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A B S T R A C T   

Epidemiological studies showed that traffic noise has a dose-dependent association with increased cardiovascular 
morbidity and mortality. Whether microvascular dysfunction contributes significantly to the cardiovascular 
health effects by noise exposure remains to be established. The connection of inflammation and immune cell 
interaction with microvascular damage and functional impairment is also not well characterized. Male C57BL/6J 
mice or gp91phox− /y mice with genetic deletion of the phagocytic NADPH oxidase catalytic subunit (gp91phox 
or NOX-2) were used at the age of 8 weeks, randomly instrumented with dorsal skinfold chambers and exposed or 
not exposed to aircraft noise for 4 days. Proteomic analysis (using mass spectrometry) revealed a pro- 
inflammatory phenotype induced by noise exposure that was less pronounced in noise-exposed gp91phox− /y 

mice. Using in vivo fluorescence microscopy, we found a higher number of adhesive leukocytes in noise-exposed 
wild type mice. Dorsal microvascular diameter (by trend), red blood cell velocity, and segmental blood flow were 
also decreased by noise exposure indicating microvascular constriction. All adverse effects on functional pa-
rameters were normalized or improved at least by trend in noise-exposed gp91phox− /y mice. Noise exposure also 
induced endothelial dysfunction in cerebral microvessels, which was associated with higher oxidative stress 
burden and inflammation, as measured using video microscopy. We here establish a link between a pro- 
inflammatory phenotype of plasma, activation of circulating leukocytes and microvascular dysfunction in 
mice exposed to aircraft noise. The phagocytic NADPH oxidase was identified as a central player in the un-
derlying pathophysiological mechanisms.   

1. Introduction 

Epidemiological studies showed that traffic noise has a dose- 
dependent association with increased cardiovascular morbidity and 
mortality [1,2]. According to the WHO guidelines, the pooled relative 
risk for ischemic heart disease (IHD) was 1.08 (95% CI 1.01–1.15) per 
10 dB(A) increase in noise exposure, starting at 50 dB(A). A large 

proportion of the population (more than one third in Europe) is exposed 
to noise levels exceeding the guidelines. The WHO also estimates that at 
least 1.6 million healthy life years are lost annually from traffic-related 
noise in Western Europe [3]. The latter estimation is supported by a 
recent study in Switzerland concluding that loss of healthy life years due 
to traffic are dominated by air pollution, whereas morbidity/indicators 
of life quality are dominated by noise [4]. Traffic noise at night causes 
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fragmentation and shortening of sleep, elevation of stress hormone 
levels, and increased oxidative stress in the vasculature and the brain 
[5]. These factors can promote vascular dysfunction (endothelial 
dysfunction) and hypertension, thus elevating cardiovascular risk [6]. 
Chronic exposure to transportation noise (railway and road traffic) was 
also associated with an increase in arterial stiffness in the general pop-
ulation [7] and acute (one night) exposure to aircraft noise caused 
endothelial dysfunction in healthy subjects [8], both accepted subclin-
ical markers of atherosclerosis and development of future cardiovascu-
lar disease [9]. Noise also decreased pulse transit time, reflecting 
sympathetic activation, in healthy subjects [8]. 

From a mechanistic view, noise exposure activates neuronal stress 
response pathways that are characterized by the release of stress hor-
mones such as catecholamines and cortisol (corticosterone in rodents) 
[8,10–12]. The circulating stress hormones, also via interaction with 
other endocrine systems such as the renin-angiotensin-aldosterone and 
endothelin-1 systems [13], lead to enhanced vasoconstriction as well as 
vascular inflammation and oxidative stress, all of which contributes to 
endothelial dysfunction and higher blood pressure [14,15]. Whereas the 
impact of noise exposure on large vessels is well characterized in animals 
[14–16] and humans [8,17], adverse effects of noise on the peripheral 
microvascular function are almost completely unaddressed, but for one 
study in mesenteric arteries [18] and many studies on a role of cochlear 
microvascular damage in hearing loss [19]. This represents a clear gap in 
actual noise research, especially as the observed blood pressure in-
creases by chronic noise exposure in primates [20] as well as loss of 
mesenteric microvascular integrity (enhanced leakiness) in laboratory 
animals exposed to loud noise [21] can be best explained by 
noise-dependent microvascular dysfunction. 

As the effects of noise on microvascular function and its link to 
vascular inflammation are not sufficiently characterized, we investigate 
with the present study the impact of noise on pro-inflammatory changes 
of the plasma proteome, the interaction (rolling) of white blood cells 
with the microvasculature and microvascular function in a model of 
dorsal skinfold chamber instrumented mice. 

2. Methods 

2.1. Animals 

For in vivo experimentation, male C57BL/6j (wt) or gp91phox− /y 

mice, aged > 8 weeks (>25 g body weight) were used as an experimental 
model. A total number of 37 mice were used: 9 for proteomics, 20 for 
dorsal skinfold chamber, including mice for setup of the model, and 8 for 
cerebral microvessels). All experimental procedures were performed 
according to institutional and governmental guidelines and all people 
involved in the experimental course were qualified to perform experi-
mental procedures on laboratory animals (FELASA B/C accreditation). 
All animal experiments were approved by the Landesuntersuchungsamt 
Koblenz, Germany (23 177-07/G 18-1-084 and addenda). For the sur-
gical procedures, animals were anesthetized by intraperitoneal injection 
of ketamine (0.1 mg/g Ketanest; Pfizer Pharma GmbH, Berlin, Germany) 
and xylazine (0.01 mg/g Rompun; Bayer, Leverkusen, Germany). After 
chamber implantation, weight and health conditions of every animal 
were monitored and documented in a score sheet quantifying indicators 
of impaired wellbeing. A weight loss >20% of the postoperative body-
weight, signs of inflammation and behavioral changes indicating pain or 
sickness as well as signs of inflammation within the chamber window 
were determined as dropout criteria. 

2.2. Dorsal skinfold chamber preparation 

After sufficient anesthesia was determined by a loss of positional as 
well as corneal and interdigital reflexes, the surgical procedure was 
carried out as previously described [22]. After mechanical and chemical 
depilation with an electric razor (Remington Contour, Spectrum Brands, 

Middleton, Wisconsin, USA) and depilatory cream (Veet, Reckitt 
Benckiser Deutschland GmbH, Heidelberg, Germany) two antagonizing 
sides of a titanium frame were sutured onto a double layer skinfold of 
the anesthetized animal (Fig. 1). Both chamber frames were screwed 
together with sweeping screws. In the area of the chamber window the 
skin as well as the underlying musculocutaneus tissue was surgically 
removed. A cover glass slip (11.8 mm, Hecht Assistant, Glaswarenfabrik 
Karl Hecht GmbH & Co KG, Sondheim, Germany) was subsequently 
placed on the musculocutaneous tissue of the opposing layer within the 
chamber window and fixed with a retaining ring. For postoperative 
analgesia, the animals received 0.1 mg/mL tramadol (Tramadol-ratio-
pharm, ratiopharm GmbH, Ulm, Germany) within the daily applied 
drinking water. 

2.3. Noise exposure 

Before surgical procedures, animals had previously been assigned to 
the noise exposure or sham control groups (noise/control). Subse-
quently, after recovery from the chamber preparation, the animals were 
either exposed to a previously-recorded playback of aircraft noise 
(average sound pressure level of 72 dB(A) and peak sound pressure 
levels of 85 dB(A), respectively) for 96 h or kept at homologous condi-
tions without noise exposure (mean background noise levels in the an-
imal house were approximately 48 dB(A)) as previously described [14, 
15]. After chamber preparation, animals of either group were isolated 
and had free access to tap water as well as normal food (ssniff, Spe-
zialdiaeten GmbH, Soest, Germany) throughout the entire course of the 
experiment. For dorsal skinfold chamber experiments, two groups per 
genotype (wt or gp91phox− /y) were investigated: a control group with 
only the dorsal skinfold chamber (sham) and a group with the chamber 
and 4 days of noise exposure (noise). For plasma proteome analysis and 
cerebral arteriole functional studies, no chamber was implanted and 
only two groups were studied: wt and noise. 

2.4. Plasma proteome analysis 

2 μl of plasma were resuspended in 10 μl 6 M guanidium HCl, 100 
mM Tris pH8.5, 10 mM tris(2-carboxyethyl)phosphine, 15 mM chlor-
acetamide and heated to 95 ◦C for 5 min 1 μg of LysC (Wako, Japan) was 
added and the sample was digested for 4 h at 37 ◦C. Sample was diluted 
6x with water and 1 μg of porcine trypsin was added (Promega, 
Southampton, UK). Digest was continued overnight at 37 ◦C. Peptides 
were desalted using Stagetips as described [23]. Peptides were labelled 
using TMTpro (Thermo Fisher, Abingdon, UK) according to the manu-
facturer’s instructions. 15 TMT-labelled samples were combined and 

Fig. 1. Surgical anatomy and technical equipment of the dorsal skinfold 
chamber in mice. 
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fractionated into 12 fractions using high pH C18 reverse-phase ultra-high 
performance liquid chromatography (uHPLC) [24] on a 15 cm 2.1 mm, 
1.7 μm BEH column (Waters, Elstree, UK) using gradients suggested by 
Thermo Fisher. 1 μg of the peptides were analyzed on a Fusion Lumos 
mass spectrometer coupled to and RSLCnano HPLC system (both 
Thermo Fisher). Peptides were separated using a 90-min gradient over 
an Aurora column (IonOptiks, Melbourne, Australia). Raw files were 
analyzed using the MaxQuant software suite [25]. Differential analysis 
was conducted using Perseus [26]. Briefly, the corrected reporter ion 
intensities were log2 transformed, normalized by median-subtraction 
and statistically relevant changes between the treatment groups iden-
tified by using permutation-based FDR determination. Clustering and 
String-network analysis was done using Cytoscape [27]. 

Alternatively, the digested peptides were analyzed using a Data- 
independent-acquisition (DIA) workflow. 2 μg of the peptides were 
analyzed on a Fusion Lumos mass spectrometer coupled to and 
RSLCnano HPLC system (both Thermo Fisher). Peptides were separated 
using a 150-min gradient over an Aurora column (IonOptiks, Mel-
bourne, Australia). Acquisition parameters were copied from Ref. [28], 
briefly a MS window (350-1650 Da) was acquired at 120k resolution, 
followed by 46 MS/MS windows at 35k resolution covering 350-1650 
Da of varying size with 1 Da overlap. Data was analyzed using Spec-
tronaut 15 (Biognosis, Zurich, Switzerland) in directDIA mode using 
standard setting and searching against the Mouse Uniprot database. 
Ratios and standard error depicted were taken from the candidates.tsv 
output file generated by Spectronaut. 

2.5. Metabolomics 

Metabolites in plasma samples were extracted using three different 
monophasic extraction in a dilution of 1:4. Polar metabolites were 
extracted with 100% acetonitrile, whereas semipolar and lipid metab-
olites were extracted with 100% methanol and 100% isopropanol, 
respectively [29]. 20 μL of plasma were precipitated with the solvents 
and after overnight incubation at − 80 ◦C, samples were centrifuged at 
15 000 rpm, and the clear supernatant was transferred to clean HPLC 
vials prior to liquid chromatography-mass spectrometry (LC-MS) 
analysis. 

Metabolite analysis was performed as described in Refs. [29,30]. In 
summary, we used a pHILIC column (Merck, Germany) to separate polar 
metabolites, and a Luna C18 (Phenomenex, United States) to separate 
non-polar metabolites. An Ultimate 3000 HPLC (Thermo Fisher Scien-
tific, Germany) coupled to a Q-Exactive Orbitrap mass spectrometer 
(Thermo Fisher Scientific), which was operated in polarity switch mode, 
was used. Pooled plasma samples, chemical standards and procedure 
blanks were also analyzed along the chromatographic runs. Detailed 
descriptions of the methods are included in references in Refs. [29–31]. 

Lipid metabolites in plasma samples were analyzed using a nano-LC- 
MS/MS methodology described in Ref. [32]. We used an Aurora C18 
column (IonOptics, Australia), and isopropanol-extracted samples were 
evaporated to dryness and reconstituted in a buffer containing 69% H2O, 
23% IPA and 8% BuOH and 5 mM H3PO4 [32]. 

Peak detection and integration from raw data were performed using 
Compound Discoverer 3.0 (Thermo Fisher Scientific) and also with 
XCMS [33]. Pathway enrichment of metabolite data was performed 
using the online tool mummichog [34] and the XCMS matrix as the input 
file. Lipidomics samples were analyzed using LipoStar software [35] and 
MS2 files were searched against LipidBlast database using LipiDex 
software [36]. 

2.6. Dot blot analysis of protein modification and expression in plasma 
samples 

One μl of plasma protein (approximately 30 μg of protein) was 
transferred into each well to deposit on the nitrocellulose membrane 
(Sigma Aldrich, WHA10402506) via a Minifold I vacuum Dot-Blot 

system (Schleicher&Schuell, 10484138CP) [14,15], washed twice with 
200 μl of PBS then dried for 60min at 60 ◦C to adhere the proteins. The 
membranes were then cut and incubated in Ponceau S solution (Sigma, 
P7170) for protein visualization and later normalization of the antibody 
staining. The stain was removed and the membrane blocked for 1 h at 
room temperature with 5% milk in PBS-T. The membranes were incu-
bated with antibodies against caspase-3 (Cell Signaling, #9662S, 
1:1000), thioredoxin interacting protein (TXNIP, Cell Signaling #14715, 
1:1000), high-mobility-group-protein B1 (HMGB1, Cell Signaling 
#3935S, 1:1000), protease-activated receptor-1 (PAR1, BD Bioscience 
BD611522, 1:750), fibrinogen (Abnova #PAB5139 1:750) overnight at 
4 ◦C. Positive bands were detected using ECL development (Thermo 
Fisher, 32 106, Millipore, ab5605, 1:750) and Chemilux Imager 
(CsX-1400 M, Intas). Densitometric quantification was performed using 
ImageJ software. 

2.7. In vivo microscopy for analysis of microvascular reactivity and 
leukocyte interactions 

Prior to the in vivo microscopy, fluorescein isothiocyanate (FITC)- 
labelled dextran (Sigma, Deisenhofen, Germany; average mol wt 500 
000; 0.5–0.75 mL of a 5% solution in 0.9% saline) and rhodamine 6G 
(Sigma, Deisenhofen, German 0.5-0,75 mL of a 0.05% solution in 0.9% 
saline) were injected in the tail veins in local anesthesia (Emla® 25 mg/g 
Lidocain +25 mg/g Prilocain creme, Aspen Germany GmbH, Munich, 
Germany). While FITC-labelled dextran was injected to enhance the 
contrast between plasma and blood cells in order to determine the 
specific blood flow, rhodamine 6G was administered to visualize 
leukocyte-endothelial cell interactions. 

For the in vivo microscopy the animals were immobilized and placed 
in an acrylic glass tube and the chamber positioned horizontally un-
derneath the microscope (Olympus BXFM, Olympus Deutschland 
GmbH, Hamburg, Germany) (Fig. 2). Since no invasive intervention was 
performed, no anesthesia was administered. After immobilization of the 
chamber, 5 regions of interest (ROI) within the chamber window (north, 
east, south, west, middle) were investigated and representative video 
sequences of each ROI were recorded using both a green filter (Excita-
tion [Ex]:470 nm/Emission [Em]: 525 nm) as well as an orange filter 
(Ex: 545 nm; Em: 605 nm). ROIs were excluded if sufficient imaging was 
impossible due to non-adherence of the musculocutaneous tissue to the 
chamber window. The video sequences were processed using Cell Sens 
Dimension (Olympus Deutschland GmbH, Hamburg, Germany) and 
exported as uncompressed avi-files that were further processed to size- 
reduced mp4-files. 

Off-line analysis was carried out using Cap Image (Dr. Zeintl 
Ingenieurbüro, Heidelberg, Germany) as previously described [37]. In 
each included ROI, vessel diameters, and blood flow velocities were 

Fig. 2. Setup of fluorescein based in vivo microscopy of the dorsal skinfold 
chamber in mice. 
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determined and the segmental blood flow was calculated. To determine 
blood volume flowing through analyzed vessels over a given time, 
segmental blood flow q (in pl/s) was calculated as previously described 
by Baker and Wayland using the microvascular diameter (d) and red 
blood cell velocity (c): q=(v/1.6) x (d/2)2 x π [38]. Furthermore, 
leukocyte-endothelial cell interactions were characterized by quantifi-
cation of adherent cells as well as rolling (<50% of red blood cell ve-
locity) cells crossing through a previously determined vascular segment. 

2.8. Cerebral microvascular reactivity and oxidative stress 

Microvascular reactivity was measured in vitro in arterioles branch-
ing from the middle cerebral artery (MCA) by using video microscopy as 
previously described for retinal and mesenteric microvessels with minor 
modifications [39–41]. After dissection, brains were transferred into ice 
cold artificial cerebrospinal fluid (aCSF) for preparation. Then, a 
vascular tree of the MCA was isolated and cleaned from surrounding 
tissue by using fine-point tweezers and Vannas scissors. Next, a micro-
pipette was inserted into the lumen of the MCA and advanced into an 
arteriole branching from the main artery by using the lumen as a guide 
channel. Once the micropipette tip was placed in the lumen of the 
arteriole, the vessel was tied to the pipette with 10.0 nylon suture ma-
terial, and the other end of the arteriole was tied to another micropi-
pette. Subsequently, the arteriole was pressurized to 40 mmHg via the 
micropipette, visualized under brightfield conditions, and equilibrated 
for 30 min. Next, concentration-response curves for the thromboxane 
mimetic, U46619 (10–11 to 10− 6 M; Cayman Chemical, Ann Arbor, MI, 
USA), were conducted. For measurement of vasodilation responses, 
vessels were then preconstricted to 50–70% of the initial luminal 
diameter by titration of U46619 and responses to the 
endothelium-dependent vasodilator, acetylcholine (ACh, 10− 9 to 10− 4 

M; Sigma-Aldrich, Taufkirchen, Germany) and to the 
endothelium-independent nitric oxide donor, sodium nitroprusside 
(SNP, 10− 9 to 10− 4 M, Sigma-Aldrich), were determined. ROS formation 
was measured in cerebral arterioles branching from the MCA in 10 μm 
cryosections of the brain by dihydroethidium (DHE, 1 μM)-derived 
fluorescence (518 nm/605 nm excitation/emission), as previously 
described [41–43]. 

2.9. Immunohistochemistry of brain sections 

Procedure for immunohistochemistry has been previously described 
[14,15,44]. Briefly, the right part of the brain was fixed in 4% formal-
dehyde, embedded in paraffin, and sliced into sections of 5 μm. 
Following deparaffinization, samples were blocked with normal horse 
blocking solution (Vector) and stained with a primary antibody against 
3-nitrotyrosine (1:150, Merck-Millipore, Darmstadt, Germany). The 
biotinylated secondary antibody (Thermo Fisher Scientific, Waltham, 
MA, USA) was used at a dilution 1:1000. For immunochemical detection 
ABC reagent (Vector) and then DAB reagent (peroxidase substrate Kit, 
Vector) were used as substrates, then imaged with Cell Sens (Olympus). 

2.10. Data management and statistical analysis 

To compare in vivo microscopy findings, Mann-Whitney-U test for 
independent samples was applied. For comparison of vessel dose- 
response curves, 2-way ANOVA with Sidak’s multiple comparison was 
used. Unpaired t-tests were used for targets identified by proteome 
analysis (Fig. 4), dot blot analysis (Fig. 5) and DHE measurements of 
cerebral microvessels (Fig. 8). Data of in vivo microscopy are expressed 
as the median and interquartile range while all other data are expressed 
as mean ± SD. Statistical analysis was performed using GraphPad Prism 
9 (La Jolla, California, USA). 

3. Results 

3.1. Plasma proteome and metabolome analysis 

To determine the systemic effects of noise stress on mouse physi-
ology, blood plasma was isolated from 5 animals exposed to 96 h of 
aircraft noise and 4 untreated control animals. Plasma proteins were 
lysed, digested and labelled with isotopic peptide tags. This labelling 
strategy enables multiplexing and can resolve even subtle protein con-
centration changes in the plasma proteome. Overall, over 750 protein 
groups were quantified across the 9 plasma proteomes. 12 proteins were 
downregulated whereas 63 were upregulated by noise. Network analysis 
identified several clusters of connected proteins that were induced in 
blood plasma in the noise-treated group (Fig. 3a and b). Inspection of 
these clusters revealed that proteins regulating immunity and involved 
in the acute-phase response were upregulated, as well as other indicators 
of inflammatory and oxidative stress. We detected increased blood 
plasma levels of Saa1, Saa4, fibrinogen, complement factors and Reg3g, 
all of which are acute-phase proteins indicative of inflammation [45] 
(Fig. 4a). Moreover, we detected increased levels of the type I interferon 
receptor (Ifnar2) and of circulating gelsolin, suggesting engagement of 
the innate immune mechanism [46] (Fig. 4b). Furthermore, the increase 
of the cellular tight-junctions protein E-cadherin (Cdh1) is indicative of 
tissue leakage due to damage and proteolytic cleavage [47] (Fig. 4c). In 
addition, upregulation of the plasma glutathione peroxidase (Gpx3) is 
indicative of systemic oxidative stress [48] (Fig. 4d). Oxidative stress 
appears to have left an imprint on the metabolome as well. We found 
that plasma levels of unsaturated fatty acids were reduced upon noise 
stress, whereas concentrations of the corresponding saturated fatty acids 
were not changed (Fig. 4e). This reduction is indicative of lipid perox-
idation and is a surrogate of oxidative stress [49,50]. 

Taken together these data suggests that noise stress induces systemic 
inflammation, oxidative stress and, possibly as a consequence, tissue 
damage. Moreover, the enhanced expression of integrin binders, such as 
vitronectin and fibrinogen (Fig. 3a), would suggest altered adhesion 
dynamics of circulating platelets and immune cells. 

Immunological screening by dot blot analysis revealed that the noise- 
induced changes of selected markers of inflammation or oxidative stress 
show less pronounced increases in exposed gp91phox− /y as compared to 
C57BL/6J (wt) mice (Fig. 5a), which is in accordance with the less 
pronounced proteomic changes in the plasma of noise-exposed 
gp91phox− /y mice (Fig. 5b). 

3.2. In vivo microscopy of dorsal skinfold chambers 

C57BL/6J (wt) as well as gp91phox− /y mice were randomized to be 
exposed to around-the-clock aircraft noise for 96 h (noise) or sham 
control group (control) with no noise exposure. Subsequently, 
fluorescein-based measurements were carried out to determine noise- 
induced effects on microcirculatory parameters and leukocyte- 
endothelial interactions in vivo. 

3.3. Noise-induced effects on leukocyte-endothelial interaction in vivo 

Rhodamine 6G based in vivo microscopy showed a significantly 
increased number of adhesive leukocytes (12.25 vs. 1.25 n/ROI, p =
0.0286) within the analyzed microvessels following aircraft noise 
exposure when compared to sham control in wt mice (see Fig. 6a and 
suppl. video file 1&2). This was not reproduced in noise exposed 
gp91phox− /y mice which had equal numbers of adhesive leukocytes 
(2.25 vs. 2.5 n/ROI, p > 0.9999, see Fig. 6a and suppl. video file 3&4). 
Rolling leukocytes did not differ significantly between noise exposed wt 
(6.3 vs. 2.67, p = 0.6857) and gp91phox− /y (5.0 vs. 2.75 n/ROI, p = 0.7) 
mice and sham controls (see Fig. 6b). 
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3.4. Noise-induced effects on microcirculation in vivo 

Comparative analysis of microcirculatory analysis using FITC- 
dextran based in vivo microscopy revealed a significantly reduced red 
blood cell velocity (0.22 vs. 0.86 mm/s, p = 0.0286) with consecutive 
reduced segmental blood flow (36.45 vs. 405.95 pl/s, p = 0.0286) in wt 
mice following aircraft noise exposure when compared to sham controls 
(see Fig. 7b and c and suppl. video file 5&6). In contrast, red blood cell 
velocity (0.17 vs. 0.32 mm/s, p = 0.2, see Fig. 7a) and segmental blood 
flow (82.4 vs. 136.77 pl/s, p = 0.7) were not significantly impaired by 
aircraft noise exposure in gp91phox− /y mice (see Fig. 7b and c and 
suppl. video file 7&8) compared to sham controls. Blood vessel di-
ameters did not differ significantly between investigative groups and 
sham controls (although a minor decrease by trend was noticed), neither 
in wt nor in gp91phox− /y mice (see Fig. 7a). 

Cerebral microvessel function was measured using video microscopy 
to investigate the vasodilative and vasoconstrictive behavior of the 
vessels following noise exposure. Responses to endothelium-dependent 
vasodilation via acetylcholine were significantly impaired following 
96h of noise exposure and even resulted in paradoxical constriction, 

indicative of damage to the endothelium (46.8% vs − 17.4% change in 
diameter at maximum). Smooth muscle-dependent vasorelaxation via 
nitroprusside and constriction via thromboxane A2 receptor agonist 
U46619 appeared to be unaffected by noise exposure (Fig. 8a). Corre-
spondingly, ROS levels within the cerebral arterioles of noise-exposed 
wt mice were significantly increased (211%) from unexposed counter-
parts, as measured by DHE staining (Fig. 8b). In support of the higher 
burden of nitro-oxidative stress, the level of 3-nitrotyrosine-positive 
proteins was increased by noise in brain sections as revealed by immu-
nohistochemistry (Fig. 8c). 

4. Discussion 

Our present data demonstrate that aircraft noise exposure for 4 days 
leads to a pro-inflammatory phenotype of the plasma proteome and 
enhanced interaction of white blood cells with the microvasculature in 
wt but not in gp91phox− /y mice. The number of adhesive leukocytes was 
increased in noise-exposed wild type mice (the number of rolling leu-
kocytes by trend), all of which was prevented by genetic deletion of 
gp91phox, the phagocytic NADPH oxidase. In addition, microvascular 

Fig. 3. Network analysis of blood plasma proteins that are significantly regulated by 96 h of aircraft noise exposure. (a) Induced protein group in several 
clusters indicative of systemic inflammation and tissue damage. (b) On the other hand, no prominent clusters of downregulated markers were recognized. The data 
are mean of n = 4–5 mice per group. 
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Fig. 4. Comparative proteomic analysis of blood plasma from C57BL/6J either control treated or following around-the-clock aircraft noise exposure for 
96 h. (a) Induction of acute-phase proteins or (b) markers of the activation of innate immunity. (c,d) Additionally, the detection of the tight-junction protein E- 
cadherin and the extracellular glutathione peroxidase Gpx3. (e) The relative reduction of unsaturated fatty acids is also a hallmark of oxidative stress. The data are 
mean ± SD of n = 4–5 mice per group. *, p < 0.05 vs. Control; **, p < 0.01 vs. Control. 

Fig. 5. Comparative dot blot and proteome anal-
ysis of blood plasma from C57BL/6J or gp91phox-/ 

y mice either control treated or following around- 
the-clock aircraft noise exposure for 96 h. (a) Ratio 
for plasma levels of caspase-3, thioredoxin interacting 
protein (TXNIP), high-mobility-group-protein B1 
(HMGB1), protease-activated receptor-1 (PAR1) and 
fibrinogen (FGA) in noise exposed versus unexposed 
(control) animals by dot blot analysis. Ratios were 
calculated by pairing the lowest or highest signals in 
the noise-exposed and unexposed animals. The data 
are mean ± SD of n = 3–6 plasma samples per group. 
*, p < 0.05 vs. Control; **, p < 0.01 vs. Control. (b) 
Induction of plasma proteins as determined by DIA 
mass spectrometry in control versus noise stressed 
animals (Saa4, serum amyloid A4; C9, complement 
component 9; Ifnar2, interferon alpha and beta re-
ceptor subunit 2; Cdh1, cadherin 1). Ratios depicted 
as determined by Spectronaut (only significantly 

different targets are shown, based on the target profile depicted in Fig. 4), error bars are SEM. n = 4–6 animals.   
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diameter (by trend), red blood cell velocity and segmental blood flow 
were decreased by noise exposure indicating microvascular constriction. 
These markers of microvascular dysfunction were largely improved in 
gp91phox knockout mice. With our present data, we establish a link 
between a pro-inflammatory milieu, activation of circulating leukocytes 
and microvascular dysfunction in mice exposed to aircraft noise with a 
central role of the phagocytic NADPH oxidase in the underlying path-
ophysiological mechanisms. 

According to the noise-stress-concept proposed by Babisch [11], 
noise initiates neuronal stress responses via indirect pathways such as 
annoyance, anxiety but also impairment of sleep quality leading to 
increased levels of stress hormones that become manifest in cardiovas-
cular disease, including acute MI, heart failure, hypertension, 
arrhythmia and stroke [6,51]. This sequence of events is supported by 
human data demonstrating activation of the amygdala by noise, which is 
associated with increased coronary atherosclerotic inflammatory 
changes and higher incidence of major adverse cardiovascular events 
(MACE) as revealed by molecular insights using positron emission to-
mography scanning [52]. A perturbation of the autonomic nervous 
system, and/or sympatho-adrenal activation [53,54], the release of 
pro-inflammatory mediators, modified lipids or phospholipids and 
activation of leukocyte populations, endothelial dysfunction and acti-
vation of pro-thrombotic pathways are crucial for noise-triggered car-
diometabolic diseases [6,55]. 

In a field study, we demonstrated that night-time aircraft noise 
exposure (mean sound pressure level [Leq] 46.3 dB(A), peak level 60 dB 
(A) for one night) reduced sleep quality and increased stress hormone 

levels. Endothelial dysfunction in response to aircraft noise exposure for 
one night was also more pronounced in patients with coronary artery 
disease [56] than in healthy subjects [8]. Importantly, co-treatment with 
the antioxidant vitamin C largely improved noise-induced endothelial 
dysfunction pointing to an essential role of oxidative stress. Endothelial 
dysfunction in healthy subjects exposed to train noise was also associ-
ated with an inflammatory, pro-oxidative and pro-thrombotic pheno-
type of the plasma proteome [17]. Recent animal studies (Leq 72 dB(A), 
peak level 85 dB(A) for 24 h/d for 1, 2 and 4 d) revealed an essential role 
of oxidative stress, enhanced inflammatory signaling, impairment of the 
circadian clock and dysregulation of gene networks leading to endo-
thelial dysfunction, and vascular/cerebral damage from aircraft noise 
[14,15]. Endothelial dysfunction, enhanced inflammation and infiltra-
tion of immune cells into the vasculature (revealed by aortic FACS 
analysis) represent early hallmarks of noise exposure in mice [14] that 
were mostly prevented by genetic deletion of Nox2 (gp91phox) [15], but 
aggravated in the presence of pre-existing arterial hypertension in mice 
[44]. Of note, uncoupling of eNOS, a major trigger of endothelial 
dysfunction, was prevented in Nox2 (gp91phox) knockout mice, indi-
cating phagocyte-derived oxidative stress as an important contributor to 
the detrimental cardiovascular effects observed following acute noise 
exposure [15]. 

Previous translational studies were primarily focused on effects of 
noise in conductance vessels and the brain, with the blood serving as an 
intermediary, which propagates vessel dysfunction. In the present study, 
we aimed to assess the effects of noise within the microcirculation, 
which has not been previously addressed. Our data using video 

Fig. 6. Effects of noise on leukocyte-microvascular wall interactions. Rhodamine 6G based in vivo microscopy shows a significant increase in adhesive leu-
kocytes within analyzed microvessels in C57BL/6J wild type (wt) mice following around-the-clock aircraft noise exposure for 96 h (a). This effect was not observed in 
gp91phox− /y mice (a). Additionally, aircraft noise had no significant impact on rolling leukocytes, neither in wt nor in gp91phox− /y mice (b). Exemplary images of 
rhodamine 6G based imaging of leukocyte-endothelial interaction in noise exposed wt (c) and gp91phox− /y (d) mice. Data are reported as the median and inter-
quartile range of n = 4 (wt) or 3 (gp91phox− /y animals per group and per animal n = 3–4 independent measurements were carried out. *, p < 0.05 vs. sham 
control (Control). 
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microscopy of cerebral microvessels demonstrated a profound 
dysfunction of endothelium-dependent vasodilation, but not smooth 
muscle-mediated vascular function. Endothelial dysfunction is widely 
reported in conductance vessels in cardiovascular disease in humans 
[57,58] and rodents [59,60], but data within microvessels is sparser, 
especially in the context of environmental stressors, although coronary 
microvascular function was proposed as an important target for car-
dioprotection [61]. Our data reveal a sensitivity of cerebral microvessels 
to stress responses, in line with our recently published study demon-
strating improvement of microvessel function following leukocyte 
ablation [41]. Alongside these findings, we herein report that the 
number of leukocytes adhered to the endothelium of wild type micro-
vessels was significantly increased, while this behavior was not present 
in the noise-exposed gp91phox− /y genotype, indicating that reactive 
oxygen species (ROS) derived from phagocytes are a critical component 
in the endothelial damage found in vessels following noise exposure. We 
did not find significant differences in the number of rolling leukocytes in 
either genotypes. However, rolling represents a low-affinity behavior, 
whereas adhesion, a parameter significantly increased in only wild type 
noise-exposed mice and normalized in gp91phox− /y, is a committed step 
in the trans-endothelial migration of leukocytes [62]. The expression of 
adhesion molecules responsible for leukocyte capture, rolling, adhesion, 
and transmigration is dependent on the oxidant-sensitive transcription 
factor NFκB, tightly joining the production of ROS with leukocyte 
recruitment [63,64]. 

Our plasma proteomic analysis also revealed several members of the 
clotting cascade to be significantly upregulated following noise 

exposure, further supporting our data regarding leukocyte visualization 
and cerebral vessel function. Fibrinogen (Fgg, Fga) is acute phase 
reactant and is particularly affected by the acute phase response [45]. 
Other upregulated factors of the cascade include the factor XIII A chain 
(F13a1), factor 5 (F5), and factor 10 (F10), which could indicate that 
pro-thrombotic pathways are active following noise exposure either due 
to damage of the endothelium, induction of a pro-inflammatory endo-
thelial phenotype, or scavenging of nitric oxide by ROS. Disturbed NO 
signaling in the microvessels does appear to be an important mechanism 
that influences platelet function and thrombus formation [65], as NO 
donors dose-dependently inhibited thrombus formation in rat cerebral 
vessels [66], and SOD and catalase were reported to reduce the growth 
of thrombi in the rat mesentery [67]. Even as long ago as in 1982, DMSO 
and glycerol had been shown to reduce platelet aggregation in pial ar-
teries of mice through hydroxyl radical scavenging [68]. While we 
cannot presently determine the exact mechanism by which the 
pro-thrombotic pathways are activated, these mechanisms present an 
important bridge between the functional and visual studies of the 
microvessels and the proteomic data within the plasma. We also 
observed similar effects in humans exposed to nocturnal train noise, 
resulting in macrovascular endothelial dysfunction and a 
pro-thrombo-inflammatory phenotype of the plasma proteome [17]. 

We identified significant upregulation of several proteomic clusters 
in the plasma of noise-exposed mice, but no notable clusters of down-
regulation. The most consequential cluster was related to the induction 
of acute-phase response: a low-specificity innate immune response to 
infection, tissue injury, or other disturbances in physiological 

Fig. 7. Effects of noise on microvascular diameter, red blood cell velocity and segmental blood flow. FITC-dextran based in vivo microscopy (d) reveals no 
significant changes in microvascular diameter in C57BL/6J wild type (wt) or gp91phox− /y mice following around-the-clock aircraft noise exposure for 96 h (a). In 
contrast, red blood cell velocity (VRBC, b) as well as segmental blood flow (SBF, c) were significantly reduced in noise exposed wt mice. This was not reproduced in 
gp91phox− /y mice where no significant changes were observed. Data are reported as median and interquartile range n = 4 (wt) or 3 (gp91phox− /y) animals per group 
and per animal n = 3–4 independent measurements were carried out. *, p < 0.05 vs. sham control (Control). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Noise-induced impairment of vasodilation and oxidative stress in the cerebral microvasculature. (a) In cerebral microvessels, noise caused a marked 
degree of endothelial dysfunction (impaired ACh-response), while responses to the endothelium independent vasodilator nitroprusside and to the vasoconstrictor 
U46619 (thromboxane A2 agonist) remained unchanged. Representative pressure myograph microscope images are shown for control and noise exposed cerebral 
microvessels at low and high ACh concentrations (scale bars correspond to 30 μm). (b) DHE staining revealed an increase in ROS production in cerebral microvessels 
upon exposure to noise. Representative images of DHE-stained microvascular cryosections are shown besides the densitometric quantification (scale bars correspond 
to 30 μm). (c) Noise induced a more pronounced staining of 3-nitrotyrosine-positive proteins in microvessels of the brain. 3 representative images per group are 
shown (n = 6 mice per group in total). Arrows indicate the microvessels and scale bars correspond to 50 μm. Data are the mean ± SD of measurements from 4 
individual animals; 2-way ANOVA with Bonferroni’s multiple comparison test (a); unpaired t-test (b). *P < 0.05 vs. Control. 
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homeostasis [45]. Importantly, this immunological response is clearly 
mediated by higher levels of interleukin 6 [69–71], which we have 
previously demonstrated to be important in our translational model in 
the brain [44] and plasma [15]. More specifically, the initiation of the 
complement cascade begins with release of C-reactive protein (CRP) 
from the liver in response to interleukin-6 levels, which then activates 
the complement system via C1 precursors [72,73]. Our proteomic 
analysis reveals induction of C1f, C8b, C8g, and C9, indicating biological 
responses for microbial targeting, cytokine production, and leukocyte 
homing. Importantly, the SAPALDIA study of 1389 adults also found 
significant enrichment of DNA methylation for CRP in response to 
aircraft and road noise exposures [74], which supports our reported 
findings of complement involvement in our translational model. 

Similarly, serum amyloid A1 and A4 (SAA1/4) are also acute phase 
reactants. SAA1, specifically, has important roles in lipid metabolism 
and HDL remodeling following phase response (for review, see 
Ref. [75]). Further, we assessed oxidative alterations in the lipidome of 
noise-exposed mice that could represent risk factors and contribute to 
the development and exacerbation of cardiovascular disease. While we 
did not find any changes in saturated lipids, we found a significant 
reduction in the abundance of 16:1 fatty acids and a reduction of 18:1 
fatty acids by trend, a consequence of lipid peroxidation initiated by 
ROS. Supplementation of monounsaturated fatty acids has been shown 
to improve xanthine oxidase and catalase activity in obese mice [76] and 
in humans, it is suggested that the reduction in level of biologically 
active monounsaturated and polyunsaturated fatty acids was caused by 
the formation of malondialdehyde and of leukocyte-platelet aggregates 
[77]. Accordingly, incorporation of oleic acid, an 18:1 fatty acid, eico-
sapentanoic and docosahecaenoic acid (polyunsaturated fatty acids) 
into the high fat diet of Wistar rats was found to protect against oxida-
tive and inflammatory damage of the retinal microvessels [78]. 

5. Conclusions 

We present novel data on the effects of aircraft noise exposure on the 
plasma proteome, lipidome, cerebral microvascular function, and 
leukocytic recruitment to microvessels. It appears that the innate 
immune-derived ROS that are considered a hallmark of noise-induced 
stress have a strong impact on the resistance vessels and the well- 
characterized conductance vessels, as microvascular dysfunction by 
noise was improved in Nox2 (gp91phox) knockout mice. The oxidative 
stress appears to either trigger or derive from an acute phase response, 
resulting in leukocyte recruitment into the endothelium, with possible 
platelet involvement, and a reduction in levels of antioxidant and anti- 
inflammatory fatty acids, all of which was mostly normalized in 
gp91phox− /y mice. The acute phase response appears to influence the 
clotting cascade as well as endothelial function, priming these vessels for 
the development of disease. In summary, the increased superoxide for-
mation may impair the vasodilatory action of NO leading to vasocon-
striction, which is compatible with the reduced vessel diameter by trend 
as well as higher 3-nitrotyrosine levels in cerebral microvessels in the 
noise exposed mice. Of note, a reduced microvessel diameter (increased 
microvascular resistance) leads to a reduced blood flow, as shown here 
by reduced red blood cell velocity or segmental blood flow, and in the 
extreme condition to a stasis [79]. In addition, impairment of NO 
signaling increases the number of activated platelets and contributes to 
endothelial activation, all of which will lead to adhesion of platelets and 
leukocytes to the endothelium (observed here by video microscopy upon 
rhodamine labeling of leukocytes and markers of thrombo-inflammation 
in the plasma proteome). The latter will largely increase blood viscosity, 
prevent red blood cells from sliding on the endothelial surface layer like 
“skiing on powder snow” [80], all of which explains the reduced blood 
flow as well as red blood cell velocity observed in the noise exposed 
mice. 
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