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Abstract

Traffic noise and air pollution are environmental stressors found to increase risk for cardiovascular 

events. The burden of disease attributable to environmental stressors and cardiovascular disease 

globally is substantial, with a need to better understand the contribution of specific risk factors 
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that may underlie these effects. Epidemiologic observations and experimental evidence from 

animal models and human controlled exposure studies suggest an essential role for common 

mediating pathways. These include sympathovagal imbalance, endothelial dysfunction, vascular 

inflammation, increased circulating cytokines, activation of central stress responses, including 

hypothalamic and limbic pathways, and circadian disruption. Evidence also suggests that cessation 

of air pollution or noise through directed interventions alleviates increases in blood pressure and/or 

intermediate surrogate pathways, supporting a causal link. In the second part of this review, we 

discuss the current understanding of mechanisms underlying and current gaps in knowledge and 

opportunities for new research.
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Introduction

Environmental risk factors such as noise and air pollution have been shown to have 

significant effects on atherosclerotic cardiovascular disease events, clearly supported by 

clinical/epidemiological studies that are discussed in detail in Part I of the joint reviews. 

There is a large overlap of pathophysiological mechanisms by which environmental 

exposures may cause this excess risk, one of which is increases in arterial blood pressure 

with potential for additive/synergistic damage1,2,3. These shared pathways include increased 

oxidative stress, systemic inflammation, and activation of central mechanisms including 

sympathetic activation that translate exposures to rapid increase in resistance vessel tone.1,2,4 

Recent insights from controlled exposures to air pollution and noise and mitigation 

experiments, in both animals and humans, have suggested a direct effect of noise and 

air pollution on the pressor response, providing incontrovertible evidence for the direct 

impact of exposure on increased blood pressure. In Part II of this review, we provide 

evidence to date, on mechanistic links between exposure to noise and air pollution, including 

both animal and human studies that mimic ambient exposure environments, and provide a 

broad mechanistic framework of understanding of how environmental stressors may mediate 

susceptibility to hypertension.

Mechanisms of noise-induced arterial hypertension and cardiovascular disease

Human mechanistic studies—The most current noise reaction model suggests that 

a so called “indirect pathway” plays a central role in the initiation and progression of 

cardiovascular disease1. The “indirect pathway” refers to the non-auditory health effects of 

noise via chronic, low-level noise exposure vs. the “direct pathway” that is characterized by 

exposure to high noise levels associating with auditory effects such as tinnitus or hearing 

loss. The cognitive perception of noise, triggers a cortical activation and the release of stress 

hormones, leading to increased vascular/cerebral inflammation and oxidative stress. In the 

long run, this may result in the genesis of risk factors, such as diabetes, high cholesterol, 

hypercoagulable states and hypertension, subsequently manifesting as CVD.5 Noise disturbs 

sleep and communication, which may lead to stress reactions and thus increased risk of 
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CVD, in particular to ischemic heart disease6 and as recently shown to arrhythmias such as 

atrial fibrillation7 and neurocognitive diseases1. The pathophysiologic pathways influenced 

by noise are multitudinous, although oxidative stress and inflammation as a consequence of 

chronic activation of stress pathways and disturbance of circadian rhythms are key elements 

of noise pathophysiology.1

Recently, Osborne et al established a cerebral link between noise stimulus, vascular 

inflammation and major adverse cardiovascular events (MACE).8 He demonstrated that 

transportation noise was associated with increased amygdalar activity (part of the limbic 

system and in general involved in stress perception and control of emotions), vascular 

inflammation and major adverse cardiovascular events (MACE).8 A HR of 1.341 (CI 1.147–

1.567) for MACE was found per 5 dB(A) increase in noise exposure levels that remained 

robust to common multivariable adjustments. Accordingly, in a subsequent study, the authors 

could demonstrate that more stress resilience is associated with less amygdala activation and 

vascular inflammation and MACE.9

Field studies of transportation noise (aircraft and railway) have revealed that night-time 

noise exposure for just one night, was able to deteriorate sleep quality, to increase circulating 

stress hormones and blood pressure and to induce vascular (endothelial) dysfunction, 

a subclinical parameter for atherosclerosis.10,11 Importantly endothelial dysfunction was 

more pronounced in patients with established coronary artery disease5,12 and was 

partially improved by the acute administration of vitamin C (2g p.o.), suggesting a 

reduction of oxidative stress-related endothelial dysfunction10,11. Oxidative stress markers 

3-nitrotyrosine and 8-isoprostane were upregulated in the noise-exposed subjects’ serum 

(Figure 1). The targeted proteomic analysis detected a significant increase in plasma proteins 

within redox, pro-thrombotic and pro-inflammatory pathways.11

Animal mechanistic studies—Previous preclinical studies have established that chronic 

noise increases blood pressure in monkeys13 and rats14. These studies have typically 

involved very high sound pressure levels exceeding ≥100 dB(A). Very high levels of white 

noise for 2 and 4 weeks (100 dB(A), 4 h/d, 6 d/week) caused endothelial dysfunction in 

the aorta, higher vasoconstrictor response, and increased systolic blood pressure.15 Recently, 

in an animal model of aircraft noise, mice exposed to around-the-clock aircraft noise (Leq 

72 dB(A), peak level 85 dB(A) for 24h/d for 1, 2, and 4d), increased blood pressure. 

Increase in stress hormones, vascular and cerebral oxidative stress [caused by the phagocytic 

NADPH oxidase (NOX2) and uncoupled nitric oxide synthase] increased inflammation due 

to immune cell infiltration, changes not observed in response to comparable sound pressure 

level of white noise (using similar average exposure levels, Leq), with the major difference 

that white noise was used as a continuous swoosh in contrast to the up and down of the 

aircraft noise pattern.16

Comparative Illumina sequencing of transcriptomes of aortic tissues from around-the-clock 

aircraft noise-treated animals displayed significant changes of genes in part responsible for 

regulating vascular function, circadian rhythm, vascular remodeling, and cell death.16,17 

Importantly, aircraft noise exposure during sleep but not during the awake phase was more 

detrimental to the cardiovascular and cerebral system by triggering endothelial dysfunction, 
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increases in circulating neurohormones and blood pressure, and oxidative stress in the 

vasculature and the brain.17 This was also supported by RNAseq data of aortic tissue, 

which showed a more obvious overlap in regulated genes between the sleep phase and 

around-the-clock noise exposure that was only visible by the trend in the awake phase noise 

exposure group, suggesting impaired circadian rhythms by sleep deprivation as a central 

pathomechanism of noise exposure.

Aircraft noise-induced vascular and cerebral damage was almost completely prevented by 

NOX2 deficiency 17 and by heme oxygenase-1 activation,18 pointing to the crucial role of 

inflammatory cells and of oxidative stress in mediating noise-induced cardiovascular and 

cerebral side effects. Transportation noise also induced a downregulation and uncoupling 

of nNOS, creating a neuroinflammatory phenotype and astrocyte activation along with 

enhanced cerebral reactive oxygen species (ROS) formation17, all of which may explain 

at least in part, the retarded cognitive development of children (memory and learning) and 

increased presence of dementia, in response to aircraft19 and road or railway noise.20

The molecular mechanisms of vascular dysfunction in response to aircraft noise i.e. 

inducing oxidative stress and inflammation are strikingly similar to mechanisms by 

which traditional cardiovascular risk factors induce endothelial/vascular dysfunction 1. This 

suggests that noise stress may accelerated process of vascular/cerebral atherosclerosis and 

neurodegenerative disease through shared molecular mechanisms with other traditional risk 

factors and raise the question of additive contributions of environmental risk factors to 

traditional risk factors such as hypertension, type 2 diabetes etc. Thus, it is not surprising 

that the cardiovascular side effects of aircraft noise, were exacerbated in mice with pre-

existing hypertension.21 Noise also potentiated neuroinflammation and cerebral oxidative 

stress in this model.21

An increase in stress and vasoconstrictor hormones may provide a direct explanation for the 

observed dysregulation of vascular tone in response to noise. The consequences of nighttime 

noise include circadian disruption, fragmentation of sleep and/or abbreviated sleep periods 

and chronic stress, thereby increasing susceptibility to cardiovascular events.22

Noise-exposed animals have also increased circulating levels of the neurohormone of 

angiotensin-II.16,23 Prolonged exposure may initiate cerebral oxidative stress e.g. by 

enhanced angiotensin-II signaling and NOX-2 activation, all of which may trigger 

inflammation of the microvasculature of the brain.24 Activation of the sympathetic nervous 

system in animals through NADPH oxidase-induced oxidative stress provides the link 

between renin-angiotensin-aldosterone system (RAAS)-mediated NOX-2 activation and 

a subsequent catecholamine release and arterial hypertension.25,26 Catecholamines may 

initiate the formation of reactive oxygen species, either by feeding monoamine oxidase 

activity27 or by activating astrocytes, microglia, and NOX-2.28 In addition, aircraft noise 

increases the expression of endothelin-1 in vascular tissue, a potent vasoconstrictor, and 

activator of NOX-2 activity16,17,29, which is in part dependent on the RAAS.30 A summary 

of all relevant pathomechanistic pathways of noise-induced cardiovascular damage is shown 

in Figure 2.
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Mechanisms of air pollution-induced arterial hypertension and cardiovascular disease

Human mechanistic evidence—In controlled studies in humans, acute exposure 

to PM2.5 and dilute diesel exhaust (ultrafine particles, UFP) results in rapid vascular 

dysfunction that manifests as conduit or microvascular endothelial dysfunction, or transient 

constriction of a peripheral conduit vessel, that is reversible.31 In some of these studies, 

concentrated PM2.5 exposure diminished conduit artery endothelial-dependent vasodilatation 

in a delayed fashion, post 24h (but not immediately).32 Not all studies demonstrating 

endothelial dysfunction in humans have shown increases in blood pressure.31 PM2.5 mass 

and TNF-α level post-exposure have both been associated with the degree of endothelial 

dysfunction, suggesting that systemic inflammation induced by particles and the degree 

of pollution are likely responsible.32 However these responses have not been consistently 

observed, suggesting that other complex factors including chemical composition could have 

a decisive impact on systemic responses.33 Blood pressure and arterial stiffness increased 

in response to systemic NO synthase inhibition in humans with intravenous L-NMMA (3mg/

kg), following exposure to UFP, suggesting a greater generation of NO and preservation of 

systemic blood pressure with UFP exposure, which was unmasked by systemic NO synthase 

inhibition.34 Supplemental Table S1 compile all randomized controlled studies that have 

investigated blood pressures and/or alterations in vascular indexes in response to short-term 

exposure as well as the impact of interventions by air filtration.35 Part of these studies were 

also subject of a recent meta-analysis.36

The role of gaseous pollutants such as ozone on blood pressure are mixed. A panel study 

noted reduction in brachial artery diameter without changes in endothelial function, and a 

marginally significant reduction in diastolic blood pressure, with a lag period of 48h.37 This 

delayed temporal profile of reduction in blood pressure with ozone was similar to another 

panel study that also demonstrated that a 5-day mean increase in the ozone of 13.3 ppb, 

was associated with a 5 mmHg decrease in systolic blood pressure. These results suggest 

but are not definitive of a counteraction of increased blood pressure in response to PM2.5 

noted in the same study. In a randomized crossover study, exposure to ozone for 3 h (0 ppb 

(filtered air), 70 ppb ozone, and 120 ppb ozone, alternating 15 min of moderate exercise 

with 15 min of rest did not have any effect on endothelial function or blood pressure.38 

Other components of air pollution, such as volatile organic compounds such as acrolein 

and 1,3-butadiene have been associated with endothelial dysfunction and may contribute to 

elevated risk of hypertension in participants with an increased sympathetic tone, particularly 

in Black individuals.39

Short-term exposure to high levels of ultrafine, fine PM2.5 and coarse PM10 have been 

associated with increased blood pressure in humans, with evidence based on heart rate 

variability measures that suggest sympathetic activation.4,40 In humans, there is evidence 

of systemic permeation of particles, including into the CNS, based on post-mortem studies. 

Still, these are difficult to do because monitoring the particles in vivo is challenging, 

and post-mortem studies may be subject to pathologic artefacts.41,42 Most of the evidence 

in humans for sympathetic activation comes from extrapolation from secondhand smoke 

studies or indirect inference in relation to specific responses following air pollution exposure 

(e.g., acute vasoconstriction, increased heart rate and BP, and altered heart rate variability 
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(Table S1).43 In a critical study, peripheral muscle sympathetic nerve activity (MSNA) 

measured by microneurography significantly increased within 30 minutes of diesel exhaust 

particle exposure when quantified in real‐time, during exposure, which was prevented by 

a facemask intervention44. Heart rate significantly increased, while there were trends for 

systolic and diastolic BP elevations, likely hemodynamic consequences of SNS activation. 

In a posthoc analysis of the MESA cohort, a 17 ppb higher annual NOx concentration 

was associated with 6.3% higher mean urinary epinephrine level; A 2 mg/m3 higher annual 

ambient PM2.5 concentration was associated with a 9.1% higher mean epinephrine and 4.4% 

higher dopamine levels. In contrast, short-term exposures were not associated with any of 

the catecholamines.45

The findings from randomized, double-blind trials, most notably using portable air cleaners, 

corroborate the epidemiology and bolster support for the causal linkage between PM2.5 

and high BP.46 One recent meta-analysis in 10 trials (n=604) demonstrated that air cleaner 

usage resulted in 4 mmHg lower blood pressure over 2 weeks.47 This benefit was observed 

in highly polluted and relatively clean environments, further bolstering support for a 

monotonic relationship between PM exposure and higher BP levels, extending across the 

global ambient concentration range. These results generally suggest that personal strategies 

to lower air pollution risks through reducing blood pressure, may have great promise as 

preventive interventions (Supplemental Table S1).2,48

Mechanistic studies in Animals—An increase in oxidative stress is one of the earliest 

pathophysiologic mechanisms in response to air pollution exposure and appears to be 

a critical initiating event. Given the central role of ROS in physiology, its contribution 

to disease in response to air pollution is somewhat complex and has been the subject 

of several reviews (summary in Figure 3).49–51 Receptors such as the transient receptor 

potential cation channel, subfamily A, member 1 (TRPA1) receptors in airway sensory 

neurons can also sense the environmental toxicants and aerogenic oxidants, resulting in 

neurogenic inflammation and facilitate rapid autonomic regulation of blood pressures, also 

with impact on rapid changes in blood pressure in humans.52,53 Direct translocation of 

particulate constituents and secondary damage-associated molecular patterns (DAMPs) and 

biologic intermediates play an important role. However, their role in inducing blood pressure 

changes remain unknown (summary in Figure 3).50,54–56 Air pollutants have been shown to 

permeate the central nervous system, inducing inflammation in several critical areas of the 

central nervous system responsible for blood pressure regulation and metabolic control in 

animal models.31,54

In both mice and rats, sub-acute and chronic exposure to air pollution alone and/or in 

conjunction with agents such as angiotensin II, resulted in increased superoxide (O2
•−) and 

potentiation of vasoconstrictor responses and increase in blood pressure.57,58 Concentrated 

ambient PM2.5 exposure in C75/Bl6 mice, induced significant increases in urinary 

angiotensin II and aldosterone, along with the decrease of ACE2 and Ang (1–7) in kidney 

compared with FA-exposed mice.59 Several reports have found amplified endothelin-1/ETA-

receptor signaling upon exposure to diesel exhaust which is consistent with the known 

involvement of NADPH oxidase-driven endothelin-1 promoter activation, and conversely, 

activation of NADPH oxidase and O2
•− production by endothelin-1.60,61 Vascular O2

•− 
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production in response to chronic PM2.5 exposure, was abolished by NAD(P)H oxidase 

inhibitor apocynin and NOS inhibitor N-omega-nitro-L-arginine methyl ester (L-NAME), 

suggesting that reduction in NO bioavailability, due to NADPH oxidases and uncoupled 

eNOS respectively, may be an important mechanism inducing adverse vascular effects, akin 

to noise exposures.62,63 Increased microvascular adhesion of inflammatory monocytes in the 

adipose microcirculation has been noted with concentrated PM2.5 exposure, together with 

perivascular deposition of mononuclear cells, with deficiency of NOX2 and Tlr4 improving 

vascular responsiveness.64 Alterations in perivascular fat with infiltration of monocytes and 

inflammatory mediator release may affect vascular tone and affect pressor responses, also 

with a central role for NADPH oxidase.65

Recently an important link between chronic exposure to concentrated PM2.5 and circadian 

dysfunction in a manner identical to light exposure at night has been made. PM2.5 induced 

peripheral insulin resistance, circadian rhythm dysfunction, and metabolic and brown 

adipose tissue (BAT) dysfunction, akin to light at night.66 Transcriptomic analysis of liver 

and BAT revealed widespread but unique alterations in circadian genes, with evidence for 

differentially accessible promoters and enhancers of circadian genes in response to PM2.5 

when examined by Assay for Transposase-Accessible Chromatin with high-throughput 

sequencing (ATAC-seq). The histone deacetylases 2, 3, and 4 were downregulated with 

PM2.5 exposure, with increased promoter occupancy by the histone acetyltransferase 

p300 as evidenced by chromatin immunoprecipitation (ChIP)-seq. These findings suggest 

a previously unrecognized role of PM2.5 in promoting CR disruption and metabolic 

dysfunction through epigenetic regulation of circadian targets. It is likely though unproven 

that, circadian disruption by PM2.5 exposure may indeed also induce changes in blood 

pressure and could represent a mechanism that is common to both noise and air pollution 

exposure.

Gaps of knowledge and future research tasks

There is a growing realization that co-exposures to noise and air pollution may represent an 

example of complex conjoint stressors that influence susceptibility to CVD through common 

mechanisms (Figure 2 and 3). A few epidemiological studies have indeed examined the 

effect of noise and air pollution or have attempted to control for the other exposure.67 

These studies have suggested an association of both noise and air pollution after adjusting 

for the other exposure68 and even revealed additive risk for diabetes in one study by 

combined exposure to noise and air pollutants69. Preclinical studies on combined exposure 

to environmental pollutants and stressors are rare. One study in mice has suggested additive 

cardiovascular damage by activation of partially synergistic mechanisms upon co-exposure, 

via lung inflammation and brain stress response, respectively3. A number of important 

mechanistic questions in remain to be addressed, including the magnitude and time course of 

response of co-exposure, interactive effects of both factors on blood pressure and metabolic 

risk and duration of effect/time course of reversal. Importantly, integrative mechanisms 

including the link between exposures and activation of central mechanisms and circadian 

rhythm need to be addressed. Importantly the impact of mitigation measures including 

other of preventive measures on the pressor response is worth investigating. Integrating 

mechanistic studies with health impact assessment of noise and air pollution mitigation, in 
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the context of climate interventions in cities may offer an extraordinary opportunity. In this 

regard the development of personal biometric technologies that provide measures of health 

in conjunction with granular data on environmental exposure, provide an unprecedented 

opportunity for research, and may allow an extraordinary broad understanding of conjoint 

impact of multiple environmental factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selected results from human field studies on nighttime aircraft/railway noise exposure 
for one night and endothelial function and oxidative stress markers.
Data on flow-mediated dilation after exposure to aircraft noise is based on 75 healthy non-

smokers (FLUG study) 10, exposure to railway noise is based on 70 healthy non-smokers 

(ZUG study) 11 and all exposures were applied in a randomized cross-over design. Vitamin 

C effects were assessed in a subgroup of the cohort. Oxidative stress markers (3-nitroytosine 

[3-NT] and 8-isoprostane) were measured in the remaining samples of the FLUG study and 

published in 17. Data summarized from 10,11,17 with permission.
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Figure 2. 
Pathophysiology of nighttime noise-induced arterial hypertension. Genetic Nox2 deficiency 

and pharmacological FOXO3 activation by bepridil prevented the adverse noise effects. 

3-NT, 3-nitrotyrosine; CD68, macrosialin; eNOS, endothelial nitric oxide synthase; HPA, 

hypothalamic pituitary adrenal; IL-6, interleukin 6; iNOS, inducible nitric oxide synthase; 

MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde. Figure adapted from 

reference 70 with permission.
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Figure 3. 
Pathophysiology of air pollution-induced endothelial dysfunction, increased oxidative 

stress, inflammation, and subsequently arterial hypertension. Green and blue triangles are 

damage- and pathogen-associated molecular patterns (e.g., free DNA fragments, hyaluronan, 

7-ketocholesterol, oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine, 

lipopolysaccharide) as well as soluble heavy/transition metals. HPA, hypothalamic pituitary 

adrenal; EPCs, endothelial progenitor cells; eNOS, endothelial nitric oxide synthase; ET-1, 

endothelin-1; ETAR, endothelin type A receptor; MMP, metalloproteinase; 8-oxo-dG, 8-
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oxo-deoxyguanosine; 3-NT, 3-nitrotyrosine; MDA, malondialdehyde; TIMP, tissue inhibitor 

of metalloproteinases; TLR4, toll-like receptor 4; VOCs, volatile organic compounds. Figure 

adapted from reference 31 with permission.
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