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Aims Traffic noise may play an important role in the development and deterioration of ischaemic heart disease. Thus, we sought to de-
termine the mechanisms of cardiovascular dysfunction and inflammation induced by aircraft noise in a mouse model of myocardial
infarction (Ml) and in humans with incident M.

Methods C57BL/6) mice were exposed to noise alone (average sound pressure level 72 dB; peak level 85 dB) for up to 4 days, resulting in
and results pro-inflammatory aortic gene expression in the myeloid cell adhesion/diapedesis pathways. The noise alone promoted adhesion
and infiltration of inflammatory myeloid cells in vascular/cardiac tissue, paralleled by an increased percentage of leucocytes with
a pro-inflammatory, reactive oxygen species (ROS)-producing phenotype and augmented expression of nicotinamide adenine di-
nucleotide phosphate (NADPH)-oxidase type 2 (Nox2)/phosphorylation of nuclear factor ‘kappa light chain enhancer’ of activated
B-cells (phospho-NF«B) in peripheral blood. Ligation of the left anterior descending artery resulted in worsening of cardiac func-
tion, pronounced cardiac infiltration of CD11b* myeloid cells and Ly6C"&" monocytes, and induction of interleukin (IL) 6, IL-1,
CCL-2, and Nox2, being aggravated by noise exposure prior to MI. Ml induced stronger endothelial dysfunction and more pro-
nounced increases in vascular ROS in animals preconditioned with noise. Participants of the population-based Gutenberg
Health Cohort Study (median follow-up:11.4 years) with incident Ml revealed elevated C-reactive protein at baseline and worse
left ventricular ejection fraction (LVEF) after Ml in case of a history of noise exposure and subsequent annoyance development.

Conclusion Aircraft noise exposure before Ml substantially amplifies subsequent cardiovascular inflammation and aggravates ischaemic heart
failure, facilitated by a pro-inflammatory vascular conditioning. Our translational results suggest that measures to reduce environ-
mental noise exposure will be helpful in improving the clinical outcome of subjects with MI.
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Key question

* How does exposure to aircraft noise impact cardiovascular inflammation?

* What is the impact of prior aircraft noise annoyance and inflammation in a mouse model of Ml and in patients with incident MI?

Key finding

* Aircraft noise exposure induces pro-inflammatory transcriptional changes in the vasculature and primes cardiovascular inflammation.
+ Aircraft noise exposure prior to M| worsens cardiac and vascular function.
+ Patients with incident MI have higher C-reactive protein levels at baseline and show worse left ventricular fraction when they had a history of aircraft

noise exposure and annoyance.

Take-home-Message

Aircraft noise exposure before Ml substantially amplifies cardiovascular inflammation and aggravates cardiac impairment after ML.

Graphical Abstract
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Aircraft noise exposure leads to a systemic stress response with activation of myeloid cells and promoting adhesion and infiltration into cardiovascular
tissue due to a pro-inflammatory, reactive oxygen species (ROS)-producing phenotype and an augmented expression of Nox2 and phospho-NFkB. »
Induction of myocardial infarction by permanent ligation of the left anterior descending artery results in worsening of cardiac function, pronounced cardiac &3
infiltration, and increased mitochondrial ROS production aggravated by noise exposure prior to cardiac ischaemia. Created with BioRender.com.
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1. Introduction

Transportation noise (including aircraft, road, and railway noise) induces an
activation of the cerebral cortex, the hypothalamus—pituitary—adrenal axis,
and the sympathetic nervous system characterized by an augmented re-
lease of their effector hormones cortisol, adrenaline, and noradrenaline.’
These environmental noise-triggered stress reactions were established in
models of noise exposure in animals and humans % and might cause

oxidative stress and inflammation, as well as dysregulation of circadian clock
genes, mainly mediated via the phagocytic nicotinamide adenine dinucleotide
phosphate (NADPH)-oxidase type 2 (Non).S'7 Night-time aircraft noise
was recently established to be associated with acute cardiovascular mortal-
ity.2 Importantly, there is a close link between psychosocial stress and the
future development of cardiovascular disease (CVD).>'® Chronic stress
leads to higher circulating levels of pro-inflammatory cytokines like interleu-
kin 6 (IL-6), tumour necrosis factor o (TNFar), or C-reactive protein (CRP) as
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well as an increased number of circulating leucocytes in humans and may ac-
tivate myeloid precursor cells in the bone marrow."" Also, acute psychosocial
stress such as mass sports events or natural catastrophes can mediate the up-
regulation of inflammatory cytokines and adhesion molecules such as IL-6 and
IL-1B as well as vascular adhesion molecule 1 (VCAM-1) or CC-chemokine lig-
and 2 (CCL-2) in subjected people." Epigenetic changes promoting a
pro-inflammatory gene regulation centred on CRP in the context of transpor-
tation noise exposure were replicated in a large human cohort.”® In mouse
models, aircraft noise promotes arterial hypertension, endothelial dysfunction,
increased oxidative stress, and infiltration of the vasculature with immune
cells.*>"* Depletion of myelomonocytic cells ameliorated hypertension, endo-
thelial dysfunction, vascular inflammation, and oxidative stress in the peripheral
vessels evoked by noise exposure.'® Aircraft noise also promoted leucocyte—
endothelium interaction in arterioles and microvascular dysfunction by a
pro-atherothrombotic phenotypic shift of the plasma proteome, all of which
was prevented by Nox2 deletion.®

Heart failure resulting from acute myocardial infarction (M) is a leading
cause of morbidity and mortality worldwide."” Sterile inflammation is crucial
for sufficient healing and survival after an acute MI."82" However, an exces-
sive or dysregulated immune response post Ml is associated with an impaired
healing after cardiac ischaemia.* Both, increased numbers of circulating neu-
trophils or monocytes and elevated pro-inflammatory cytokines like IL-6 or
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CRP are connected to a worse outcome post MI, resulting from insufficient
scar formation, adverse remodelling, and the development of heart fail-
ure.*?* Since noise exposure leads to neuro-immunological activation and
systemic inflammation, we aimed to unravel the mechanisms of how this en-
vironmental stressor impacts cardiac and vascular inflammation after Ml in a
murine model of aircraft noise exposure.

2. Methods

We used C57BL/6) mice as experimental animals. In brief, exposure to air-
craft noise was performed following a standardized protocol.** The ani-
mals were exposed to a constant (around-the-clock) previously
recorded playback of aircraft noise over 48 and 96 h [average sound pres-
sure level of 72 dB(A) and peak sound pressure levels of 85 dB(A)].
Control animals were kept at comparable conditions without aircraft noise
exposure. Ml was induced by permanent ligation of the left anterior des-
cending artery (LAD) as described previously.”> Mice were anaesthetized
with medetomidine (500 pg/kg body weight [bw]), fentanyl (50 pg/kg
bw), and midazolam (5 mg/kg bw), and anaesthesia was maintained by
endotracheal ventilation with isoflurane (2-3%/1000 mL O,/min). To an-
tagonize the anaesthesia, we injected atipamezol (2.5 mg/kg bw) and
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Figure 1 Pre-infarction period: aircraft noise for up to 4 days amplifies leucocyte adhesion and diapedesis and infiltration of immune cells into cardiovascular
tissue. (A) Study scheme; (B) volcano plots demonstrating differentially expressed genes 48 h (left) and 96 h (right) after around-the-clock aircraft noise ex-
posure in aortic tissue, noise vs. control animals, n =4 mice per group; (C) canonical pathway analysis with ingenuity pathway analysis of the five most affected
pathways in aortas 48 h (left) and 96 h (right) after around-the-clock aircraft noise exposure, n =4 mice per group. (D) Heat map displaying differential regu-
lated genes of the agranulocyte and granulocyte diapedesis and adhesion pathway after 48 and 96 h around-the-clock aircraft noise exposure in the aorta. n =4
mice per group. Expression in Expr Log Ratio. (E) Intravital microscopy imaging of carotids of endothelial rolling leucocytes. Nucleated cells were visualized
with acridine orange (green fluorescence). Left: representative images, right: quantification of rolling leucocytes; adherent leucocytes did not significantly differ
(P-value 0.1548); n = 6—8 animals per group; mean + SD, Student’s t-test. (F) Flow cytometry of aortic tissue with representative plots and quantification after
96 h of aircraft noise exposure vs. control with quantification of CD45" leucocytes, CD11b* myeloid cells, Ly6G* neutrophils, and monocytes, n =5 animals
per group, mean + SD, Student’s t-test. (G) Flow cytometry of heart tissue with representative plots and quantification after 96 h of aircraft noise exposure vs.
control with quantification of CD45" leucocytes, CD11b" myeloid cells, Ly6G" neutrophils, and Ly6C"8" inflammatory monocytes, n=10-15 animals per

group, mean + SD, Student’s t-test.
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flumazenil (0.5 pg/kg bw). Sham surgery followed the same way except for
ligation of the LAD. Mice received buprenorphine (0.01 mg/kg i.p.) twice
daily for 2 days, starting on the day of surgery. Characterization by high-
frequency ultrasound echocardiography was performed 6 days post Ml un-
der standardized conditions with 1.5 Vol% isoflurane. Mice were euthanized
after administration of subcutaneous injection of buprenorphine (0.075 mg/
kg body weight) under deep isoflurane anaesthesia (5 Vol%). Once unrespon-
sive to toe pinch, blood, vascular, and cardiac tissue was collected.
Phenotyping of the vessels was performed by vascular relaxation studies.
Transcriptome anaylsis was conducted by RNAseq and reverse transcript-
ase—polymerase chain reaction (RT-PCR), and protein expression analysis
by western blot. Cardiovascular inflammation was assessed by intravital vi-
deomicroscopy imaging, flow cytometry analysis, and (immuno)histochemis-
try. All animal procedures performed conform to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of ani-
mals used for scientific purposes and were approved by the Animal Care and
Use Committee from Rhineland-Palatinate, approval numbers 23 177-07/G
15-1-094 and 23 177-07/G21-1-064. The Gutenberg Health Study is a pro-
spective population-based cohort study including 15010 individuals (age
range 35-74 years) enrolled between April 2007 and April 2012. In a trans-
lational approach, we extracted the biodata from individuals in the GHS who

experienced an Ml in the follow-up (n=100) and had a history of aircraft
noise exposure and annoyance at the time of enrolment. The study con-
formed to the principles outlined in the Declaration of Helsinki and written
informed consent was obtained from each participant. The Gutenberg health
study (GHS) was approved by the ethics committee of the Statutory
Physician Board of the State Rhineland-Palatinate [Reference No.
837.020.07(5555)] and the local data safety commissioners. For a detailed de-
scription of all materials and methods, see the Supplementary material online.

3. Results

3.1 Aircraft noise alone primes cardiovascular
inflammation via differential regulation of
leucocyte adhesion and diapedesis genes,
augmented myelopoiesis, and cardiovascular

infiltration of myeloid cells
Vascular inflammation is a hallmark of CVD and the magnitude of vascular
inflammation predisposes to adverse CVD events such as Ml We,
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Figure 2 Exposure to aircraft noise leads to a reduction of circulating immune cells with a pro-inflammatory and ROS-producing phenotype. (A) Blood cell
count of leucocytes, lymphocytes, monocytes, and neutrophils in the blood, n = 11-12 mice per group, mean + SD, Student’s t-test. (B) Western blot analysis of
isolated peripheral blood mononuclear cells (PBMCs) and the expression of Nox2 (gp91phox), NfkB/P NfkB after noise exposure. Top: representative western
blot images, bottom: quantification. n =5 per group. mean + SD, Student’s t-test. (C) Superoxide formation in whole blood was measured by enhanced chemi-
luminescence after stimulation with PDBu, n = 5-6 per group. mean + SD, Student’s t-test. (D) Cell-ROS flow cytometry and quantification of CD45" leuco-
cytes, CD11b" myeloid cells, Ly6G" neutrophils, monocytes, and CD90.2" T-lymphocytes. n = 6 per group. Mean + SD, Student’s t-test.
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therefore, performed a series of unbiased next-generation RNA
sequencing studies of mouse aortas exposed for 48 and 96 h to aircraft
noise (Study scheme, Figure 1A) before induction of MI. Our analyses re-
vealed that after 48 h, 312 genes (out of 24 031 detectable transcripts)
were expressed differentially of which 137 (44%) were up- and 175
(56%) down-regulated and after 96 h 422 genes (out of 21 126 detectable
transcripts) were expressed differentially of which 125 (30%) were up-
and 297 (70%) down-regulated (false discovery rate P-value < 0.05, log
fold change > + 1, Figure 1B). Canonical pathway analysis of the top five
affected pathways revealed that differentially expressed genes were found
on both time points, especially in pathways of leucocyte cell adhesion and
diapedesis (Figure 1C and D). Permanent aircraft noise exposure may in-
crease systemic plasma levels of stress hormones, especially norepineph-
rine and dopamine, as well as the glucocorticoid levels in the kidneys.*
We here observed a trend of higher norepinephrine levels and significantly
elevated dopamine concentrations in the plasma of mice with Ml and noise
(see Supplementary material online, Figure $4). Excitingly, further signalling
pathway analysis showed that genes involved in vascular glucocorticoid
receptor signalling are differentially regulated due to noise (see
Supplementary material online, Figure S7). To follow up on this observa-
tion, we performed fluorescence intravital video microscopy imaging of ca-
rotid arteries of mice with or without 96 h exposure to aircraft noise and
observed aggravated rolling of leucocytes to the endothelium (Figure 1E,
see Supplementary material online, Videos ST and S2). Likewise, flow cyto-
metry analysis of the aorta and heart showed an increased infiltration of
total CD45" leucocytes, with a significant increase of Ly6G" neutrophils
in the aortic tissue and CD11b" myeloid cells including Ly6C"&" inflamma-
tory monocytes in cardiac tissue in response to 4 days of aircraft noise
(Figure 1F and G). Peripheral blood cell count showed a significant reduction
of immune cells, in particular monocytes, in the circulation (Figure 2A).
Isolation of peripheral mononuclear cells revealed an up-regulation of

LAD-ligation
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phagocytic Nox2 as well as increased phosphorylation of nuclear factor
‘kappa light chain enhancer’ of activated B-cells (pNFkB) in response to
aircraft noise, reflecting a pro-inflammatory phenotype of these cells
(Figure 2B). This is in line with an augmented production of reactive oxy-
gen and nitrogen species at baseline and with stimulation of phorbol
12,13-dibutyrate (PDBu) (Figure 2C) and cellular reactive oxygen species
(ROS)-specific flow cytometry of leucocytes (Figure 2D). Taken to-
gether, aircraft noise exposure induces pro-inflammatory transcription-
al changes in the vasculature and primes cardiovascular inflammation.

3.2 Aircraft noise exposure prior to acute Ml
worsens cardiac dysfunction and amplifies

vascular inflammation

To investigate the implications of noise-induced inflammatory conditioning
of the vasculature on subsequent cardiac injury, we induced Ml by perman-
ent ligation of the LAD in mice that had continuously been exposed to air-
craft noise for 4 days. We performed high-frequency ultrasound imaging 6
days after Ml to assess cardiac function (Study scheme, Figure 3A). Six days
after Ml, we could not detect a difference in LV geometry assessed by left
ventricular end-diastolic volume (LV-EDV), and heart rate increases were
comparable between the groups. Importantly, aircraft noise-exposed ani-
mals with Ml had a reduced left ventricular ejection fraction (LV-EF) and
stroke volume (SV) compared to the group only experiencing a Ml
(Figure 3B and C, Supplementary material online, Table S1).

To elucidate the mechanism of impaired cardiac function after Ml and
previous exposure to aircraft noise, we investigated isolated cardiac
mitochondria and observed an augmented mitochondrial ROS production
in the ischaemic myocardium, which was already augmented by prior noise
exposure (Figure 4A). This was paralleled by the aggravation of Ml-induced

LV-EF [%] sv
<0.0001 <0.0001

0.0141 00158

LV EF (%), PLAX, B-Mode
Stroke Volume
PLAX, B-mode [ul]

NOISE

LVESV [pl] PLAX, B mode
LVEDV (ul), PLAX, M-Mode

NOISE - -

Figure 3 Noise exposure worsens cardiac function after acute MI. (A) Experimental study scheme. (B) High-frequency ultrasound echocardiography 6 days
after permanent LAD ligation or sham operation with or without noise exposure. Quantification of left-ventricular ejection fraction (LV-EF in %), stroke vol-
ume (SV in plL), left-ventricular end-systolic volume (LV-ESV in pL), left-ventricular end-diastolic volume (LV-EDV in pL) in B-Mode images in the parasternal
long axis (PLAX). (C) Representative B-Mode images in the parasternal long axis (PLAX) and heat map of wall displacement, n =7-20, mean + SD, one-way

ANOVA with Tukey’s multiple comparison.
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dysfunction of the mitochondrial respiratory chain specifically in state Il
indicating a disturbed oxidative phosphorylation in conditions of adenosine
diphosphate (ADP) saturation (Figure 4B and C).

In line, real-time PCR analysis demonstrated an augmented expres-
sion of pro-inflammatory cytokines interleukin 18 (1118) and TNFa as
well as adhesion molecules like vascular cell adhesion molecule 1
(Vcam1) in the ischaemic myocardium of noise-exposed mice in com-
parison to infarct controls. Interestingly, cardiac expression of the
phagocytic Nox2 catalytic subunit as well as regulatory subunit
(p47phox) was strongly up-regulated by the aircraft noise exposure
alone (Figure 4D), recapitulating the findings made in circulating mono-
nuclear cells. Dot blot analysis of the ischaemic myocardium revealed
elevated IL-6 levels (Figure 4E). We carried out flow cytometry exami-
nations of the ischaemic myocardium and observed an increased infiltra-
tion of immune cells into the infarcted area of the heart dominated by
myeloid CD45"CD11b" cells especially CD45"CD11b*Ly6G~
Ly6CMe" inflammatory monocytes (Figure 4F). Collectively, aircraft
noise-induced systemic and vascular inflammation amplifies the innate
immune response post MI, worsens cardiac function and remodelling,
and impairs cardiac mitochondrial function.

3.3 Establishment of endothelial dysfunction
due to increased vascular and systemic ROS

production

Ischaemic heart failure is known to cause systemic endothelial dysfunc-
tion mediated by vascular infiltration of Nox2" myeloid cells and augmen-
ted ROS formation.”> Thus, we tested, whether additional noise
exposure would impact Ml-induced systemic and vascular inflammation
and ROS formation. Isometric dose—response curves 24 h after Ml de-
monstrated endothelial dysfunction, assessed as attenuation of
acetylcholine-induced relaxation of mouse aortas, which was further de-
teriorated in mice with previous aircraft noise exposure (Figure 5A).
Responses to the endothelium-independent vasodilator nitroglycerin
were not significantly altered after Ml with or without additional noise ex-
posure. (Figure 5B). Noise exposure before Ml amplified vascular ROS
production as demonstrated via dihydroethidium staining and thus ex-
plains the worsening of vascular function (Figure 5C). Cerebral ROS pro-
duction was equally exaggerated by exposure to noise and cardiac
ischaemia. However, we could not determine an additional increase in
ROS levels by exposing Ml mice to aircraft noise (see Supplementary
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Figure 4 Post-infarction period: aircraft noise amplifies immune cell infiltration pro-inflammatory cytokines in the ischaemic myocardium and leads to in-
creased myocardial dysfunction. (A) HPLC-based quantification of mitochondrial superoxide formation using specific fluorescent 2-hydroxy-MitoSOX oxida-
tion product, left: quantification, right: representative chromatograms, n=9 animals per group, mean +SD, Student’s t-test. (Band C) Kinetics of oxygen
consumption rate (OCR) in isolated cardiac mitochondria and OCR at different mitochondrial respiratory complexes (e.g. state Ill or [V upon addition of spe-
cific inhibitors/uncouplers: ADP, oligomycin, FCCP, and rotenone), measured by Sea Horse using point-to-point measurements; n =4-8 animals per group,
mean + SD, two-way ANOVA with Bonferroni’s multiple comparison test. (D) mMRNA expression of Ccl-2, Vcam-1, 116, lI1b, tnfa, p47phox, nox2, and infy in
the ischaemic myocardium 7 days post acute myocardial infarction (AMI) with or without aircraft noise exposure, n=6—12 animals per group, mean +SD,
Student’s t-test. (E) Dot plot analysis of cardiac interleukin 6 expression 7 days post AMI with or without aircraft noise exposure, top: quantification, bottom:
representative plots, n=5-6 animals per group, mean + SD, Student’s t-test. (F) Flow cytometry of ischaemic heart tissue 7 days post AMI with or without
noise exposure with top: representative plot, bottom: quantification of CD45" leucocytes, CD45" CD11b" myeloid cells, CD45* CD11b" Ly6G" neutrophils
and CD45* CD11b*Ly6G" Ly6C"" inflammatory monocytes, n=13-16 animals per group. mean + SD, Student’s t-test with Mann—Whitney U test.
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material online, Figure S5). Determination of aortic mMRNA levels of the
receptor of the vasoconstrictor endothelin-1 (ET-1a) revealed a signifi-
cant increase in response to ischaemia and to the combination of noise
and ischaemia, while noise alone had no effect. (Figure 5D).
Immunohistochemical staining demonstrated an augmented expression
of endothelin-1 in mice with previous exhibition to aircraft noise, but
we did not detect a significant difference between mice with Ml with
or without earlier noise exposure. In addition, vascular expression of
Nox2 in the aorta was increased after cardiac ischaemia and was further
exacerbated by the previous exposure to aircraft noise (Figure 5E and F).
Together, Mlinduced by permanent LAD ligation induces systemic vascu-
lar inflammation and ROS formation, which is in part further exaggerated
by prior noise exposure.

3.4 Translational studies: aircraft noise
exposure and the resulting annoyance
reaction worsen cardiac function and elevate
C-reactive protein levels in individuals with

incident Mi

In the study cohort of the Gutenberg Health Study of 15010 participants,
100 individuals had experienced an Ml at a median follow-up of 11.4 years
(Study scheme, see Supplementary material online, Figure S6). Study parti-
cipants answered a standardized questionnaire concerning the degree of
noise annoyance. In total, 54 (54%) of the Ml patients reported annoyance
with aircraft noise, while 46 (46%) were not annoyed by noise.
Comparison of the study populations concerning cardiovascular risk fac-
tors (CVRF), comorbidities, laboratory parameters, or medication did

50
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+ Noise

+ MI + Noise
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Log (NTG)

+4d Noise

+4d Noise

not show any statistically significant difference (Table 1), but we established
a significantly reduced left ventricular ejection fraction (LV-EF) as well as
elevated CRP-levels in patients with incident Ml and an additional history
of aircraft noise exposure and annoyance reaction (Table 2). We further
stratified the patients based on the degree of aircraft noise annoyance re-
action in no (46%), slight (23%), moderate (20%), strong (8%), and extreme
(3%) annoyance. CVRF, comorbidities, and medication did not differ be-
tween the different cohorts (see Supplementary material online,
Table S2), but we observed significant differences in LV-EF, the left ven-
tricular mass index, and CRP-levels in the blood of the study participants
in relation to the magnitude of noise annoyance (see Supplementary
material online, Table $3). This illustrates that a history of aircraft noise ex-
posure and the resulting annoyance elevates inflammatory markers and ad-
versely affects cardiac function in patients with incident Ml extracted from
a population-based prospective cohort study.

4. Discussion

With the present studies, we demonstrate that aircraft noise alone in-
duces a pro-inflammatory transcriptional programme that promotes the
infiltration of immune cells into cardiovascular tissue in animals with acute
MI. In particular, we established an augmented infiltration of CD45" cells
into the vessels and heart, dominated by neutrophils in the vascular tissue
and Ly6C"8" monocytes in cardiac tissue. This creates a pro-inflammatory
milieu with a subsequent detrimental impact on the outcome after induc-
tion of a Ml by predisposing cardiac tissue to more ischaemic damage and
functional impairment. Exposure to aircraft noise prior to the initiation of
MI by LAD ligation worsens left ventricular function and increases infarct

Vascular ROS ET-1a

<0.0001 0.2785

0.0621 e

0.0195

oA 0.0269 0.0546

(% of control)
Aorta ET-1a mRNA
[% of Control]

Aortic ROS production

[au]

Figure 5 Noise exposure aggravates Ml-induced vascular dysfunction and vascular ROS production (A) Endothelium-dependent (ACh) and (B)
endothelium-independent relaxation of thoracic aortic rings measured by isometric tension method. Data points are measurements from individual samples,
n=28; mean +SD, two-way ANOVA with Bonferroni’s multiple comparison test, *P < 0.05 vs. untreated control; *P < 0.05 vs. + MI, and 3P < 0.05 vs. +Noise.
(C) Dihydroethidium staining of aortic cryosections and their representative photomicrographs show ROS formation as red fluorescence and autofluores-
cence from aortic laminae as green. A, adventitia; E, endothelium; M, media; n = 6 individual animals per group, mean +SD, one-way ANOVA with Tukey's
multiple comparison test. (D) mRNA expression ET-1a in aortic tissue post AMI with or without aircraft noise exposure, n=6, mean+SD, one-way
ANOVA with Tukey’s multiple comparison test. (E and F) Immunostaining of Endothelin-1 and NADPH-oxidase 2 (brown colour), n =4 individual animals

per group, mean + SD, one-way ANOVA with Tukey’s multiple comparison test.
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Table 1 Characteristics of the study population with Ml
and with or without noise annoyance

Aircraft noise No (n=46) Yes (n=54) P-value
annoyance
General parameters
Sex (women) 19.6% 25.9% 0.48
Age (y) 61.0 (83) 59.6 (94) 0.43
WHItR 0.58 (0.08) 0.6 (0.09) 0.16
BMI (kg/m?) 29.0 (25.5/32.0) 29.2 (26.5/33.6) 0.31
SBP (mmHg) 138 (126/151) 136 (126/149) 0.68
DBP (mmHg) 83.0 (10.1) 83.5 (8.2) 0.79
HR (bpm) 68.2 (11.3) 72.0 (11.0) 0.09
CVRF
Diabetes mellitus 8.9% (4/45) 18.5% (10/54) 0.25
Arterial hypertension 65.2% (30/46) 72.2% (39/54) 0.52
Smoking 30.4% (14/46) 33.3% (18/54) 0.83
Obesity 37.0% (17/46) 38.9% (21/54) 1.00
Dyslipidemia 62.2% (28/45) 68.5% (37/54) 0.53
FH of Ml/stroke 23.9% (11/46) 33.3% (18/54) 0.38
Comorbidities
CAD 6.5% (3/46) 7.4% (4/54) 0.68
Stroke 4.4% (2/45) 1.9% (1/54) 0.72
AFib 13.0% (6/46) 22.2% (12/54) 0.30
PAD 2.2% (1/46) 5.6% (3/54) 0.62
Depression (PHQp >= 4.4% (2/45) 7.5% (4/53) 0.68
10)
Cancer 8.7% (4/46) 11.1% (6/54) 0.75
Alcohol (>24/12 g/d) 28.3% (13/46) 25.9% (14/54) 0.82
Laboratory parameters
Glucose (mg/dL) 94.0 (88.1/101) 97.1 (90/104.1) 0.17
HbA1c (%) 5.7 (5.3/6) 5.7 (5.5/5.91) 0.27
LDL (mg/dL) 157.2 (32.8) 150 (34.6) 0.3
HDL (mg/dlL) 46 (41.0/57.3) 47 (41.9/55) 0.62
Cholesterol (mg/dL) 233 (37) 228 (37) 0.45
Triglycerides (mg/dL) 108 (88/161) 135 (103/171.3) 0.07
Medication (ATC code)
Antihypertensives (c02) 4.3% (2/46) 0% (0/54) 0.21
Diuretics (c03) 8,7% (4/46) 5.6% (3/54) 0.7
Beta-blockers (c07) 15.2% (7/46) 24.1% (13/54) 0.32
Calcium channel 8.7% (4/46) 20.4% (11/54) 0.16
blockers (c08)
Agents acting on the 32.6% (15/46) 35.2% (19/54) 0.83
RAAS (c09)
Lipid modifying agents ~ 17.4% (8/46) 14.8% (8/54) 0.79
(c10)
Diabetic drugs (a10) 8.7% (4/46) 7.4% (4/54) 1.0
Antithrombotic agents 10.9% (5/46) 11.1% (6/54) 1.0

(b10)

Data are described as mean =+ standard deviation (or with median Q1, Q3 if they are skew >
3) or percentage.

WHtR, waist-to-height ratio; BMI, body—mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure; HR, heart rate; CVRF, cardiovascular risk factors; FH, family
history; CAD, coronary artery disease; AFib, atrial fibrillation; PAD, peripheral arterial
disease; HbA1c, glycated haemoglobin; LDL, low-density lipoprotein; HDL, high-density
lipoprotein; RAAS, renin—angiotensin—aldosterone system.

size after cardiac ischaemia driven by an intensified infiltration of
pro-inflammatory immune cells and up-regulation of adhesion molecules.

Table 2 Echocardiographic and inflammatory parameters
of the study population with Ml and with or without noise
annoyance

Aircraft noise annoyance  No (n=46) Yes (n=54) P-value
Echocardiography
LV-EF (%) 65.6 (5.6) 625 (5.2) 0.0053
E/E 8.71 (6.92/10.1) 821 (6.8/1042) 0.6
LVMI (g/m"2.7) 38.8 (34.1/47.4) 443 (37.8/51.6) 0.088
RWT 0.44 (0.11) 0.43 (0.08) 0.5
Inflammatory parameters
C-reactive protein 1.5(1.2/3.3) 3.05 (1.77/5.81)  0.0094

Data are described as mean =+ standard deviation (or with median Q1, Q3 if they are skew >
3) or percentage.

Significance p<0.05 is indicated by bolt values in the last column. LV-EF, left ventricular
ejection fraction; LVMI, left ventricular mass index; RW, Relative wall thickness.

It further affects peripheral vessels by worsening Ml-induced endothelial
dysfunction as early as 24 h post LAD ligation driven by vascular ROS pro-
duction originating from Nox2 in infiltrated myeloid cells. Our translation-
al study revealed that individuals with a history of aircraft noise exposure ¢
and subsequent development of annoyance who experienced an Ml had -5
based on the degree of noise annoyance poorer cardiac function and high-
er systemic CRP levels, suggesting a detrimental impact of aircraft noise on
MI outcomes on the population level.

Several epidemiological studies indicate that traffic noise is associated
with an increased risk of CVD."72¢7 According to a systematic analysis
of the 2018 WHO Environmental Noise Guidelines for the European
Region, road traffic noise increases the risk for ischaemic heart disease
(IHD).?® The pooled relative risk for IHD was 1.08% (95% confidence
interval 1.01-1.115) per 10 dB(A) increase in noise exposure, with clearly
evident adverse health effects at noise levels >50 dB(A).2° The effect of
transportation noise on the development of heart failure could be ob-
served in five longitudinal studies from London, Switzerland, Stockholm,
and in the Rhine-Main region in Germany. 30-34 Consistently, these studies
reported that aircraft, road, and railway noise increase the incidence and S S
mortality of heart failure by 2-8% per 10 dB(A). Long-term exposure to U‘I
environmental noise is estimated to cause 48 000 new cases of IHD per & S
year in Europe, on top of inducing sIeep disturbance in 6.5 Mio and high &
annoyance reactions in 22 Mio people.”* Q

Even more striking are the recent data by Saucy et al.?: In almost 25000 & 173
cases of death from CVD from the Swiss National Cohort around Ziirich 9
Airport, exposure levels 2 h preceding night-time deaths were significantly >
associated with mortality for all causes of CVD in the highest exposure ¢

3 . L ) . )
group.” Most consistent associations were observed for ischaemic heart S
diseases, MI, heart failure, and arrhythmia. The authors concluded thatg
night-time aircraft noise can indeed trigger acute cardiovascular mortality. &
The association was similar to that previously observed for long-term air- %
craft noise exposure. Thus, it is tempting to speculate that night-time 13
noise-induced stress associated with increased heart rate and blood pres-
sure is causing plaque rupture that in turn may trigger these acute events.>®

With our current data, we provide a novel mechanism and potential ex-
planation for increased mortality in subjects with ischaemic heart failure in
regions with high environmental noise pollution.®?” Exposure to noctur-
nal aircraft noise worsens vascular endothelial function measured by flow-
mediated dilatation in healthy subjects, and even more so in patients with
coronary heart disease.>*® In mice, aircraft noise induces Nox2 expression
and uncoupling of the NO synthase® leading to increased vascular super-
oxide formation, which could be reduced by the depletion of myeloid
cells.® It further induces phosphorylation of p47phox at Ser328 and acti-
vation of protein kinase C in the aortas of exposed mice. Importantly,
knockout of Nox2 strongly ameliorates aircraft noise-induced cardiovascu-
lar and cerebral side effects.’ In line with these earlier reports, we
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demonstrate here that noise exposure worsens aortic endothelial dysfunc-
tion in mice with acute M, at least in part due to increased inflammatory
processes and oxidative stress.

Epidemiological studies have linked poor quality of sleep and sleep depriv-
ation to an increased cardiovascular risk.3%*¢ Additional animal studies and
unbiased next generation sequencing analysis demonstrated the impact of
noise pollution on circadian clock genes.” Recent mouse studies link insuffi-
cient sleep and cardiovascular inflammation to the secretion of hypocretin.*'
This hormone normally restricts myeloid cell production in the bone mar-
row. In the context of CVDs, sleep deprivation may lead to a progression
of atheroscleratic lesions.*! A randomized crossover study enrolling partici-
pants exposed to 30 or 60 train noise events as well as 30—120 aircraft noise
events per night robustly confirmed the poor quality of sleep induced by this
stressor. %3¢ Sleep deprivation, therefore, seems to be an additional mech-
anism of annoyance and stress induction hardwired to an activation of innate
immune cells. We show now that acute noise exposure over 96 h activates
the immune system, induces pro-inflammatory transcriptional changes in the
vasculature, and leads to the infiltration of predominantly myeloid cells into
cardiac tissue. It is, therefore, very likely that this inflammatory conditioning
paves the grounds for impaired cardiac remodelling post MI.

Recent work by Hinterdobler et al. demonstrated that acute stress pro-
motes the rapid expansion of inflammatory leucocytes inside different tis-
sues especially hearts, lungs, and skin, but also atherosclerotic plaques, with
norepinephrine-mediated modulation of endothelial cells as a central
mechanism.* In healthy individuals, increased noise exposure caused an in-
creased amygdala activity as well as vascular inflammation assessed by
'8F-deoxyglucose positron emission tomography/computed tomography
imaging (PET), all of which was associated with a higher risk of major car-
diovascular events (MACE).* Importantly, resilience to noise-induced
stress protected from amygdala activation, vascular inflammation, and
MACE.* In the Swiss SAPALDIA study, independent DNA methylation
patterns were associated with source-specific exposure to transportation
noise and air pollution and shared enrichment for pathways related to in-
flammation, cellular development, and immune response.45’46 In our study,
MI-induced oxidative stress was augmented by noise exposure in the vas-
culature, but not in the brain. Here, noise exposure per se caused oxidative
stress, corroborating earlier findings, but was not incremental to the cere-
bral stress reaction induced by Ml (see Supplementary material online,
Figure S5). This suggests, that in our model, cardiovascular inflammation
was increased by noise exposure independent of further perturbations
of cerebral function.

4.1 Conclusion and clinical implications

Our present findings demonstrated for the first time that aircraft noise ex-
posure for 4 days causes infiltration of predominantly myeloid cells into the
heart and the vessels. This pro-inflammatory milieu leads to an excessive
immune response and cardiac infiltration of innate immune cells adversely
affecting the subsequent myocardial remodelling process after induction of
an acute Ml leading to a substantial impairment of blood vessel function.
Chronic Ml induces in septal coronary arteries*” and the thoracic aorta,?®
endothelial dysfunction as a major cardiovascular complication in response
to M. In this setting, endothelial dysfunction has been shown to be a direct
consequence of Ml-induced activation of LysM* inflammatory cells, exacer-
bated infiltration of Nox2" myeloid cells to vascular tissues, and subse-
quent elevation of ROS formation, all of which was corrected by
angiotensin Il receptor type 1 (AT4)-receptor blockade or angiotensin-
converting enzyme (ACE) inhibition.>*® Importantly, we now demon-
strate that pre-existing endothelial dysfunction induced by aircraft noise
exposure leads to an aggravation of ischaemic heart damage post Ml, pri-
marily driven by pro-inflammatory transcriptional changes in the vascula-
ture.  This  pro-inflammatory  vascular  conditioning  (‘negative
preconditioning’) may provide a mechanistic explanation for the deterior-
ation of cardiovascular phenotypes such as chronic heart failure or acute
coronary syndrome in response to environmental noise exposure.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

In addition to the established traditional cardiovascular risk factors, environmental stressors-like noise exposure should be recognized as targets to
prevent and treat CVD. In addition, our observations should help to convince Health organizations, cardiac societies, and legal bodies to control
and limit environmental noise pollution at the population level. This will not only protect subjects with established coronary artery disease and patients
hospitalized with an acute myocardial infarction but may also reduce incident Ml in a population at risk.
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