but should be accompanied by additional assays to
determine the role of peroxidases and preferably the identity of the
oxidant(s) involved. The constant development of new redox probes and
assays opens an exciting opportunity to decipher the role of specific ROS
in traffic noise-induced pathologies. An overview on recommended
methods of ROS detection can be found in Refs. [443,444].

2.3. Redox-related pathophysiological mechanisms

2.3.1. Stress response

As described in section 2.1, a primary general mechanism that noise
operates through is the activation of a stress response with subsequent
induction of vascular and cerebral inflammation and oxidative stress by
the upstream pathophysiological mechanisms shown in Figs. 2, 9 and 16
(reviewed previously [28,29]). The response to noise is immediate, not
requiring long duration of exposure to elicit a physiological response (e.
g., exposure for 30 min (85 dB(A)) has been found to increase ACTH and
corticosterone in a dose-dependent manner) [445,446]. Furthermore,
noise-induced activation of the stress response in rats (80-100 dB(A), 8
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h/day in 20 days) involved increased levels of plasma corticosterone,
adrenaline, noradrenaline, and ET-1, coinciding with elevated levels of
malondialdehyde, a readout of oxidative stress, and increased heart rate
and arterial blood pressure [206]. Rats exposed to moderate noise (70 or
85 dB(A), 6 h/day for 3 months) were found to have a dose-dependent
increase in corticosterone levels and lipid peroxidation accompanied
by morphological changes in the heart and inflamed areas of the peri-
cardium and dilated veins (70 dB(A)), with even greater changes in the
85 dB(A) group [205]. Additionally, rats chronically exposed to noise
had upregulated Crh and Crhr1 (corticotropin-releasing hormone and its
receptor) mRNA levels in the amygdala [447].

The interplay between stress hormones and vasoconstrictors offers a
rationale for the disruption of vascular tone triggered by noise exposure
(Fig. 16). When noise exposure occurs during sleep, it leads to sleep
fragmentation and excessively short sleep intervals [448], culminating
in psychological stress. The increased level of stress hormones and
disruption of the circadian rhythm ignites cerebral oxidative stress,
involving heightened angiotensin II signaling and activation of NOX-2
[310]. Such factors collectively contribute to the inflammation of the
brain’s microvasculature. Animals subjected to noise exposure exhibit
elevated levels of circulating angiotensin II as well [14,449]. SNS acti-
vation driven by NOX-2-induced oxidative stress proceeds to activate
both HPA and RAAS [450,451] and, in turn, catecholamines initiate
oxidative stress through pathways such as the promotion of MAO
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mice were not ablated by diphtheria toxin, and noise-induced neuroinflammation, cerebral oxidative stress and release of stress hormones were not

prevented. The image was created using Biorender.com. Modified from Ref. [187], based on data in Ref. [281] with permission. Copyright © 2021 the authors.

activity [401] or activation of astrocytes, microglia, and NOX-2 [372].
In supporting the concept of a RAAS-ROS-SNS axis concept, adminis-
trating of a NOX inhibitor reduced blood pressure, angiotensin II, and
noradrenaline levels in hypertensive mice [452]. In contrast, inhibition
of type 1 angiotensin II receptor and blockade of angiotensin-converting
enzyme decreased oxidative stress within the heart and vasculature
[453,454]. In mice, exposure to aircraft noise (72 dB(A) over 4 days)
increased the expression of ET-1 in the aorta, a potent vasoconstrictor
that triggers NOX-2 activity [14,16,365], which is, in part, dependent on
RAAS [198].

These findings supply molecular and pathophysiological insights
that address the appearance of endothelial dysfunction and hyperten-
sion observed in animal models exposed to (aircraft) noise. Central to
this process is NOX-2-triggered oxidative stress and inflammation,
alongside the disruption of circadian rhythm due to sleep fragmentation
and deprivation. The robust support from animal data underlines the
pivotal role of stress response pathways in the detrimental cardiovas-
cular and cerebral consequences of noise exposure in humans. It offers
detailed molecular mechanisms regarding the sequence of events within
the brain and the stress response axis.

2.3.2. Inflammation

Inflammation has been associated with acute stress and sleep
disturbance, noise exposure, and injury [455]. This occurs through the
immediate activation of the SNS upon exposure to a stimulus, followed
by activation of the HPA axis within minutes [455]. The subsequent
release of stress hormones gives rise to systemic and tissue-specific
inflammation, with elevated levels of IL-6, IL-1B, proinflammatory
monocytic infiltration into tissues [43,456], and oxidative stress [29].
Stressors such as noise-induced sleep deprivation can induce cerebral
oxidative stress orchestrated through angiotensin-II signaling and
NOX-2 activation, producing microvascular and neuronal inflammation
[310], likely from a microglial source. Consequently, it is plausible that
noise-induced O3~ and HyO5 generation fosters an inflammatory profile
in the heart, blood vessels, brain, and other organs. Crucial mediators of
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inflammatory responses, such as the NLR family pyrin domain con-
taining 3 (NLRP3) inflammasome and high-mobility group box 1 protein
(HMGBL1) are activated under conditions of oxidative stress through
redox switches and redox-sensitive transcription factors like nuclear
factor kappa B (NFxB) [457,458], which likely underpins
noise-triggered inflammation in exposed mice [14,16,247,281,363].
This oxidatively-fueled inflammation could potentially explain the shift
towards a pro-atherothrombotic phenotype in the plasma proteome of
healthy human subjects exposed to train noise [234]. Epigenetic alter-
ations promoting immune cell activation, CRP expression [459,460],
and inflammatory coronary atherosclerosis related to heightened
stress-associated neural activity involving the amygdala [47,202,203],
could also stem from this complex interplay. In two studies,
noise-induced inflammation was prevented in mice with Nox2 deletion
[16,363]. Furthermore, antioxidant pharmacological activatio-
n/induction of the nuclear factor E2 related factor-2 (NRF-2)/heme
oxygenase 1 (HO-1) axis [461], probiotic therapy [329], and treatment
with the antibiotic minocycline [462] all been shown to inhibit
noise-induced inflammation. The hypothesized mechanisms behind
noise-induced inflammation are presented in Fig. 17.

As previously discussed, noise initiates neuroinflammation and Alz-
heimer’s disease pathology in rodent studies [270], which is in line with
results from rodent studies with exposure to low-level noise (73 dB(A)).
This leads to increased levels of circulating cytokines (IL-6, IL-1p), aortic
iNOS, monocyte chemotactic protein 1 (MCP-1 or CCL-2), cluster of
differentiation 68 (CD68) mRNA levels, cardiac TNF-a, IL-6, IL-1p,
interferon y (IFN-y), MCP-1, cell adhesion molecules such as vascular cell
adhesion molecule 1 (Vcam-1), and vascular infiltration of immune cells
(Fig. 17) [14,16,248]. This was accompanied by neuroinflammation
characterized by astrocyte activation and higher cerebral CD68, IL-6 and
iNOS levels (Fig. 9) [16] and upregulated expression of Vcam-1, NFxB
(CD40L, NLRP3 and thioredoxin interacting protein (TXNIP) by trend)
[245,281]. Other circulating cytokines and chemokines also seemed
upregulated in mice exposed to low-level noise as measured using a
cytokine array [15]. The aggravated systemic inflammation in
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noise-exposed animals is also reflected by enhanced oxidative burst by
whole blood leukocytes [16,245,463]. In addition, there is evidence that
noise additively increases markers of inflammation in mice with
pre-established hypertension [247], on top of experimental MI [248], or
with particulate matter co-exposure [15]. In addition, heat stress and
noise may synergistically increase inflammation [464].

Molecular support for a noise-induced vital crosstalk between the
brain, the heart, and the vessel was provided through a selective abla-
tion protocol targeting cells expressing lysozyme M (LysM) [465]. Pe-
ripheral mononuclear phagocytes (monocytes and macrophages) are
characteristically LysM ", while microglia lack or have minimal LysM. As
a result, in the LysMCre®™ model, administration of diphtheria toxin
kills and removes peripheral mononuclear phagocytes but not microglia.
LysM™ cell-deficient mice were protected from noise-induced rise in
blood pressure, endothelial dysfunction, and oxidative stress in
non-central tissues (Fig. 18) [281]. Conversely, mice with ablated
monocytes/macrophages exhibited an intensified stress response in the
brain, as evidenced by elevated plasma corticosterone levels and a
neuroinflammatory phenotype. Flow cytometry of noise-exposed mu-
rine brains revealed a significant increase in activation markers for
microglia - CD68, CD86, and major histocompatibility complex class II
(MHC-II). These markers, however, did not return to baseline even with
the genetic ablation of LysM™ cells, further substantiating the conclusion
that microglia are LysM-negative (illustrated in Fig. 18) [281]. This
intriguing contrast implies a potential impact of noise on the blood-brain
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barrier, a phenomenon also reported in hypertension [466]. Addition-
ally, the presence of a pro-oxidative and pro-inflammatory environment
seemed to influence the activation state of astrocytes within the brains of
noise-exposed mice.

Loud noise has also been found to induce systemic inflammation (e.
g., in the skeletal muscles) [467]. High levels of noise (100 dB in mice
and 120 dB in rats) were shown to activate SHC-transforming protein 1
(SHC1, p66ShC), a mitochondrial source of HyO5, which was associated
with higher levels of markers of oxidative stress, inflammation (vascular
endothelial growth factor (VEGF), interferon y (IFN-y) and IL-1a were
upregulated; IL-10 and ciliary neurotrophic factor (CNTF) were down-
regulated), and ischemia in the cochlea, all of which were prevented by
Shcl deletion [395]. Moreover, numerous pro-inflammatory cytokines
and chemokines were found to be upregulated in an array analysis,
which nicely correlates with the central role of inflammation for
noise-induced hearing loss [468,469].

Cross-sectional studies have indicated that exposure to traffic noise
may lead to elevated levels of IL-12 (a myeloid cytokine) and high-
sensitivity C-reactive protein (hsCRP) coupled with reductions in natu-
ral killer cell populations and activity [460,470]. However, results are
not consistent [220,471]. The SAPALDIA study noted that DNA
methylation was enriched in pathways corresponding to inflammation,
cellular development, and immune responses following prolonged
exposure to source-specific transportation noise and air pollution [459].
A study from Germany found that extended exposure to nighttime traffic
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noise was associated with subclinical atherosclerosis, particularly in
individuals displaying early arterial calcification [472,473]. These
findings indicate a potential link between amplified recruitment and/or
activation of immune cells by noise and compromised cardiovascular
function.

A human study that leveraged clinical ®F-fluorodeoxyglucose posi-
tron emission tomography-computed tomography (PET-CT) imaging in
498 individuals without active malignancy or clinical CVD offered
additional insights into the immune consequences of noise exposure that
contribute to CVD [47]. This study extended prior work showing that a
neuroimmune pathway involving heightened stress-associated neural
activity (as amygdala metabolic activity relative to regulatory cortical
activity) linked chronic stress and socioeconomic stressors to CVD to
show that noise exposure was also an important and independent driver
of this pathway [49,50]. Notably, increased noise exposure associated
with heightened metabolic activity of the amygdala (relative to regu-
latory cortical activity), arterial inflammation, and a greater risk of
MACE (HR 1.341, 95 % CI 1.147-1.567, per 5 dB(A) increase). These
associations remained robust even after multivariable adjustments for
potential confounders including air pollution, socioeconomic status, and
CVD risk factors. Further investigation via mediation analysis showed a
sequential mechanism through which elevated noise exposure was
associated with MACE, involving heightened amygdala activity and
arterial inflammation [47,48]. Of note, an additive impact of exposure
to increased noise and air pollution on arterial inflammation and MACE
risk was reported that seems to synergize at the level of the arteries
(noise enters the brain while air pollution activates leukopoietic tissues)
[474]. Moreover, stress-associated neural activity has been further
linked to atherosclerosis in several separate cohorts by showing a rela-
tionship with coronary artery disease complexity, non-calcified coro-
nary plaque burden, and coronary fat attenuation index and a greater
risk for recurrent stroke in patients with prior stroke [475-478].
Collectively, these findings identify an important pathway that con-
tributes to the development of CVD as a result of noise exposure.

2.3.3. Circadian clock

The circadian clock regulates crucial biological functions like sleep,
body temperature, appetite, and cognitive processes. It operates cycli-
cally (over the day) releasing hormones, most notably cortisol, mela-
tonin, ACTH, testosterone, renin, aldosterone, angiotensin, and
catecholamines [479]. Disruption to this circadian rhythm can be
induced by high (nighttime) noise exposure burden [13,136,200] or
sleep pattern disturbances like those in shift workers [480-482]. It is a
suspected risk factor for many diseases, including CVD, breast cancer
[483,484], and psychiatric disorders [485,486]. The circadian rhythm is
generally under redox control; direct redox modifications of circadian
components cryptochrome (CRY), period (PER), and F-box/leucine-r-
ich-repeat protein 3 (FBXL3) involve thiol oxidation/reduction and the
formation or disruption of zinc-sulfur complexes. Maintenance of the
appropriate oxidative status allows the circadian rhythm to govern the
proper binding of these components to the essential regulators of
circadian control—circadian locomotor output cycles protein kaput
(CLOCK) and brain and muscle Arnt-like protein 1 (BMAL1) complex, as
depicted in Fig. 19 [487]. This presents a point of intersection between
the effects of noise and regular cellular timekeeping - if noise can effi-
ciently disrupt the oxidative balance, it can potentially disturb the
circadian rhythm. Redox-sensitive kinases, histone deacetylases,
stress-response proteins, and transcription factors can be influenced by
ROS, thereby impacting the clock system [207,251]. On the other side it
is the nature of noise, which can disrupt sleep and interfere directly with
timekeeping [488]. A comprehensive overview of the impact of various
environmental stressors, including mental/social isolation stress, air
pollution, heavy metals, and pesticides, on the circadian clock and its
adverse redox regulation has previously been published [381].

Only a few studies have explicitly addressed noise effects on the
circadian rhythm. However, other environmental cues and stressors of
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the cyclical regulation [381,489] (e.g., light, food intake, and temper-
ature), have been found to interfere with the circadian rhythm. A study
in mice subjected to continuous aircraft noise exposure for 4 days (72 dB
(A)) showed downregulation of Perl and REV-ERB-a/f (Nrld1/2) or
RORa, along with the upregulation of Bmall, Cry1, Cull, Prkagl/2, poly
(ADP-ribose) polymerase (Parpl)— in total, more than 30 circadian
genes displayed altered expression levels in the aorta and kidney
compared to unexposed controls [16]. Additionally, the downregulation
of forkhead-box-protein O3 (FoxO3), a central transcription factor
regulating circadian genes in vascular tissue, was noted. Pharmacolog-
ical activation of FoxO3 wusing bepridil successfully countered
noise-induced oxidative stress in the aorta and the resulting endothelial
dysfunction [16]. In a separate study examining the transcriptomics of
neurons within the inferior colliculus, a brain structure vital for sound
processing, distinct profiles between day- and nighttime exposure
appeared in clock genes [490]. Furthermore, a phase shift was reported
for corticosterone levels in feces of noise-exposed mice, indicating a
dysregulated circadian rhythm [491], which may differ in different
mouse strains [492]. Noise exposure alters clock gene expression (Perl,
Per2, Bmall, and Rev-Erba) in the cochlea and the inferior colliculus,
having direct implications for noise-induced hearing loss, but may also
be relevant for dysregulated circadian rhythms in other brain regions
and remote organs [493]. A differential effect of daytime versus night-
time noise exposure on several inflammatory cytokines with higher peak
levels after daytime noise has also been observed [494].

2.3.4. Noise-induced changes of epigenetic pathways

Gene expression is critically and dynamically controlled by epige-
netic changes determining the physiological response to environmental
factors. As such, it is no surprise that many such epigenetic alterations
have been identified in the development and progression of athero-
sclerosis and correlate with its severity [510,511]. Importantly, epige-
netic changes to the genome are generally redox-regulated [512-514].
For this reason, it is speculated that noise-induced oxidative imbalance
could dysregulate the landscape of gene expression via interruption of
these epigenetic regulations. The methylome of CVD and risk is
currently an important research topic [515], which carries over into the
noise field. Changes in overall methylation were reported in the brains
of noise-exposed rats, demonstrating that noise exposure can interfere
with transcriptional signals [516]. The Swiss SAPALDIA cohort study,
based on 1389 participants, reported noise-induced alterations of DNA
methylation patterns indicating inflammatory activation and immune
response [459]. Downstream of epigenetic changes, studies have re-
ported alterations in coding gene expression in murine aorta, heart, and
kidney in response to noise, as detected by RNA sequencing [14,16].
Studies on hearing loss have reported similar results [517,518]. Non-
coding RNA and microRNA expression have also been reported to
change in response to noise, an important caveat when considering that
these are increasingly recognized as playing a role in health and disease
[519,520]. For example, increased expression of miR-134/183 occurred
in the central amygdala following acute stress exposure [521], both of
which have been reported to be increased in patients with coronary
artery disease and depression. Numerous microRNAs, which regu-
late/respond to antioxidant defense or pro-oxidative proteins, are re-
ported to be affected by environmental exposures [519,520]. Epigenetic
effects observed in human and animal studies on hearing loss and in
non-auditory models have also been reviewed [522].

A new emerging concept promotes early life (fetal) reprogramming
by various exposures to explain the large impact of environmental ex-
posures on disease development in later life [523-526]. For example,
dietary factors during pregnancy, such as overnutrition or malnutrition,
severely affect the risk of the offspring developing a metabolic disease or
CVD during later life [527-529]. This also holds true for noise pollution,
which affects the risk of disease in human and animal offspring via
prenatal epigenetic reprogramming [530].
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Redox biomarkers reported in non-auditory noise exposure studies focusing on the circulation and brain regions or other remote organs.

Redox biomarker

Method of detection/quantification”

Quality

score”

Ref.

3-Nitrotyrosine

Malondialdehyde

4-Hydroxynonenal

8-Hydroxy-(deoxy)guanosine

Lipid peroxides and lipids

eNOS S-glutathionylation and
uncoupling

nNOS uncoupling

ROS detection by DHE staining

Superoxide detection by HPLC

Oxidative burst

NOX activation

Upregulation of NOX isoforms

Nox2 deletion

Hmox1 upregulation

Diminished aortic *NO formation

Plasma and cardiac levels of 3-NT-positive proteins by dot blot analysis — also
abolished in Nox2 knockout mice and only visible upon sleep phase noise.
Additive increase by noise/AT-II infusion and suppression by HO-1/NRF-2
activation by hemin and DMF. Aortic levels of 3-NT-positive proteins by IHC
with additive increase by noise/AT-II infusion. 3-NT levels increased in
plasma of noise-exposed humans.

Plasma and cardiac levels of MDA-positive proteins by dot blot analysis — also
abolished in Nox2 knockout mice and only visible upon sleep phase noise and
prevention by LysM* cell ablation. Brain MDA levels increased in rats by
noise by ELISA or by thiobarbituric acid assay.

Aortic levels of 4-HNE-positive proteins by IHC. Plasma levels of 4-HNE-
positive proteins by dot blot analysis - diminished by HO-1/NRF-2 activation
by hemin and DMF.

Aortic levels of 8-OH-(d)G-positive DNA/RNA by IHC.

8-isoprostane levels increased in plasma of noise-exposed humans by ELISA.
Decreased unsaturated fatty acids in plasma of mice by LC/MS analysis.
Increased plasma protein carbonyls in rats after noise by DNPH
derivatization and Western blot.

Aortic and cardiac eNOS S-glutathionylation by immunoprecipitation and
Western blot analysis. Aortic eNOS uncoupling by endothelial DHE staining
with or without I-NAME. Endothelial ROS (most likely O3~) formation and
eNOS S-glutathionylation higher in sleep phase versus awake phase noise
exposure and additive increase by noise/AT-II infusion and prevention by
LysM* cell ablation. Acute vitamin administration improved impaired
endothelial function measured by FMD in humans.

Uncoupling of nNOS by phosphorylation of serine 847 b y Western blot
analysis. Also cerebral ROS (most likely O37) detection by DHE staining was
normalized by 1-NAME or specific nNOS inhibitor ARL-17477.

Aortic and cerebral ROS (most likely O3 ) formation by DHE staining. Signal
lower in Nox2 knockout mice and additive increase by noise/AT-II infusion
and prevention by LysM " cell ablation. Cerebral mtROS (05~ and H,05)
formation by mitochondria-targeted DHE (mitoSOX) staining increased by
noise and not diminished in Nox2 knockout mice. Aortic and cerebral ROS
(03~ and H,05) levels higher in sleep phase versus awake phase noise
exposure — in brain diminished by NOX-2 inhibitor GSK2795039. Cerebral
mtROS (03~ and H,0,) formation by mitoSOX staining higher in sleep phase
versus awake phase noise exposure. Aortic, cardiac and cerebral ROS (03~
and H,0,) signals diminished by HO-1/NRF-2 activation by hemin and DMF.
Retinal and mesenteric ROS (O3~ and H,0,) formation by DHE staining -
prevention by LysM™ cell ablation.

Aortic and cerebral superoxide formation by HPLC-based quantification of 2-
hydroxyethidium. Signal lower in Nox2 knockout mice by trend (aorta) and
significant (brain/cortex). Aortic and cerebral superoxide levels higher in
sleep phase versus awake phase noise exposure. Aortic and cardiac
mitochondrial superoxide formation by HPLC-based quantification of 2-
hydroxyethidium and mito-HE. Additive increase by noise/AT-II infusion
and prevention by LysM " cell ablation and suppression by exercise, fasting
and AICAR (AMPK activator).

Whole blood leukocyte-dependent ROS (03~ and H»0,) formation upon
stimulation with phorbol ester dibutyrate or zymosan A by the luminol
analog L-012-enhanced chemiluminescence. Signal abolished in Nox2
knockout mice and was aggravated in Oggl knockout mice with impaired
repair capacity of 8-OH-(d)G lesions. Cell-specific ROS (03 and H,0,) by
flow cytometry in different myelomonocytic cell subsets.

Cardiac NOX activity by NADPH-dependent stimulation in membrane
fractions using lucigenin-enhanced chemiluminescence. Phosphorylation of
p47°"°% at serine 328 and of myristoylated alanine-rich C-kinase substrate
(MARCKS) (also in lung), the substrate of protein kinase C, by Western blot
analysis.

Aortic, pulmonary and myelomonocytic NOX-2 upregulation by Western blot
analysis and immunohistochemistry (IHC) or Nox2 mRNA by RT-PCR -
prevention by LysM™ cell ablation. Upregulation of NoxI mRNA in lung
endothelial cells and of NOX-1 protein by trend in the lung. Cerebral
upregulation of NoxI mRNA only by sleep phase noise.

Vascular functional impairment, inflammatory phenotype and metabolic
parameters in response to noise normalized by the knockout.

Upregulation of Hmox1 mRNA in lung endothelial cells. Upregulation of
Hmox1 mRNA and HO-1 protein by trend in the heart but in contrast
decreased bilirubin levels (by oxidative break-down?).

Aortic *NO bioavailability was decreased as measured by electron
paramagnetic resonance spectroscopy-based Fe(DETC), spin trapping. DETC
means diethyldithiocarbamate.
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Plasma and heart [14,16,245,247,461]; Aorta
[14,247,281,463]; Humans [16]

Plasma [14,16,281]; Heart [245]; Rats [206];

Brain [571,574]

Aorta [14,463]; Plasma [247,461]

Aorta [463]
Plasma humans [16]; Plasma mice [363] and
rats [205,574]; Brain rats [275]

Aorta and heart [14,16,247,281]; Human [30,
234]

Brain [16]

Aorta and brain [15,16,245,247,248,281,
461]; Heart [461]; Retinal/mesenteric
microvessels [281]

Aorta and brain [16,245,567]; Aorta and
cardiac mitochondria [245,247,248,281,567]

Blood [16,245,248,463]

Heart [14]; Brain [16]; Lung [15]

Aorta and LEC [14,245,247,281,463]; Brain
[16]; Lung [15]; Aorta and PBMCs [248]

[16,363]

LEC [14]; Heart [461]

Aorta [14]

(continued on next page)
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Table 3 (continued)
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Redox biomarker Method of detection/quantification” Quality Ref.
score”
Altered plasma nitrite levels Plasma nitrite/nitrate increased by noise as measured by commercial kit + Rats [206]; Mice [245,247]
(due to iNOS induction). Plasma nitrite diminished by trend in mice by noise
as measured by HPLC-based assay - additive significant decrease by noise/
AT-II infusion.
Altered levels of SODs Plasma and cerebral SOD activity diminished by noise in rats by ELISA or + Plasma [206,571,574]; Heart [247]
nitroblue tetrazolium assay. Cardiac SOD2 expression diminished by
Western blot analysis in mice.
Downregulation of glutathione Downregulation of various antioxidant genes in aorta by RNA sequencing. + Aorta [14]; Brain [16,571]; Human plasma
peroxidase 1 (GPx-1) and catalase Diminished expression of catalase mRNA in brain was abolished in Nox2 [227]
and others knockout mice. Cerebral downregulation of catalase mRNA only by sleep
phase noise. Plasma GPx-1 upregulation by ELISA in workers with high noise
exposure. Cerebral GPx activity diminished by commercial kit.
GSH levels GSH levels decreased by noise. ++ Rats [275]
DNA damage Blood DNA strand breaks by comet assay higher in workers with high noise =~ + Human blood [227]; Human PBMCs [333];

exposure. peripheral blood mononuclear cell (PBMCs) 8-oxoguanine

Rat [380,605,606]

glycosylase (OGG-1)-sensitive DNA strand breaks by comet assay higher in
noise-exposed humans. Serum DNA damage in rats by ELISA. Heart and
adrenal gland DNA strand breaks by comet assay higher in rats after loud

noise.
Decrease in A¥p,
hearing loss.

Impaired mitochondrial membrane potential by TMRM in noise-induced -

Cochlea [607]

2 If not stated redox biomarkers were detected in noise-exposed mice.

b Quality scores, based on the recommended detection modalities (see 2.4.2.): +++, highly recommended/state-of-the-art; ++, recommended; -+, of potential value,
may lack the specificity and/or straightforward interpretation; —, not recommended if used alone.

2.4. Quality assessment of applied methods for detection of reactive
oxygen and nitrogen species and associated oxidative damage

2.4.1. Redox biomarkers reported for noise exposure

The postulated key role of ROS formation for noise-induced patho-
physiology is supported by a broad range of oxidative stress markers and
read-outs detected in noise-exposed animals (Fig. 17). Classical markers
comprise 3-nitrotyrosine-, malondialdehyde- or 4-hydroxynonenal-pos-
itive proteins, 8-isoprostane as well as 8-hydroxy-(deoxy)guanosine (8-
OH-(d)G) in different tissues and plasma/serum (reviewed in Refs. [45,
531]). In addition, eNOS S-glutathionylation and uncoupling of nNOS
were found in noise-exposed mice. These indirect oxidative stress
markers were accompanied by direct measurement of O3~ formation by
high-performance liquid chromatography (HPLC)-based quantification
of 2-hydroxyethidium and of HyO5 and peroxynitrite by various other
fluorescence staining/chemiluminescence-based techniques. Important
redox biomarkers are listed and scored according to their reliability and
usefulness in biological samples in Table 3. Most of these biomarkers
were also described for various CVD conditions [345,532], neurode-
generative disease [42,346], metabolic disorders [39,40], and different
forms of cancers [41,347]. When looking at the table, it becomes evident
that redox biomarkers were not measured frequently in noise-exposed
human subjects, which warrants future efforts into this direction.

2.4.2. Quality of the noise-relevant redox markers

Rigorous application of the assays used to assess the extent of
oxidative stress/oxidative damage and meaningful interpretation of the
experimental results require a knowledge of the principles of the assays
used, their limitations and the factors controlling the detected signal
intensity. Below, is a short description of the assays used to assess noise-
induced oxidative stress, with the major limitations identified and the
recommendations of the experimental approaches to be used.

2.4.2.1. ROS detection. Oxidative stress is described as an imbalance
between the oxidant (ROS) production and scavenging, resulting in
increased steady-state levels of the oxidants with concomitant increased
oxidative modification of biomolecules. Therefore, the detection of ROS,
e.g. 05~ and H,0,, is one of the most direct assays for oxidative stress. As
ROS is an umbrella term for multiple chemical species of different
chemical reactivities and biological roles, whenever possible, the
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identity of the detected ROS should be established, and different
chemical probes and assays must be applied to different types of ROS
[533,534]. It should be emphasized that all ROS are short-lived in the
biological setting, and any detection attempt requires the application of
the appropriate probe at the time of ROS production. Measurement of
ROS using appropriate redox probes can be carried out in a wide range of
experimental models, from enzymatic assays, cellular organelles,
cultured cells in vitro, and isolated tissues to live animals [427,430,535].
The analytical methods for the most commonly measured ROS, specif-
ically O3~ and H2O,, are described in section 2.2.4 just after description
of the sources of O3~ and HyO, being active in noise exposure
conditions.

2.4.2.2. Ex vivo determination of the expression and activity of enzymatic
ROS generating and scavenging systems. An experimentally more
straightforward but less direct approach to estimate the position of the
redox balance in vivo is to measure ex vivo the expression and activity of
the enzymes, which are known to be involved in ROS generation and/or
metabolism. Among the major sources of ROS that may contribute to
oxidative damage are NADPH oxidases (source of O3~ and Hy0o),
mitochondrial electron transport chain (source of O3~ and H30y),
xanthine oxidase (source of O3~ and by dismutation also H,O2), MAO
(source of H05), nitric oxide synthases (source of O3~, HoO, and per-
oxynitrite), and myeloperoxidase (source of HOCl). Among the ROS
detoxifying/metabolizing enzymes, the most assayed are superoxide
dismutases, and others specialized in the degradation of HyO5 (or in
some cases other peroxides) such as catalase, glutathione peroxidases,
and the components of peroxiredoxins/thioredoxins pathway. The as-
says applied may involve the determination of the enzyme expression at
the transcriptional and/or protein level and establishing the status of
their posttranslational modification, known to affect the enzymatic ac-
tivity (e.g., phosphorylation of NADPH oxidase 2 complex assembly
components, glutathionylation and phosphorylation of NOS enzymes,
acetylation of mitochondrial superoxide dismutase (SOD2)), and
bioavailability of cofactors (e.g., BH4 for NOS enzymes). However,
monitoring the enzymatic activity is the preferred approach, and intact
pieces of tissues (e.g., blood vessels), tissue homogenates, isolated or-
ganelles (e.g., mitochondria), or membranes have been used to assess
such activity. It is essential to supply the enzymes with appropriate
substrates for constant activity over the incubation/measurement period
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and to use specific inhibitors to confirm/establish the identity of the
enzyme. Typically, a kinetic assay to determine the reaction rate is
preferred, as opposed to an end-point measurement.

2.4.2.3. Biomarkers of oxidative stress. Separate from ROS measure-
ments and enzymatic activity assessment, another important experi-
mental approach is to measure products of modification of biomolecules
by cellular oxidants [345,536,537]. This is typically associated with (but
not limited to) oxidative damage to cell components. The major
advantage of using of oxidative stress biomarkers is the assessment of
endogenous products of the action of ROS and no need to apply any
chemical probe to the model used. This opens a potential for
non-invasive assessment of such biomarkers in body fluids, allowing a
straightforward expansion of such studies to humans. The four major
biomolecule classes known to be affected by cellular ROS are small
molecule antioxidants (e.g., reduced glutathione (GSH)), lipids, pro-
teins, and DNA.

Glutathione and ascorbate oxidation. Measurement of GSH and/
or GSH/glutathione disulfide (GSSG) ratio has been widely used to
assess the occurrence of redox stress in tissues. Both enzymatic assays
and GSH detection using fluorescence probes or HPLC/liquid
chromatography-mass spectrometry (LC-MS)-based analyses were re-
ported [538]. Chromatographic techniques offer high selectivity and
sensitivity and are preferred [539]. Care should be taken to avoid GSH
degradation/modification during sample storage and processing. Con-
version of another small molecule antioxidant, ascorbate, to its oxida-
tion products, ascorbyl radical and/or dehydroascorbic acid, has also
been utilized to assess oxidative stress in vivo [540,541].

Lipid peroxidation products. Analysis of the end products of lipid
peroxidation is commonly applied to assess the extent of oxidative stress
in vivo [542,543]. At the same time, enzymatic lipid peroxidation is
catalyzed, e.g., by lipoxygenases. The most commonly detected products
of lipid peroxidation include malondialdehyde (MDA), 4-hydroxynone-
nal (4-HNE) and isoprostanes [544]. Various detection methods have
been applied, but their detection by LC-MS-based techniques is recom-
mended as highly specific, resulting in the highest confidence in signal
assignment to any specific product among the techniques used [545].
For determination of the extent of chemical lipid peroxidation, a specific
product of oxidation of arachidonic acid, 8-iso-prostaglandin Fj,
(8-is0-PGFy,), has been proposed as the most reliable biomarker and has
been extensively used [546]. The possibility of forming the same prod-
uct in enzymatic reaction catalyzed by prostaglandin-endoperoxide
synthases (PGHS) led to the proposal to profile different oxidation
products of arachidonic acid and use the 8-iso-PGF4,/PGFy, ratio for the
determination of the relative contribution of chemical and enzymatic
pathways to the total detected pool of 8-iso-PGFq, [547]. It should be
emphasized that LC-MS-based analyses are recommended and enable
profiling of the different lipid peroxidation products in a single run.

Post-translational modification of proteins. Many amino acid
residues in proteins are prone to oxidative modification, which may
form relatively stable and specific end products of potential value as
biomarkers of oxidative stress [548,549]. Among the most common
modifications serving such a purpose are newly formed protein car-
bonyls, tyrosine nitration (a marker of peroxynitrite and/or myeloper-
oxidase/NO5 /H505) and chlorination (a marker of HOCI), formation of
dityrosine links and protein hydroperoxides (markers of one-electron
oxidizing species), protein glutathionylation and oxidation of thiols to
sulfenic, sulfinic and sulfonic acids (markers of thiol oxidizing agents,
including Hy0y, ONOO™, and HOCI), oxidation of methionine to
methionine sulfoxide (a marker of HoO5, HOCI, one-electron oxidants),
and formation of protein carbonyls (a general marker of protein amino
acid oxidation). It should be noted that some modifications listed may
also be formed in enzymatic systems, including cysteine and methionine
residues oxidation [550]. Protein glutathionylation may result from the
reaction of GSH with oxidized/nitrosated protein thiols or vice versa.
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Protein carbonyls may be formed due to the reaction of proteins with the
electrophilic products of lipid peroxidation, including 4-HNE or protein
glycation. Many modifications mentioned may be detected using spe-
cific antibodies, either by immunoblotting or via ELISA. In specific cases,
probes for specific modification can also be used (e.g., dini-
trophenylhydrazine, DNPH, for protein carbonyls). Still, LC-MS-based
detection and quantification is recommended as it offers the most
rigorous analysis of the modification type and detection of multiple
modifications in a single protein [548]. The combination of chemical
labeling of specific modification sites with standard enrichment
methods (e.g., antibody-, biotin-, click chemistry-based) enables high
confidence in the identification of the proteins modified and analyses of
the type(s) and site(s) of modification. Due to the possibility of intra-
molecular electron/charge transfer, the site of the detected protein
modification may differ from the site of initial interaction with the
oxidant.

Nucleic acid oxidation. The intracellular oxidizing environment
may also result in oxidative modification of the nucleic acids, DNA and
RNA [551]. While the comet assay widely monitors cellular DNA dam-
age, it lacks specificity to cellular oxidants. Measurement of the extent of
conversion of 2’-deoxyguanosine to 8-hydroxy-2’-deoxyguanosine
(80OHAG) is the most widely accepted experimental approach to monitor
DNA oxidation [552]. The measurement requires DNA isolation and
digestion, followed by determining 80HdG, either by ELISA or
LC-MS/MS. Based on the multi-laboratory assay comparison,
ELISA-based quantification of 8OHdG is discouraged, while
mass-spectrometric analyses are recommended [553].

Induction of cellular antioxidant response. Upon exposure to
oxidants or electrophiles, the cell may adapt by boosting its potential to
detoxify such species, for example, by increased expression of antioxi-
dant enzymes. One of the pathways linking oxidative/electrophilic
stress to the abovementioned adaptive response includes NRF-2 protein
and its nuclear target, antioxidant/electrophile response element (ARE/
EpRE) [554]. Therefore, markers of ARE activation, including the
expression of the downstream protein targets at the gene and protein
level, have been used as markers of oxidative stress [555]. It should be
noted, however, that such an adaptive response may result in the reso-
lution of oxidative stress. Thus, the accurate interpretation of the data
may be difficult. Furthermore, plasma levels of cellular antioxidants
(both small molecule and enzymatic) may result from the damage of
specific tissues, not necessarily related to oxidative stress.

Besides the induction of direct antioxidative defense mechanisms,
such as superoxide dismutases or glutathione system enzymes, oxidative
stress is often accompanied by an induction of various repair systems.
This includes the systems responsible for the detoxification of harmful
intermediate oxidation product (e.g., 4-HNE) [556,557], or degradation
and repair systems for damaged macromolecules. In particular the
components of the proteasomal system are under the control of the Nrf2
system [558] or are induced under oxidative stress/inflammatory con-
ditions [559]. However, there are no systematic studies on the role of
these repair systems under noise conditions in the cardiovascular sys-
tem. Proteotoxic stress was investigated in the cochlear cells [560,561],
also interesting due to the existence of extremely long-living proteins in
the cochlear. Therefore, the impact of noise on antioxidative repair
systems is still an open question.

2.4.2.4. Additional considerations. Probe availability/bio-
distribution. Under most conditions, redox probes can intercept only a
fraction of the pool of any given oxidant due to the competition with
intra-/extracellular targets/scavengers of the oxidant. Therefore, the
probe’s tissue level is one factor controlling the amount of the oxidant
intercepted and, thus of the detectable product formed. The bioavail-
ability of the probe should be experimentally verified, and measured for
each sample due to the possible differences between the treatment
groups and the variations between individual animals. Some probes,
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including DHE, are rapidly oxidized in the blood due to high reactivity
towards heme proteins, and site/tissue-specific probe administration by
direct injection may be a preferred approach. Expressing the results as
the ratio of the product formed to the detected probe level may help
address the differences in probe availability. Similarly, the concentra-
tion of various biomolecules being oxidatively modified should be
considered when assessing the biomarkers of oxidative stress, as those
may be modulated by the diet used and changes in metabolism. This may
be reflected in raised levels of the biomarkers, even when the level of
oxidants remains unchanged. Again, “normalizing” the data to the level
of the biomolecules undergoing oxidative modification may be used to
address such variability.

Metabolism and biodistribution of probe-derived products and
biomarkers. The concentration of any analyte (redox probe, the prod-
uct formed, any biomarker) at any given time in a specific site/tissue is a
product of the rate of its formation and/or uptake and the rate of its
degradation/efflux. Therefore, the potential pathways of the loss of the
analyte should be considered, as their modulation may be mis-
interpreted as a change in the rate of production of the analyte of in-
terest. For example, decreased activity of the proteasomal system may
result in increased accumulation of the post-translationally modified
proteins.

Determination of oxidative stress in humans. Given the large
variety of oxidants formed, considering the various locations of forma-
tion and the various kinetics of reactions and transportation of oxidized
products into the circulation it is widely accepted that in an ideal setting
a set of different parameters should be determined to get a clear result
about oxidative processes [345,562-564]. This avoids also the influence
of some non-oxidative pathways on the results.

2.5. Antioxidant interventions

Various studies have provided molecular support for the beneficial
effects of antioxidant interventions against noise-induced damage,
including a reduction of systemic oxidative stress (e.g., aortic superoxide
formation as measured by HPLC analysis of 2-hydroxyethidium) by
genetic deletion of the Nox2 gene (Nox2 /) or pharmacological inhi-
bition (GSK2795039) of the NOX-2 protein [16]. Noise-exposed Nox2
knockout mice also had normal endothelial function. Impaired FOXO3
signaling is likely a key mechanism in animal models with low-level
noise exposure [245] since the activation of FOXO3 by the calcium
antagonist bepridil significantly improved several vital parameters, such
as endothelial dysfunction and vascular/cerebral oxidative stress [16].
The adverse effects of noise, including hypertension, endothelial
dysfunction, vascular and cerebral oxidative stress, and markers of
inflammation were also prevented by induction of the antioxidant
principle NRF-2 with dimethyl fumarate or direct stimulation of the
antioxidant defense enzyme HO-1 by hemin [461]. Both drugs sub-
stantially increased HO-1 and the potent antioxidant bilirubin in
noise-exposed mice as a potential mechanistic explanation of
NRF-2-mediated protection. Studies have also found protective effects of
NRF-2 activators against mental stress conditions [565], reflected by the
beneficial action of CDDO-imidazole in a model of noise-induced hear-
ing loss [566]. Of great interest are non-pharmacological mitigation
strategies against noise-induced damage (e.g., physical exercise and
intermittent  fasting), conferring potent antioxidant and
anti-inflammatory effects largely mediated by AMPK as shown for
noise-exposed mice [567]. Of note, there is an important connection
between NRF-2 and AMPK as the kinase phosphorylates NRF-2 and
thereby causes activation of the transcription factor [568], also with
high relevance for the protective effects of physical exercise [569] and
intermittent fasting [570].

N-acetylcysteine therapy prevented oxidative stress envisaged by
lipid peroxides in the brain, depressive phenotype, and anxiety-like
behavior in mice exposed to loud noise [571]. Another study reported
that changes in the neurotransmitters noradrenaline and serotonin, lipid
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peroxides, and antioxidant defense enzyme activities in the brain of rats
exposed to loud noise were mostly mitigated by vitamin E treatment
[572]. Also, the neuroprotective effects of sildenafil were observed in
mice exposed to severe noise stress, which were characterized by pro-
tection against oxidative stress and memory dysfunction [573]. Rosu-
vastatin normalized oxidative stress plasma markers in response to loud
noise in rats [574]. Summaries of antioxidant interventions against
noise-mediated oxidative damage in brain tissues have previously been
reported [531,575]. In addition, numerous antioxidant interventions
were reported in models of noise-induced cochlear damage and hearing
loss (reviewed in Ref. [67]), where the NOX-3 isoform seems to play a
predominant role for ROS formation and oxidative damage [576,577].

2.6. Applying the oxidative stress concept to broader mental stress
conditions

Transportation noise can act as a psychological (mental) stressor
similar to other mental stressor, e.g., job-strain. Epidemiological studies
have indicated that transportation noise may increase risk of anxiety and
depression, though high-quality prospective studies on this are still
needed [578]. Accordingly, the oxidative stress concept for noise
exposure should be discussed in a broader context for all psychological
stress conditions to provide a more general perspective applicable to
different medical fields.

Psychosocial stress is a complex entity, comprised of many factors
that can produce an emotionally- and physically-complicated response.
Despite this, a series of prospective epidemiological studies have iden-
tified two components of this stressor that appear to have an outsized
weight in stressful work environments — job strain and effort-reward
imbalance. Job strain describes a working situation with high demand
and pressure to perform but low control over the task. Employees in
these circumstances have higher cardiovascular risk. Another work-
related stressor that puts workers at elevated cardiovascular risk is
effort-reward imbalance, where individuals expend high effort to ach-
ieve rewards (salary, promotion, recognition, security). Examples of
occupational groups that suffer significantly from the two scenarios of
work stress are nurses and teachers [579]. Results from >20 cohort
studies demonstrate a 1.4-fold increased risk of coronary heart disease
for individuals in high-vs. low-stress work [580,581], even after multi-
variable adjustment for other cardiovascular risks. Accordingly, mental
stress is strongly associated with cardiovascular risk and other disease
entities, which also holds true for interactions between road traffic and
occupational noise exposure, as well as job-strain, in relation to the risk
of myocardial infarction [582]. To bolster the epidemiological claims,
these studies included measurement of job strain or effort-reward
imbalance and reported associations with elevated autonomic nervous
system activity indicators - plasma cortisol and noradrenaline, blood
pressure, heart rate, and heart rate variability [583]. Enhanced auto-
nomic nervous system activity, higher markers of oxidative stress in
blood or vascular tissue and increased NFkB and pro-inflammatory ac-
tivity were also documented [584]. Urinary 80HdG and H,0,, two
oxidative stress biomarkers, showed associations in human job stress
settings [585], and anticipatory cortisol reactivity [586]. This was
accompanied by an elevation of NOX-2 in the hypothalamus, mirroring
the rat model of psychosocial stress [587]. These data indicate that
oxidative stress represents a major pathomechanism initiated by mental
stress.

Concluding with the notion that oxidative stress is a well-recognized
trigger/promoter of cardiovascular disease provides a rational patho-
mechanism for higher cardiovascular risk observed under mental stress
conditions. There is high-quality research investigating mental stress as
a cardiovascular risk in animal studies [532] and preliminary evidence
in studies on humans [345]. For example, HyO5-induced vasodilation
was impaired in congestive heart disease due to switching potassium
channels [588]. Clinical cardiovascular risk factors are also correlated in
numerous CVD epidemiology studies. The current state of knowledge on
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Fig. 20. Concept of oxidative eustress and distress in the context of environmental exposures. Hydrogen peroxide and other reactive oxygen species (ROS) as
well as reactive nitrogen species (RNS) and reactive sulfur species (RSS) are generated by various endogenous sources that are interact with each other, forming
cellular signaling networks (see preceding sections). The totality of exposures to various chemical, physical and biologic agents - radiation, psychosocial components,
nutrition, exercise, lifestyle and noise exposure - throughout the lifetime, termed exposome, has significant input into oxidant levels. Redox balance is essential for
maintenance of homeostasis and for physiological cellular and organismal function. Physiological levels of oxidants support normal cellular processes (oxidative
eustress), while excessive oxidant exposure causes damage (oxidative distress). Mild elevation of oxidant levels leads to adaptation to stress and resilience (the
concept of hormesis). Redox medicine has the potential to modulate levels of oxidants for therapeutic benefit. It is desirable to control excessive levels of oxidants to
prevent toxicity associated with oxidative distress (leading to cell death and tissue degeneration) and maintain proper redox balance. Modified from Ref. [191]

with permission.

CVD and oxidative stress has been recently reviewed [589,590],
focusing on the major enzymatic sources of oxidants, NADPH oxidases,
mitochondria, xanthine oxidase, lipoxygenase, and myeloperoxidase.
While the connections have been forged, further research is challenged
by the relative difficulty of closely monitoring the oxidative state in
human subjects with job strain and psychosocial stress conditions. As
one of the coauthors, Helmut Sies summarized, the situation requires
enhanced interdisciplinary investigations among human populations
applying advanced methods of molecular, biomedical, and epidemio-
logical research [192]. A crucial future step will be fully elucidating the
key role of oxidative stress in the stress-induced cascade of events, which
will make preventative and protective measures possible to implement,
measures urgently needed as the burden of chronic diseases grows in
aging societies.

Taken together, the topic of health effects of noise falls with the
concept of the exposome, which encompasses the totality of environ-
mental exposures, a concept introduced by C.P. Wild in 2005 [17]. The
main idea of this concept is that detrimental exposures cause
biochemical changes and subsequent health or disease outcomes, as
discussed above. Evidence supporting the exposome concept was
reviewed for CVD [591], cancer [592], metabolic disease [593], pul-
monary disease [594] and, in general, chronic non-communicable dis-
eases [595]. Linkage of the exposome concept to redox medicine [596]
and tools [597] are there for application to exposome research [190,
191,598] (summarized in Fig. 20). In addition, preclinical data point
towards a central role of adverse redox signaling for exposure-driven
health risks, e.g., as shown for noise [16], air pollution [599], and
metal toxicity [600]. This warrants a joint effort of health and redox
experts and other disciplines for better understanding of environmental
health effects [601,602] and overcoming the analytical challenges
associated with exposome research [603].

34

3. Conclusions, redox outlook, and future perspectives

The evidence on health effects of road traffic noise has increased
substantially since the evaluation conducted by a WHO appointed expert
group in 2018. In contrast, although a few new studies have been pub-
lished, less research progress has been observed in the railway and
aircraft noise fields, and the evidence for these two exposures in relation
to all health outcomes are still of very low to moderate quality. The
evidence has strengthened for long-term exposure to road traffic noise as
a risk factor for IHD, although the excess risk seems lower in recent
studies compared to the risk estimate reported in the WHO report. Four
outcomes that have recently received increased attention in the noise
research field are incident heart failure, stroke, and type 2 diabetes, as
well as all-cause mortality. While studies on heart failure, diabetes, and
all-cause mortality consistently find associations with road traffic noise,
results are less consistent for stroke. Although recent studies found road
traffic noise associated with higher CVD mortality, others failed to see an
association. Generally, studies assessing road traffic noise across the
exposure range using high-quality input data and address-level precision
find noise associated with a high risk of cardiometabolic diseases,
highlighting the importance of an accurate noise exposure assessment in
future studies. Emerging outcomes in a noise context include dementia,
cancer, and tinnitus, which deserve more attention in future studies.
Interestingly, for dementia, breast cancer, tinnitus, and diabetes, new
studies suggest that noise at the least exposed facade, as an indicator for
disturbance of sleep, is more strongly associated with these diseases. In
contrast, noise at most exposed facade seems to be a more substantial (or
similar size) risk factor for CVD.

The believed mechanisms behind the harmful effects of noise on the
development of various diseases (e.g., CVD, diabetes, and dementia)
include the well-defined “noise reaction model*“, with neuronal activa-
tion involving the HPA axis and the sympathetic nervous system, fol-
lowed by a classical stress response via cortisol and catecholamines.
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Textbox 4
Key points of traffic noise health effects and redox-related changes.

e Evidence of the health effects arising from road traffic noise has grown substantially during the last decade. In contrast, for railway and
aircraft noise the evidence is still of very low to moderate quality for all outcomes.

e Several recent studies have investigated the effects of noise on heart failure, stroke, and type 2 diabetes. While studies on heart failure and
diabetes find consistent associations with road traffic noise, results are less consistent for stroke.

e Two recent studies on the short-term exposure to aircraft suggested that noise may trigger cardiovascular disease (CVD) hospitalization and
death. The study with the highest temporal resolution of the outcome found the strongest association, highlighting the importance of accurate
information on the time of day of the CVD event in such studies.

e New outcomes in a noise context include dementia, breast cancer, and tinnitus, as they each have been associated with road traffic and railway
noise in at least one high-quality study. These outcomes should be explored in future studies.

e Road traffic noise at the least exposed facade of the house, as an indicator of disturbance of sleep, has been found more strongly associated
with diabetes, dementia, breast cancer, and tinnitus. In contrast, noise at the most exposed facade seems to be a stronger (or same size) risk
factor for CVD. This suggests that noise may act through different pathways (stress versus sleep) for different diseases.

e Major pathophysiological mechanisms on the pathway between noise and disease are stress hormone and vasoconstrictor signaling, dysre-
gulation of circadian rhythms, inflammation, and oxidative stress.

e Production of reactive oxygen species with subsequent posttranslational oxidative modifications of biomolecules and adverse redox signaling
at the systemic level are hallmarks of traffic noise exposure. For examples, this is documented by prevention of adverse noise effects by genetic
deletion of phagocytic NADPH oxidase or antioxidant pharmacological interventions.

e In the cardiovascular system and the brain, dysregulation of nitric oxide synthase function and impaired nitric oxide signaling represent key
mechanisms of noise-inflicted damage.

e The present work provides a list of redox biomarkers and oxidative stress markers that are reported for noise-exposed animals and humans and
provides quality scores for these markers.

Furthermore, noise-induced annoyance (emotional perception), sleep environmental burden of disease [179]. Importantly, the calculated
deprivation and/or fragmentation can initiate the stress pathway. Major "burden of disease” will increase substantially if the emerging research
downstream pathophysiological processes of noise-induced stress are on noise and major diseases, such as dementia, breast cancer, and
inflammation and oxidative stress induction. The most important sour- depression, are confirmed in future studies. This stresses the importance
ces of ROS (e.g., O3~ and H,05) formation are the phagocytic NADPH of prioritizing actions to better protect the population from high levels of
oxidase with a potential contribution of mitochondria and uncoupled transportation noise via mitigation measures that include lowering
NOS enzymes. In contrast, xanthine oxidase involvement has not been speed limits and reducing traffic-flows, noise barriers along major roads,
observed as part of the noise-induced stress response. Major oxidative noise-reducing asphalt, low noise-emitting tires, and noise-reducing
damage pathways following noise exposure comprise the uncoupling of windows, in addition to enhanced focus on preventing future noise
NOS enzymes (loss of protective nitric oxide), lipid peroxidation, problems in urban planning. These mitigation strategies are especially
oxidative DNA damage, and nitration of protein tyrosine residues. Based important to protect the vulnerable groups, e.g. patients with
on preclinical data, noise-induced oxidative damage also represents a pre-established chronic disease, in light of the data reported by Olbrich
potential target of non-pharmacological and pharmacologic in- et al. indicating a higher aircraft noise-associated risk of recurrent car-
terventions (e.g., by antioxidant effects of physical exercise, intermittent diovascular events after acute coronary syndrome [604].

fasting, and drug-based activation of antioxidant pathways centered on
NRF-2/HO-1 or AMPK). Accordingly, advanced knowledge of adverse Financial support
redox mechanisms and oxidative damage by noise exposure, e.g.,

including redox-dependent activation of inflammatory pathways or M.T.O. is supported in part by National Institutes of Health
impairment of circadian rhythms, may allow the successful development K23HL151909 and American Heart Association 23SCISA1143491. P.W.,
of preventive strategies. However, it has to be mentioned that most T.M. and T.G. are Principal Investigators and O.H., M.K. and A.D. are
mechanistic data stem from animal studies, which suffer from major (Young) Scientists of the German Center for Cardiovascular Research
limitations previously reviewed in detail [13]: differences in hearing (DZHK) and were supported by DZHK funding to the partner site Rhine
range between species, difficulties to properly quantify noise annoyance Main (Mainz) and Berlin. R.S. is supported by Deutsche For-
or perception, and generally higher sound pressure levels applied in schungsgemeinschaft (DFG; German Research Foundation) [Project
animal research. These limitations may complicate the comparison of number 268555672—SFB 1213, Project BO5].
noise effects in humans with those in animals.

More research at the preclinical and clinical level on the health ef- Declaration of competing interest
fects of transportation noise and the mechanistic pathways behind them
is urgently needed to construct a full picture of the health consequences The authors declare that they have no known competing financial
of this widespread exposure (key points are summarized in Textbox 4). interests or personal relationships that could have appeared to influence
However, we already have extensive evidence showing that road traffic the work reported in this paper.
noise is associated with a higher risk of CVD and diabetes. New research
has indicated effects on other significant diseases with massive personal Data availability
and societal costs. Recently, the EU evaluated that approximately 20 %
of the population was exposed to transportation noise levels exceeding Data will be made available on request.

55 dB, which is very likely underestimated as the EU mainly estimates
noise exposure in larger urban agglomerations. Due to this sizeable
number of people exposed to high noise levels, recent calculations have
shown that transportation noise contributes considerably to the
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