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Chronic non-communicable diseases (NCDs) account for 2/3 of global deaths annually, primarily due to an aging
population and external risk factors such as air/water/soil pollution, traffic noise, mental stress, and climate
change emanating from the environment. These factors contribute to premature deaths and loss of healthy life
years, as reflected by disability-adjusted life years. The exposome concept was proposed 16 years ago as a new
research field to investigate environment-health associations, also by considering the underlying pathophysio-
logical pathways. The exposome describes lifelong environmental exposures, besides pollutants also socioeco-
nomic and lifestyle factors, aiming to explain the associated diseases and deaths. The exposome can be divided
into the specific and general external environment and further subcategories such as organ-specific exposomes as
well as spatially and temporally restricted pollutomes. The exposome also shows considerable interaction with
genetic predisposition and pre-established chronic diseases, characteristics of the vulnerable groups. The present
overview provides background information on the impact of the environment on health and disease by
considering recent data of the Global Burden of Disease Study. We also explain the exposome concept with the
help of selected studies, briefly describe how the exposome is measured, and discuss biomarkers identified by
exposomic research and their impact on the development and progression of atherosclerosis. Major patho-
physiological pathways comprise exacerbated stress hormone signaling, oxidative stress, inflammation and
circadian rhythm dysregulation promoting impairment of cardiometabolic function. The present overview
highlights the relevance of the exposome for future health research and preventive medicine, especially con-
cerning cardiovascular diseases and therapy.

1. Introduction worldwide, accounting for over 44 % of NCDs followed by cancer (22

%), respiratory diseases (9 %), diabetes (4 %) and others (21 %) [6].

The global burden of disease has shifted from communicable diseases
to non-communicable diseases (NCDs), including cardiovascular dis-
eases, cancer, respiratory diseases, and diabetes [1,2] [3]. This shift is
largely due to demographic changes, improved childhood survival, im-
provements in hygiene, and elimination of many nutritional and infec-
tious risk factors, at least in the high-income countries, whereas
communicable diseases may still represent a significant part of the
burden of disease in low/middle-income countries [4]. The prevalence
of many NCDs continues to rise, driven by adverse environmental ex-
posures and lifestyle factors. Leading risk factors for annual global
mortality (in % of total) include high systolic blood pressure (19.2 %),
tobacco smoking (15.4 %), dietary risks (14 %), and air pollution (11.9
%) as well as unsafe water/sanitation and non-optimal temperatures
(Fig. 1) [5]. Cardiovascular diseases are the leading cause of death

Understanding the interplay between genetic predisposition and envi-
ronmental exposures is crucial for addressing the growing burden of
NCDs [7]. However, environmental contributions outcompete genetic
predisposition, since only 16.4 % of 1.53 million deaths in 2000 in
Western Europe could be attributed to direct known genetic causes [8].
The Lancet Commission on Pollution and Health has deemed chemical
pollution the leading environmental cause of chronic diseases and pre-
mature deaths globally [4]. In 2015, chemical pollution caused 9 million
premature deaths, accounting for 16 % of all annual deaths - a similar
number of deaths as caused by smoking and passive smoking [9]. This
number is three times higher than HIV, tuberculosis, and malaria com-
bined. The World Health Organization reported a global excess mor-
tality of 12.6 million in 2012 due to unhealthy environments [10,11]. In
low-income countries, one in four deaths is caused by environmental
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risk factors. A more recent GBD report already estimates that air
pollution alone is responsible for 8.1 million global annual deaths [12],
suggesting that all chemical pollution-associated deaths will rather align
with the WHO figure.

The Global Burden of Disease Study estimates that environmental
pollution contributes to 268 million disability-adjusted life years
(DALYs), including loss of life years and severe disease or disability [14].
Air pollution is the most significant chemical environmental health risk,
with particulate matter with a diameter <2.5 pm (PM35) and ozone
responsible for 8.8 million global premature annual deaths [15,16].
These numbers are expected to increase due to improved
exposure-response functions and more accurate high-exposure level
studies from highly polluted megacities (Fig. 2) [17,18]. In 2013, air
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pollution caused 3.5 % of all healthcare costs in high-income countries
and 7.4 % in low-income countries [4]. However, these costs do not fully
reflect the socioeconomic burden of air pollution, including productivity
loss due to sick days and invalidity pensions for chronically exposed and
disabled individuals. The importance of air pollution as a major health
threat is confirmed by the significant lowering of cardiovascular disease
risk and even the extended life expectancy observed during the 2008
Beijing Olympic Games due to highly restrictive air pollution control
measures [19] or lower legal limits for diesel emissions by new restric-
tive laws in Tokyo [20] and banning leaded fuels in the USA [21,22]. In
line with this previous evidence for high efficacy of air quality
improvement measures, a projection estimates that 5.13 million excess
deaths per year globally are attributable to ambient air pollution from
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Fig. 1. Global number of deaths and percentage of DALYs attributable to Level 2 risk factors by cause and sex in 2019. Cardiovascular disease is the major
category of sequelae in all leading risk factors, followed by respiratory disease, diabetes, cancers and infections (see pie charts for leading Level 2 risk factors). DALYs,
disability-adjusted life years; LDL, low density lipoprotein; Mat/Neo disord., maternal/neonatal disorders; CV, cardiovascular disease; COPD, chronic obstructive
pulmonary disease. Adapted and merged from data in Ref. [5] and graph in Ref. [13] with permission.
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Fig. 2. Air pollution and global premature deaths. Literature estimates of global premature mortality attributed to outdoor air pollution by fine particulate matter
(PM2.5). Black symbols represent data with mean + SD; red symbols represent data with mean and 95 % confidence intervals. Approximated and updated from data
in Refs. [17,18] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

fossil fuel use and therefore could potentially be avoided by phasing out
fossil fuels [23].

The combined health impact and disease burden of environmental
exposures in large cities, including air pollution, traffic noise, nighttime
light, and psychosocial factors like mental stress [24-26] could exceed
previous estimations based on single exposure models by far, potentially
leading to higher socioeconomic savings when successfully mitigating
these exposures. Assessment of multi-exposure scenarios is crucial for
understanding and estimating the additive disease burden caused by
interaction of different environmental stressors, e.g. as shown by cu-
mulative increase of diabetes risk in the Danish population by combined
exposure to PMjy 5, ultrafine particles, traffic noise, and lack of green
space [27]. High-quality mechanistic studies on the combined health
effects of two or more environmental stressors are needed in the future.
For example, combined exposure of mice to ambient PM, 5 and aircraft
noise revealed dominant biochemical damage in the lung and brain,
respectively, with key mechanisms centered on oxidative stress and
inflammation that were additively increased in the aorta of co-exposed
mice [28].

Lead toxicity, primarily from water and soil pollution, is significant
due to its widespread use in car batteries, water pipes, and paints [13].
Contamination enters the food chain through plants, farm animals, and
seafood, posing health risks. Lead-associated global deaths are estimated
at 0.9 million per year highlighting its importance as an environmental
risk factor [9]. Most chemical pollutants are linked to cardiovascular
and metabolic issues like hypertension, ischemic heart disease and
diabetes due to inflammation and oxidative stress (Fig. 3). Environ-
mental pollution, lifestyle factors (e.g., smoking, nutrition, physical

activity), climatic conditions (e.g., high temperature and humidity) are
all considered important parts of the exposome by the Global Burden of
Disease Study that significantly impact the biochemical phenotype.
They can influence metabolic processes, inflammatory cascades, redox
homeostasis, and circadian rhythm [29,30]. Smoking is the number one
life style risk factor with a clear association with higher incidence of
different forms of cancer and cardiovascular disease as well as increased
mortality due to myocardial infarction and stroke [31]. According to
estimations, the risk of myocardial infarction is 3-fold higher and a
meta-analysis reported that overall cardiovascular mortality is 2-fold
higher in active smokers and even years after tobacco use cessation,
the risk of cardiovascular death is still increased by 37 % [32].
Clinically-induced and natural radiation poses an underestimated health
risk. Meta-analysis data estimate an increased risk of all circulatory
diseases by 2.5-8.5 % by low-level ionizing radiation [33]. Natural
radon exposure increased the relative risk of different forms of cancers in
children, adults and mine workers by 1-10 % [34]. Data from 3 large US
prospective cohorts reveal that elevated UV radiation is associated with
increased risk of both melanoma and noncutaneous cancers [35].

2. The exposome concept
2.1. Definition and examples

In order to account for the growing contribution of environmental
and lifestyle risk factors to the global burden of disease, the “exposome”

concept was developed. The term "exposome" was introduced in 2005 by
Christopher P. Wild and encompasses changes in human physiology (the
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Fig. 3. Contribution of major pollutants to global deaths and cardiovascular disease. *The conservative estimation from the Institute of Health Metrics and
Evaluation was corrected for potential overlap of pollution-associated deaths. Data in 1st and 2nd column taken from Ref. [9]. Data of progressive studies were taken
from a [36], b [37], ¢ [38], e [39], £ [40], h [41], j [42]. Last column shows selected risk estimates for different pollutants and hypertension/ischemic heart disease as
a measure of contribution to NCDs and the global burden of disease; data taken from d [43], g [44], i [45], k [46]. HR, hazard ratio; OR, odds ratio; PR, prevalence
ratio; SD, standard deviation; CI, confidence interval; HAP, household air pollution; PM2.5, particulate matter with a diameter of <2.5 pm; O3, ozone. Tabular data in

Ref. [13] used with permission.

“internal environment”) due to environmental factors at a lifespan
dimension [47]. These exposures include chemical and physical factors
like air pollution, traffic noise, UV radiation, and climate-related
stressors, as well as socioeconomic determinants related to social,
urban, and work environments - social capital and mental stressors (e.g.,
social isolation, work strain) (the ,general external environment®)
(Fig. 4) [1]. While this conventional definition of the exposome is
rigorous, transcending the life span, a more practical definition refers to
the exposome as a composite of measurable external factors with or
without additional biomarkers at one or more time points [48]. This
restricted definition recognizes the impracticality of having multiple
samples across a lifetime for the vast majority of mankind, with recent
studies measuring a more pragmatic set of factors to begin to understand
complex interactions between many variables. We would like to stress
that alternative concepts and hypotheses were put forward by other

exposome experts that differ more or less from the here presented ideas
and mechanisms [49-52].

The lack of availability or lack of green space is also an important
environmental factor for our health [25,54]. Our lifestyle, including
smoking, alcohol consumption, healthful eating, physical exercise, and
use of consumer products, significantly influences the "specific envi-
ronment" [1]. Importantly, individuals can easily alter their specific
environment, but the general external environment cannot be easily
altered. By definition, the exposome can be categorized into temporal
periods (e.g., pre-birth, lactation, infancy, adolescence, adulthood,
seniority), spatially distinct pollutomes (e.g., occupational exposome,
urbanome) [4,55,56], and organ-specific representations, such as the
blood exposome [57]. The external exposome also interacts with genetic
predisposition [7] and pre-existing chronic diseases [13], leading to
additive or synergistic biological responses. Environmental risk factors
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Fig. 4. The exposome concept. The exposome describes the totality of lifelong exposures to environmental risk factors, the induced pathological and mechanistic
changes in central biochemical pathways, and the associated health effects [47] (also reviewed in [1,2]). Within the general external environment, the environmental
factor with the largest effect on health is chemical pollution. Within the specific external environment, the environmental factors with the most substantial effect on
health are tobacco smoking and unhealthy dietary habits. The general and specific external environment can have adverse effects on mental health (for example, by
social isolation or work strain), but the contribution of environmentally triggered mental stress to the global burden of disease and global deaths might be
underestimated owing to the lack of valid exposure-response relationship data for mental risk factors. Changes in the internal environment induced by exposures are
most frequently quantified by changes in the transcriptome, epigenome, proteome and metabolome (and more rarely by analysis of the microbiome or adductome).
Alterations in central biochemical pathways identified in exposome studies include dysregulation of circadian clock components that lead to impaired rhythmicity
and phase shifts, the release of stress hormones (cortisol and catecholamines), production of reactive oxygen species by mitochondria and NADPH oxidase in
activated immune cells, inflammation with tissue infiltration of activated immune cells, and oxidative damage in different organs (reviewed previously [25,53]).
Environmental exposures can act synergistically or additively with genetic predisposition or pre-existing cardiovascular disease. Environmental exposures can
exacerbate detrimental cardiovascular health outcomes such as atherosclerosis, vascular stenosis, myocardial infarction, heart failure and stroke. Adapted from

Ref. [13] with permission. Created using biorender.com.

primarily cause changes of the “internal environment” due to oxidative
stress, inflammation, stress hormone signalling [17,24,58], and sec-
ondary dysregulation of circadian rhythms and metabolic pathways [29,
30,59]. Indeed, an emerging viewpoint suggests that most environ-
mental health impacts represent gene-environmental interactions at an
epigenome level [60-62]. The epigenome could serve as a powerful
buffer preventing large scale effects from the constant barrage of envi-
ronmental risk factors [61]. Empirical evidence already suggests that
environmental exposures (e.g., diet, stress, toxins) influence epigenetic
states and suggests that the epigenome modulates phenotypic response
to external cues, effectively attenuating or amplifying outcomes [60,62].
Indeed the vast majority of environmental exposures are transcription-
ally silent with evidence that many epigenetic changes in response to
exposures like air pollution exposure may be reversible [63].

Environmental stressors significantly impact human development
during vulnerable phases of development, particularly in utero, during
infancy and childhood. These vulnerable periods represent important
opportunities to study exposure health effects given the relatively
shallow thresholds for permanent end-organ damage and developmental
delays [64]. Indeed exposures during early life can lead to long-term
health complications and NCDs, e.g., reduced cognitive function,
mental disorders, violence during adolescence, and economic unpro-
ductivity [4]. Fetal or infantile reprogramming of biological processes
by environmental risk factors, e.g., by long-term epigenetic imprinting
as seen by increased risk for major chronic NCDs in adults who experi-
enced the great Chinese famines when being children [65,66], is a major
socioeconomic challenge due to decreased productivity and higher
long-term health care costs. Environmental exposures contribute to the
rapid progression of neurodegenerative diseases like Alzheimer’s and
Parkinson’s [67,68], and mental health in general [69].

Exposome studies such as HELIX [70,71], PACE [72,73], UK Biobank
[74], and birth cohorts thus represent important assets to dissect com-
plex exposomic impacts during vulnerable phases. Additional promising
projects include EXPOSOMICS consortium [49,75], HERCULES [76],
HEALS [77] and the EUROPEAN EXPOSOME NETWORK [78]. Other
classical exposure-health association studies in Europe, like ESCAPE and
ELAPSE, mostly lack information on biochemical changes of the internal
environment, which is essential for a complete exposome study. As
exposome studies typically began 5-10 years ago, robust data is ex-
pected within the next decade. Prominent examples are summarized in
Fig. 5.

2.2. Assessment of the exposome

The exposome is a complex structure that requires two main methods
[13]: bottom-up and top-down. The bottom-up method measures
external factors like air and water quality, diet, and physical activity
using advanced tools like geographic information systems (GIS), satellite
data, and mobile sensors to collect real-time exposure data (Fig. 6). The
top-down approach focuses on internal biological changes as biomarkers
of exposure, analyzing blood, urine, and tissue samples to detect exog-
enous compounds and gene expression alterations. Metabolomics, pro-
teomics, and transcriptomics are used to identify environmental
exposure footprints in the body, with fields like epigenetics, lipidomics,
adductomics, and microbiomics [79,80]. Both methods are essential for
understanding the exposome by association with health outcomes
(Fig. 6). Importantly, there are other approaches to assess the exposome
with focus on different mechanisms, markers and specific health out-
comes [80-82]. Also in the largest exposome initiative worldwide, the
European Human Exposome Network, highly specific analytical
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Fig. 5. Selected examples of exposome as well as environment-health-association studies and projects. Summarized from Ref. [17]. NO,, nitrogen dioxide;
PM, s, particulate matter with a diameter <2.5 um; PMy;, ultra-fine particles with a diameter <0.1 pm. Reused and translated from Ref. [2] with permission.
Copyright © 2021, Rights Managed by Georg Thieme Verlag KG Stuttgart ¢ New York. Created using biorender.com.

approaches are developed for different scientific questions related to the
exposome [78]. Open acces databases further help to tackle the
biochemical impact of environmental exposures [83,84].

Modern analytical methods like LC-MS are sensitive enough to
monitor drug use in populations through wastewater analysis and detect
over 30,000 small molecules in human serum [13]. However, untar-
geted high-resolution mass spectrometry may miss 90 % of pollutants
and 30 % of endogenous and food chemicals, including hormones, car-
cinogens, and endocrine disruptors [57]. Genomic analyses have
advanced, allowing for the measurement of 500,000-5 million
single-nucleotide polymorphisms (SNPs) in a single test or approaches
that sequence the entire genome. Targeted approaches like metabochips
and immunochips offer cost-effective exposome studies [13]. Epigenetic
changes are typically measured using DNA methylation techniques
which may sample a representative methylome (EPIC or BeadChip) or
the whole genome (whole genome bisulfite sequencing). Future ad-
vancements may include high-throughput assays for receptor activity
and oxidative stress responses. "Enviromics" refers to high-throughput
OMICs techniques used in exposome studies applied to a broad variety
of health conditions including cardiovascular disease [85,86].

Exposure-health association studies measure stress hormones (e.g.,
catecholamines and cortisol), circadian rhythm disruption markers (e.g.,
melatonin), oxidative stress indicators (e.g., malondialdehyde), and in-
flammatory responses (e.g., cytokines), which are crucial for under-
standing how environmental exposures affect health. Fig. 7 provides a
summary of biomarkers that are used for exposome studies.

2.3. The exposome in early life and in the elderly

Environmental risk factors play a significant role in global morbidity
and mortality across all stages of life. The highest chronic disease
burden, measured in disability-adjusted life years (DALYs), occurs in
early childhood (<4 years). The substantial DALY burden from pollution
in early life highlights the extensive lost life years and long-term dis-
abilities that can result from the death or chronic non-communicable
diseases (NCDs) of even a single child [4]. Environmentally triggered
premature deaths dominate in the elderly (>60 years). Exposome
studies are crucial to understand the pronounced impact of environ-
mental risk factors in children and the elderly, mostly due to ongoing
developmental processes and cellular decline [4]. According to one
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hypothesis and potential explanation, excess mortality at old age
attributed to environmental exposures, such as chemical pollution, due
to diseases like cancer, neurodegeneration and cardiovascular events
represent “tipping point” events, sometimes referred to in the epide-
miologic literatures as “harvesting” [17,87]. Cumulative exposure im-
pacts across a life time can rapidly escalate due to loss of endogenous
defenses at a specific time point, in older age, when the acceptable
threshold of biochemical damage is exceeded. The disproportionate ef-
fects of environmental factors in children on the other hand, could be
attributable to their relatively immature immune system that is unable
to defend against exposure to higher doses of environmental toxins due

to a lower body weight to concentration ratio, unfavorable fetal
reprogramming, and pre-birth and infantile development processes
[17]. Also for the impact of the exposome during different periods in life,
early life [70,88,89] and in the elderly [90-92], different concepts and
hypotheses have been developed.

3. Impact of the exposome on development and progression of
atherosclerosis

Exposomic determinants such as air pollution play a crucial role in
the significant burden of atherosclerotic cardiovascular disease (ASCVD)
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[93]. A significant portion of this attributable ASCVD burden may
originate from non-genomic causes in the sense of “genetics loads the
gun but environment pulls the trigger* [7,25]. This does not preclude
the importance of genetics but does reinforce the notion that the envi-
ronment plays an important part in priming the genetic response. We
will focus on a few exposomic risk factors with strong links to athero-
sclerosis, e.g. air pollution, transportation noise, non-optimal tempera-
tures, soil/water pollution and socioeconomic factors. Of note, there are
many more factors in the exposome that impact the risk of atheroscle-
rosis, e.g. protective environmental “exposures” such as greenspace,
neighborhood walkability [93,94], and more detrimental pollutants
such as heavy metals, pesticides and microplastics [95,96]. Integrating
vascular health markers into the exposome concept could improve our
understanding of environmental influences on ASCVD onset and
progression.

3.1. Air pollution and risk of atherosclerosis

Prior reviews have extensively covered the mechanisms underlying

air pollution exposure and atherosclerosis events [97,98]. Indeed,
short-term and long-term exposure epidemiologic studies, short-term
human studies and experimental studies in atherosclerosis indeed
implicate PMy 5 air pollution as a causal factor in atherosclerosis. A
susceptible individual who is high-risk for ASCVD, may experience an
event when exposed to high levels of air pollution, often in concert with
other poorly understood stressors. This is consistent with the available
evidence that patients who are older, those with multiple risk factors
and/or prior cardiovascular or pulmonary disease, experience most of
the risk posed by air pollution [99,100]. While exposure over years may
promote anatomic progression of the burden of atherosclerosis plaque,
the development of “vulnerable plaque” features, which has also been
noted with air pollution events, may ultimately precipitate an acute
coronary event (plaque inflammation, weakening of fibrous cap and
lipid content) [101]. Thus years of PMy 5 exposure may facilitate a
“vulnerable” state that may then confer risk to acute variations in PMs 5
levels. Exposure to PM; 5 has also been linked to several atherosclerosis
surrogates including alterations in vascular function, carotid intima
media thickness, coronary artery and aortic calcification, flow mediated
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dilation and abnormal ankle brachial index [97,98].

The Heinz Nixdorf Recall Study from Germany (4384 subjects)
investigated the link between urban air pollution and peripheral
vascular bed atherosclerosis, using PM; 5 levels, traffic exposure, and
peripheral arterial disease (e.g. ankle-brachial index (ABI) < 0.9) [102]
or coronary artery disease (e.g. coronary artery calcium content) as in-
dicators [103]. Individuals living closer to a major road had a higher risk
for peripheral arterial disease than those living more distant. The
German KORA Study (4544 subjects) found that particulate matter was
associated with high prevalence of low ABI [104]. The US American
MESA Study (1147 and 5488 subjects) found a trend of elevated risk of
aortic calcification [105] and decreased ratio of carotid intima-media
thickness in association with higher air pollution levels [106], also
confirmed by further increasing the sample size and measuring coronary
artery calcium by CT in 6795 participants [107]. A study of 503 in-
dividuals found that higher air pollution exposure is linked to increased
leucopoietic activity and arterial inflammation as envisaged by
18E_fluorodeoxyglucose positron emission tomography-computed to-
mography (PET-CT) imaging, and independently predicts major adverse
cardiovascular events (MACE) [108]. A meta-analysis of a pooled sam-
ple of more than 10,000 subjects found an association between PMj 5
exposure and subclinical atherosclerosis envisaged by carotid intima
media thickness and arterial calcification [109], which was confirmed
by meta-analysis data on European ESCAPE cohorts (9183 subjects)
[110]. More examples on associations of air pollution with indicators of
atherosclerosis can be found in Ref. [93]. The major mechanisms that
promote atherosclerosis development by air pollution, specifically par-
ticulate matter, are oxidative stress and inflammation [98,111,112],
thrombotic events [113], and enhanced vasoconstrictor activity [114,
115]. These have also been previously reviewed extensively [116-118].

3.2. Transportation noise and risk of atherosclerosis

Traffic-related noise pollution negatively impairs endothelial func-
tion [119-121], an early predictor of atherosclerosis [122,123] coro-
nary artery [124] and peripheral arterial disease [125]. One night of
aircraft [126] or railway noise [127] was enough to impair endothelial
function measured by flow-mediated dilation in healthy volunteers in
association with increased stress hormone signalling and proteomic
markers of thrombo-inflammation. The involvement of oxidative stress
was suggested by restoration of endothelial function in noise-exposed
individuals by administration of the antioxidant vitamin C. The effect
of noise exposure on impairment of endothelial function was exacer-
bated in patients with pre-established coronary artery disease [128]. A
study in Poland found that long-term aircraft noise exposure, exceeding
60 dB(A) Lgen, led to higher pulse wave velocity and increased arterial
hypertension [129]. The Swiss Cohort Study on Air Pollution and Lung
and Heart Diseases in Adults (SAPALDIA) also found that long-term
exposure to railway and nighttime noise events increased
brachial-ankle pulse wave velocity [130]. A 2020 study found a
neurobiological link between noise exposure, inflammation, and MACE
[131]. The study involved 498 healthy adults without active cancer or
clinical CVD. Results showed that increased noise exposure at home was
linked to heightened amygdala activity and arterial inflammation by
PET-CT imaging, and a higher risk of MACE [132]. This pathway has
also been implicated in the link between perceived mental stress and
socioeconomic disparities and CVD [133,134]. However, large cohort
studies show substantial variations. The Swedish SCAPIS Study found no
association for risk of coronary artery disease and transportation noise
levels (Lgen) [135]. In contrast, a cross-sectional study on Indian pop-
ulations in noisy areas (>60 dB(A) Lgen) observed an odds ratio of 2.61
for males and 2.07 for females for risk of coronary artery disease per 5
dB(A) increment in the road noise levels [136]. Similarly, environmental
noise exposure (Laeq,24h and Lyigne) was associated with higher athero-
thrombotic risk in MI patients in the RICO survey [137]. The major
pathophysiologic processes that promote atherosclerosis development
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by transportation noise are oxidative stress and inflammation
[138-140], altered stress hormone signalling [141-143], enhanced
vasoconstrictor activity [138,139,144], and dysregulated circadian
rhythms and clock core components [139] - reviewed in Refs. [53,145].

3.3. Soil/water pollution and risk of atherosclerosis

Soil and water pollutants contribute to the progression of athero-
sclerosis. Exposure to cadmium in particular, has been linked to an
increased incidence of coronary artery disease, peripheral artery dis-
ease, atherosclerosis and stroke, and increased cardiovascular mortality
[146,147]. Also, arsenic and methylmercury promote carotid athero-
sclerosis and peripheral arterial disease, and lead concentrations in bone
is associated with the incidence of and mortality from peripheral and
coronary artery disease [95,148]. The risk of coronary heart diseases is
increased by all the aforementioned heavy metals and metalloids,
including copper [146,149]. Plastic-related chemicals such as phtha-
lates [150] and bisphenols [151], polyhalogenated compounds [152,
153] and dioxins [154] represent endocrine-disrupting and persistent
organic pollutants, which increase the risk of coronary heart diseases
related to atherosclerosis [16]. Important to note that many of these
soil/water pollutants also represent toxic contaminants of air pollution
constituents, especially of particulate matter, suggesting similar patho-
mechanisms. Also microplastic particles have been suggested to promote
atherosclerotic plaque development, progression, and subsequent car-
diovascular events [155]. The major mechanisms by which chemical
pollutants promote atherosclerosis include, oxidative stress and
inflammation, either by direct activation of reactive oxygen species
producing enzymes, interference with thiol-dependent enzyme activ-
ities, oxidative disruption of circadian clock function or aryl hydrocar-
bon receptor-dependent processes, all of which has been previously
reviewed [95].

3.4. Non-optimal temperatures and risk of atherosclerosis

Heat waves, are increasing in frequency with rising mean tempera-
tures [156]. This may unequally affect low/middle- and high-income
countries due to differential access to household and workplace air
conditioning as well as access to the necessary energy for these cooling
systems [157,158]. From 2008 to 2017, extreme heat was associated
with higher all-cause mortality in the contiguous USA, particularly
among older adults [159]. The absolute burden of temperatures related
deaths are however overwhelmingly related to cold weather, rather than
hot weather [160]. Heat exposure may result in severe volume depletion
and cardiogenic shock in patients with cardiovascular disease, particu-
larly those with heart failure with diuretics and p-blockers medication
[161]. This worldwide study showed that exposure to extreme temper-
atures increased the risk of death from any cardiovascular cause,
including ischemic heart disease, stroke, or heart failure compared to
normal average temperatures, where heart failure was associated with
the highest mortality due to non-optimal temperatures. While heat in-
creases mortality, extreme cold also elevates cardiovascular mortality.

A study from North Carolina from 2007 to 2011 reported increased
coronary artery disease-related hospitalizations and emergency
department visits during heatwaves [162]. Meta-analysis data show a
2.8 % increased risk of coronary heart disease for every 1 °C rise above
reference temperature, whereas the overall risk of cardiovascular
disease-related mortality increased by 2.1 % [163]. The major processes
that promote atherosclerosis development by non-optimal temperatures
have been previously summarized [160,164]. Heat exposure triggers
counter-regulatory processes to lower core body temperature, leading to
peripheral vasodilatation and sweating, dehydration, and electrolyte
imbalance. This can cause sympathetic activation and tachycardia,
potentially causing myocardial infarction or stroke. Conversely, cold
exposure triggers sympathetic activation, peripheral vasoconstriction,
and increased muscle tone, raising blood pressure and encouraging
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cholesterol crystal deposition within atherosclerotic plaques, potentially
causing demand ischemia or plaque rupture [160].

3.5. Socioeconomic factors, built environment and risk of atherosclerosis

Urban design and land use can indirectly affect cardiovascular and
metabolic health by influencing mobility, housing, transport modes,
recreational and green spaces [25,165,166]. Prior reviews have exten-
sively covered the association between the built environment and car-
diovascular health [165,167]. A recent systematic review (63 studies, 31
cross-sectional and 32 longitudinal conducted across 21 locations)
assessed the impact of urban design features, including residential
density, land use mix, greenness and walkability, on cardiometabolic
risk factors, including BP, the development of hypertensive heart disease
and CV events [168]. Most studies focused on greenery and walkability,
with a minority focusing on residential density and land use mix.
Overall, strong associations were noted between lower neighborhood
greenery indices with increased BP and the development of hypertensive
heart disease, with a few studies showing an impact on cardiovascular
events. Research indicates that neighborhood walkability is associated
with a reduced risk of multiple risk factors [169].

A systematic review found that residential density, reduced traffic
exposure, recreation facilities, street connectivity, and highly walkable
environments were associated with increased physical activity [170]. A
cross-sectional study in 14 cities in 10 middle-income and high-income
countries found that the density of residences, public transport and
parks was attributable to 90-150 min of physical activity per week
[171]. Active transportation—such as walking or cycling for commu-
ting—can increase physical activity and lead to reductions in BP.
Compared to vehicular travel, it can also lower exposures to air pollu-
tion, noise and heat [166,172,173]. A number of quasi-experimental
studies have suggested that switching from private to public and/or
active transportation was associated with a decrease in BMI [165,166].
In a large prospective cohort study (n = 263,540) in the UK, active
transportation by cycling and walking was associated with a lower risk
of cardiovascular events (cycling HR 0.48, 95 % CI 0.25-0.92, P = 0.03;
walking HR 0.64, 95 % CI 0.45-0.91, P = 0.01), independent of other
factors [174]. The mechanisms may include reduced sympathetic ner-
vous system activity, improved endothelial function and improved
autonomic balance. A study comparing London and Hyde Park walking
patterns found that walking in Hyde Park improved lung function and
decreased pulse wave velocity and augmentation index, and thereby
reduced indicators of arterial stiffness in patients with pre-existing
chronic obstructive pulmonary disease or ischemic heart disease [175].

Prior meta-analyses and studies have suggested an association be-
tween green-spaces and multiple physical and mental health benefits
[176-178]. The UK Biobank cohort examined the relationship between
residential walkability index, greenness, and pulse wave velocity,
showing that higher walkability exposure and greenness were associated
with lower pulse wave velocity, particularly in women and older adults
[179]. Prior studies have suggested a strong link between social de-
terminants of health and cardiovascular outcomes [48]. The Gutenberg
Health Study used cross-sectional and longitudinal data to examine the
link between individual socioeconomic status and cardiovascular dis-
ease risk and mortality, with a total of 15,010 participants. At 10-year
follow-up, low socioeconomic status was associated with a 68 %
higher risk of incident CVD and 86 % higher all-cause mortality, effects
that were stronger related to education and occupation than the
household net-income [180]. Low socioeconomic status (here low in-
come) may contribute to higher stress-related neural activity and arte-
rial inflammation (measured by PET-CT) with an overall higher risk of
MACE [181]. More examples are provided in Refs. [93,165,167].

4. New tools of exposomic assessment

The integration of climate, environmental, social and health data
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into common platforms and the use of machine learning and artificial
intelligence (AI) to explore climate and human health effects provides an
unprecedented opportunity for health impact assessment and policy
[182-184]. Geo-spatial tools can markedly enhance the ability to inte-
grate features in the built environment to predict heart disease. In a
recent series of papers, we demonstrated that built environment features
extracted from Google Street views of Satellite views, using deep
learning predicted coronary heart disease and ASCVD prevalence. The
addition of Google Street view features, improved a model that included
census-tract level age, sex, race, income and education or composite
indices of social determinant of health. Activation maps from the fea-
tures revealed a set of neighborhood features that were associated with
high coronary disease prevalence [185,186]. Integrated online mapping
tools with embedded data enables researchers, community groups, and
the public to identify communities burdened by multiple sources of
pollution and socioeconomic vulnerabilities [187]. These scores are
combined to calculate an overall cumulative impact score [188]. Newer
generative Al approaches can further enhance our ability to estimate
environmental risks, e.g. by automated assessment of the built envi-
ronment [185,186]. The use of such tools may provide useful informa-
tion for future policy recommendations. In the field of exposure science,
new sensor technologies in wearable monitors that can capture multiple
human microenvironments offer the promise of true exposomic
assessment.

Integrated assessment of toxin exposures by OMICs methods
(adductome, metabolome, proteome, transcriptome/epigenome) can
substantially enhance exposomic assessment and is currently a limita-
tion of current approaches [17,51,80,189]. Also, major limitations such
as measuring biomolecules, metabolites, and toxic compounds from
femto-to millimolar concentrations by mass spectrometric analysis need
to overcome [57]. Although high-resolution mass spectrometric ap-
proaches are revolutionizing exposomics, identification of many chem-
ical species is currently complicated, as chemicals undergo
transformation. While computational tools can predict many trans-
formations, predicting first order reactions alone can be challenging, let
alone second order reactions. Approaches to reduce complexity and
dimension reduction such as grouping of chemicals by their sources into
groups as well as grouping “exposures,” analogous to genotype variants,
and linking their relationship to a phenotype of interest is increasingly
being employed. Environment-Wide Association Studies (EWAS) are
currently allowing the assessment of exposures over lifetimes in thou-
sands of individuals, correlating them with biochemical changes, and
assigning them to health outcomes and mortality [17,190,191].
Al-based approaches are rapidly transforming many of the aforemen-
tioned challenges.

5. Outlook and conclusions

Although environmental risk factors have been linked to public
health and socioeconomic burden, they are often overlooked in clinical
guidelines, global prevention plans, and health politics [4,53,192]. This
is also reflected by limited funding invested in environmental research
as compared to substantial research support for characterization of the
human genome and conduction of Genome-wide Association Studies
(GWAS) to understand the correlation of genetic predisposition and
NCDs, the ,heritable diseases” [190]. Here are some facts and a road
map for exposome research.

e Exposome research has shown that environmental factors play a
major role in diseases [17,193], like diabetes [194], cardiovascular
conditions [13,195], childhood illnesses [196], and unhealthy aging
[90], accounting for up to 2/3 of all chronic disease [7,8]. However,
understanding the exact impact of each exposure on disease and
mortality requires better models that separate individual environ-
mental effects [27,13].
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e To achieve this, researchers need to track various environmental
factors such as toxins, noise, UV radiation, temperature, and social
influences at a detailed level [190]. Regular assessments - weekly or
monthly - should measure internal body responses (e.g., blood
pressure, heart rate [17,13], and biochemical changes [79,80]).
These data must be collected across a person’s entire lifespan,
starting from before birth, to identify links with health outcomes.

Analyzing such vast amounts of data will require advanced bioin-
formatics and statistical methods [190,197], as well as global
cooperation in funding, ethics, and data protection [198] - similar to
the Human Genome Project. As technology advances, exposome
research will benefit from cheaper OMICs analysis [17,51,80,189],
large-scale studies, and personal sensors [25,199] that can track
multiple exposures with high precision to overcome the challenges
mentioned in the Graphical Abstract. These improvements will
enable more accurate environment-wide association studies (EWAS)
[190,191], ultimately leading to better disease prevention strategies.
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