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Abstract

Ischaemic heart disease represents the leading cause of morbidity and mortality, typically induced by the detrimental effects of risk factors on the 
cardiovascular system. Although preventive interventions tackling conventional risk factors have helped to reduce the incidence of ischaemic heart 
disease, it remains a major cause of death worldwide. Thus, attention is now shifting to non-traditional risk factors in the built, natural, and social 
environments that collectively contribute substantially to the disease burden and perpetuate residual risk. Of importance, these complex factors 
interact non-linearly and in unpredictable ways to often enhance the detrimental effects attributable to a single or collection of these factors. 
For this reason, a new paradigm called the ‘exposome’ has recently been introduced by epidemiologists in order to define the totality of exposure 
to these new risk factors. The purpose of this review is to outline how these emerging risk factors may interact and contribute to the occurrence of 
ischaemic heart disease, with a particular attention on the impact of long-term exposure to different environmental pollutants, socioeconomic and 
psychological factors, along with infectious diseases such as influenza and COVID-19. Moreover, potential mitigation strategies for both individuals 
and communities will be discussed.

Keywords Ischaemic heart disease • Risk factors • Atherosclerosis • Pollution • Mental stress

Introduction
Ischaemic heart disease (IHD) is a major cause of morbidity and mor
tality worldwide, classically triggered by the deleterious effects of risk 
factors on endothelial cells.1–3 Preventive measures based on tradition
al risk factors identified in the Framingham Heart Study4,5 such as arter
ial hypertension, diabetes, dyslipidaemia, and smoking have decreased 
IHD incidence but the latter remains the number one killer worldwide; 
thus, other contributors must be addressed in order to further reduce 
the disease burden.6 Moreover, among 62 048 patients with first- 
presentation ST-elevation myocardial infarction, 15% without standard 
modifiable cardiovascular risk factors (defined as SMuRFs) shows signifi
cantly increased risk of all-cause mortality compared with those with at 
least one modifiable risk factor.7 This observation calls to action for the 
identification of yet undiscovered aetiologies in the IHD arena.

Three environmental broad domains play a major role in IHD. In par
ticular, research into natural, built, and social environments has ad
vanced the importance of known factors (Table 1),8–30 although still 
many others can contribute to the genesis of ischaemic and metabolic 
diseases. These factors cannot be directly modified by treating trad
itional cardiovascular risk factors, hence current prevention strategies 
focused on these latter could fail.31 Thus, the recent focus on non- 
traditional risk factors, including pollution (air, water, soil, and chemical 
exposures), mental stress, depression and social isolation, as well as in
fectious noxae31,32 is quite appropriate.

The Global Burden of Disease (GBD) report clearly highlights the 
relevance of environmental stressors in determining the burden of 
mortality and disability-adjusted life years (DALYs), and among them, 
ambient air pollution has become the main environmental cause of dis
ease and premature death worldwide, even when compared with other 
traditional cardiovascular risk factors (Figure 1).33 Accordingly, air pol
lution has been shown to reduce the global average life expectancy 
by 2.9 years, a reduction that is more extensive when compared with 
traditional cardiovascular risk factors such as tobacco smoking (2.2 
years).34 At the same time, the effects of environmental pollution in 
terms of mortality are expected to increase with advancing age, due 
to direct aging effects, multiple comorbidities developed, including co
existing cardiovascular risk factors, and a longer exposition to environ
mental insults, and this burden will be particularly higher in developing 
countries (Figure 2).35

Environmental risk factors exhibit system interactions often with 
large effects attributable to non-linear interactions among them and 

consequent effect amplification. Thus, in the last decade, a new para
digm called the ‘exposome’ has been introduced by epidemiologists, 
in order to define the totality of exposure to these new risk factors 
in the natural, built and social environments.36 The exposome appears 
as a highly variable and dynamic entity, evolving throughout the individ
ual lifetime. Furthermore, the exposome may represent another key 
player involved in determining the residual inflammatory risk,37 which 
today represents one of the main concerns to be addressed in the 
IHD arena, since the thrombotic and lipid risk have mostly been tackled 
through pharmacological treatment.

Therefore, the aim of this review is to describe the impact of 
non-traditional and emerging risk factors on IHD. We will focus 
on the role of chronic exposure to various environmental pollu
tants, socioeconomic and psychological determinants, and infectious 
diseases, including COVID-19. Furthermore, we will propose pos
sible strategies for risk mitigation, both at individual and community 
levels.

Environmental pollution
Air pollution
Air pollution is a heterogeneous mixture of gases and particles, derived 
from both human and natural activities.38,39 Ambient particles include 
coarse particles with aerodynamic diameters ranging from 2.5 to 
10 µm (PM10), fine particles (<2.5 µm; PM2.5), and ultrafine particles 
(<0.1 µm).38,39 The chemical composition of particles differs consider
ably, depending on geographical, meteorological, and source-specific 
variables.40 Usually, ambient particles include inorganic components 
(sulfates, nitrates, ammonium, chloride, and trace metals), elemental 
and organic carbon, crystal materials, biological components, and ad
sorbed volatile and semi-volatile organic compounds.40 Additionally, 
ambient particles can generate ambient aerosols when combined 
with atmospheric gases such as ozone, sulfur and nitric oxides (NO), 
and carbon monoxide (CO).40 Although a growing body of studies sup
ports the toxicity of ultrafine and coarse particles, most available evi
dence recognizes PM2.5 as the primary air pollutant causing 
deleterious effects on human organism.40,41

The GBD study estimated that in 2019, ∼7.0 million deaths world
wide were directly attributable to air pollution, of which 4.1 million 
to ambient air pollution and 2.3 million to the household component.1

Moreover, air pollution is recognized as a leading cause of excess 
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mortality and loss of life expectancy, particularly through cardiovascular 
disease.34

Of note, both short-term and chronic exposure to pollutants are re
sponsible for increased relative risk of cardiovascular events, such as 
heart failure hospitalizations, cardiac arrest, arrhythmias, ischaemic 
stroke, and above all myocardial infarction (MI).38,39 Indeed, high levels 
of PM2.5 may enhance coronary atherosclerosis as well as plaque de
stabilization.42–44 Furthermore, recent evidence suggests that in pa
tients with recurrent acute coronary syndrome (ACS), higher 
long-term PM2.5 exposure is associated with impaired plaque healing.45

In human studies, plasma oxidized low-density lipoprotein (LDL) 
concentration was positively associated with chronic air pollution ex
position and this correlation was not influenced neither by conventional 
cardiovascular risk factors, nor lipid lowering drugs, suggesting an inde
pendent role of pollutants on the atherosclerotic process.46 In addition, 
recent data show that short- and medium-term exposures to higher le
vels of pollutants, in particular PM2.5, are associated with significant im
pairments in high-density lipoprotein functionality, as well as elevations 
in oxidized LDL, metrics of systemic inflammation C-reactive protein, 
and oxidative stress.47,48 In this setting, statins are only partly able to 
reverse levels of cholesterol, oxidative stress, and inflammatory re
sponse in mice.49

PM2.5 and diesel exhaust exposures have both been implicated in 
acutely raising blood pressure50,51 (Figure 3). In meticulously conducted 
randomized studies, it has been demonstrated that exposure to ultra
fine particles, PM2.5, and PM10 increase blood pressure within 
hours.39,52 In contrast, decreased PM2.5 exposure through air filtration 
tools has shown reduced blood pressure, indicating a cause–effect re
lationship.53 The factors causing this phenomenon may include abrupt 
changes in autonomic tone, redox stress, changes in vascular stiffness, 
and endothelial dysfunction.54,55

Air pollutants may impair insulin sensitivity and promote the devel
opment of overt diabetes mellitus potentially through a variety of path
ways including systemic inflammatory insults and oxidative stress.56–58

Estimates form the GBD suggest that as much as 22% of the global 
population attributable fraction of type 2 diabetes may result from 
air pollution.59 In this context, by adding to chronic air pollutant expos
ure (PM2.5, CO, NO2, and ultrafine particles) the burden of road traffic 
noise and lack of green spaces, the cumulative risk of multiple expo
sures appears to be much higher than the risk estimates of any single 
exposure.60

The mechanisms mediating cardiovascular disease in response to air 
pollution may be viewed as cascading responses beginning with pollu
tant inhalation in the lung that results in initiating responses, recognition 
and transmission of these responses, and finally end-organ effector me
chanisms.44,61 Transmission pathways include biologic intermediates 
(oxidized lipids, cytokines, microparticles, vasoconstrictors), activated 
immune cells, autonomic imbalance/afferent neurologic circuits leading 
to sympathetic and/or hypothalamic-pituitary-adrenal axis (HPAA) 
activation, and direct translocation of pollutants to the systemic 
circulation.52–55 Nanoparticles in the ultrafine range have been shown 
to directly leach into the circulation and penetrate atherosclerotic 
plaque in humans and mice.62 Finally, end-organ effector mechanisms 
responsible for cardiovascular and metabolic responses include: endo
thelial barrier disruption and/or dysfunction; tissue/organ inflammation; 
heightened coagulation-thrombosis; and vasoconstriction/increased 
blood pressure and secondary tissue damage/responses (plaque 
instability).56 Additional mechanisms can include direct disruption of 
the blood–brain barrier by ultrafine particulate and gaseous 
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Figure 1 Impact of traditional and non-traditional risk factors on overall death, and death from ischaemic heart disease and DALYs. Data from the 
GBD 2019 reports33

Figure 2 Percentage of ischaemic heart disease mortality burden attributable to air pollution for both sexes, all ages in 2019. Data from the GBD 2019 
reports (Institute of Health and Metrics and Evaluation, IHME)35
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co-pollutants which may influence autonomic nervous system as well as 
resulting in central nervous system inflammation.63–66 Oxidative stress 
and the interplay between interleukin-6 and tissue factor appear to be 
additional mechanisms in pollution-mediated thrombosis, together 
with an emerging role for circulating microvesicles and epigenetic 
changes.67,68 Air pollution enhances the thrombotic response, as 
shown in an experimental model through intratracheal exposure to 
diesel exhaust particles, which induced platelet activation within an 
hour67; and in human, where inhalation of PM increased platelet–leuco
cyte aggregates.69–71 The thrombotic response appears to be mediated 
by platelet activation through direct contact in the lung or translocation 
of ultrafine PM, as well as through mediators released into the circula
tion as a result of PM-induced lung inflammation69,70 (Figure 3).

Recent evidence has shown that higher PM2.5 is associated with in
creased leucopoietic activity, as well as arterial inflammation, even after 
adjusting for traditional cardiovascular risk factors.72 This response is 
mediated by an enhanced efflux of monocytes from the bone marrow 
migrating to adipose tissue and arterial wall.72,73 Toll-like receptor 

(TLR) 4 and nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase appear to mediate the vascular effects of PM2.5, as well as 
C-C chemokine receptor type 2 (CCR2), which is critically involved 
in the mobilization of these cells and adipose tissue inflammation.54,55,74

Interestingly, in 631 randomly selected men without overt cardiovascu
lar disease, the exposure to air pollutants was associated with 
C-reactive protein increase75; these results were also observed in 
ACS patients, demonstrating that C-reactive protein levels present a 
linear and significant correlation with PM2.5, PM10, and CO expos
ure.43 Pro-oxidant effects further contribute to coronary plaque devel
opment and air pollution may finally trigger coronary plaque 
destabilization. In this context, highly vulnerable coronary plaque fea
tures, investigated through intracoronary imaging, were associated 
with at least 2-year exposure to PM2.543; in stable patients, high levels 
of PM2.5 were associated with an increased risk of either fibrofatty or 
necrotic core in newly developed plaques and with a higher risk of total 
plaque volume progression in the pre-existing plaques.42 Lastly, high 
PM2.5 exposure enhances the occurrence of coronary spasm and 

Figure 3 Air, light, and acoustic pollution represent relevant non-traditional risk factors for ischaemic heart disease. Air pollution through biological 
intermediates induces oxidative stress, inflammation which can generate insulin resistance and diabetes mellitus. Also, acoustic and light pollution and 
social stress enhance oxidative stress and inflammatory response through stress hormones imbalance and circadian rhythm disruption (sleep depriv
ation or fragmentation), respectively, leading to endothelial dysfunction and platelet aggregation. All these elements can promote ischaemic heart 
disease
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portends acute clinical presentation in patients with ischaemia and non- 
obstructive coronary arteries.76

These results should be put into context with data on tobacco smok
ing and occupational pollution, which have both shown a deep intersec
tion with air pollution, unsafe water, sanitation, and handwashing, as 
well as with extreme temperatures exposure in determining the risk 
of death and DALYs.77

Climate change and non-optimal 
temperatures
Climate change is a major environmental risk factor and is strictly related 
to air pollution, recognizing in ambient air pollution one of its leading 
causes.78 Of importance, the frequency of heat waves is progressively 
growing and prolonged exposure to hot temperatures has recently 
been associated with increased risk of cardiovascular death.79

Moreover, heat waves demonstrated a synergistic effect with air pollu
tion determining an increase in MI mortality rates.80 Indeed, during pro
longed heat waves, thermoregulation is triggered, causing sympathetic 
activation, increased systemic inflammation, oxidative stress, and endo
thelial dysfunction, along with metabolic increase and oxygen consump
tion, thus potentially leading to myocardial ischaemia.79

Soil pollution and water contamination
Soil is responsible for water storing, crop preservation, carbon captur
ing, and global climate change slowing.81 Soil may be polluted by heavy 
metals, organic chemicals such as pesticides, biological pathogens, and 
plastic particles, that inevitably contaminate food and drinkable water 
causing deleterious systemic effects though oxidative stress recognized 
as a common initiating event.77,78,81,82 In particular, water contamin
ation may cause heavy metal accumulation, among which cadmium, 
lead, and inorganic arsenic have demonstrated strong association 
with cardiovascular risk factor enhancement, cardiovascular mortality, 
and adverse cardiac events, particularly IHD and adverse cardiac re
modeling.83–86

Light pollution
A novel environmental risk factor is light pollution, defined and 
measured by the threshold of 14 µcd/m2 artificial night-time sky 
illumination.87 This phenomenon comes in many forms, including sky 
glow, light trespass, glare, and over-illumination. Ninety-nine per cent 
of the western population lives under light-polluted skies.88 In a recent 
longitudinal study evaluating 58 692 Chinese elders (∼77 years old) fol
lowed for a median of 11 years, outdoor light at night at the residential 
address was associated with a higher risk of IHD hospitalization and 
mortality, even after adjustment for a wide range of individual and area- 
level risk factors.15 Concordantly, in a cross-sectional study involving 
elderly individuals in Japan with a mean age of 71.4 years, higher levels 
of night-time light intensity, measured inside the bedroom, were posi
tively associated with carotid atherosclerosis progression.16 Moreover, 
light at night measured in a home setting was significantly associated 
with increased night-time blood pressure, as well as hyperglycaemia 
and obesity, highlighting the role of this pollutant in inducing classical 
cardiovascular risk factors.89–91 Exposure to night-time light may dis
rupt circadian rhythms which affects a multitude of homeostatic me
chanisms that may lead to increased susceptibility through sleep 
fragmentation, deprivation and stress, and risk factors such as hyperten
sion and obesity (Figure 3).92,93 Many mediators of circadian rhythms 
are epigenetic modifiers that influence metabolism through multiple 
transcriptional pathways.94–96 Misalignment between circadian 

components and environmental factors is thus thought to be an 
important contributor to non-communicable diseases.92,97,98 At a mo
lecular level, autonomous circadian rhythms are generated by a tran
scription– 
translation auto-regulatory feedback loop. Epigenetic modifications of 
the molecular circadian rhythms lead to cardiovascular dysfunction, 
triggering systemic inflammatory responses, detrimentally affecting 
the immune system, and increasing superoxide and endothelial NO syn
thase uncoupling in blood vessels.55,67,74 Recent data advance the con
cept that environmental factors may exert cardiovascular effects via 
epigenetic alteration of circadian targets.94,95,99,100 In an important 
study comparing chronic ambient inhalational air pollution exposure, 
PM2.5 caused peripheral insulin resistance, circadian rhythm dysfunc
tion, and metabolic and brown adipose tissue (BAT) dysfunction, similar 
to light at night (however with no additive interaction between PM2.5 
and night-time light).101 These phenotypic variations were related with 
reprogramming of pathways implicated in inflammation, lipid oxidation, 
and gluconeogenesis, all without changes in body weight. Circadian dis
ruption was evinced by considerable modifications in the rhythmic syn
thesis of daily corticosteroids, along with changes in amplitude and 
desynchronization of key circadian and epigenetic regulators such as 
Bmal1, Clock, Per1, Per2, Cry1, and Cry2 in the liver and BAT.101

Although there were phenotypic similarities between light at night 
and PM2.5 exposures, there were also distinct transcriptional and epi
genomic differences. By using ATAC-sequencing to detect differentially 
accessible promoters and enhancers of circadian genes in response to 
PM2.5, transcriptomic analysis of the liver and BAT revealed extensive 
but distinctive changes in circadian genes. With increased promoter oc
cupancy by the histone acetyltransferase p300, PM2.5 exposure re
sulted in a down-regulation of the histone deacetylases 2, 3, and 
4. These findings suggest a previously unrecognized role of PM2.5 
akin to light exposure in promoting circadian disruption and metabolic 
dysfunction through epigenetic regulation of circadian targets.

Acoustic pollution
Transportation noise exposure (road, aircraft, and railway noise), an 
inevitable consequence of urbanization and globalization, represents a 
growing threat to human health, precipitating stress reactions and contrib
uting to cardiovascular diseases.102,103 As is the case with other emerging 
environmental risk factors, noise feeds the development of traditional 
cardiovascular risk factors, above all hypertension (Figure 3), often poorly 
controlled.19,104,105

A meta-analysis, including studies on road and aircraft noise, highlighted 
a 6% higher risk for the occurrence of IHD for every 10 decibels (dB) in
crease in traffic noise, starting from a threshold of 50 dB, nowadays still 
considered as low.106,107 Furthermore, several studies have shown that 
the risk of major adverse cardiac events (MACEs) is dose-dependent 
above 50 dB. Indeed, Saucy et al.18,108 demonstrated that exposure to 
night-time aircraft noise >50 dB was significantly associated with mortal
ity for all causes of cardiovascular diseases, mainly IHD.

Animal and human studies provide important insights into the me
chanisms by which noise exposure fosters cardiovascular diseases.20,104

Noise exposure, especially at night, acts at amygdala level, promotes 
autonomic imbalance and release of stress hormones with consequent 
oxidative stress, inflammation, metabolic abnormalities, altered gene 
expression, and endothelial dysfunction, both in healthy individuals 
and in subjects with pre-existing cardiovascular diseases.20,104

Nuclear imaging demonstrates that noise exposure associates with 
higher amygdala activation, which mediates arterial inflammation and 
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increased risk for MACEs, even in low-risk patients.20 Through circa
dian disruption, stressors including light, noise, and air pollution may en
train cardiovascular pathways of increased risk such as inflammation 
and oxidative stress. Noise exposure at night for instance has been as
sociated with increased vascular and cerebral oxidative stress through 
NOX activation and vascular dysfunction leading to an increased risk of 
cardiovascular events.86,109

Social stress
A worrisome trend in the 21st century, particularly evident during the 
COVID-19 pandemic, was a marked risk in mental stress leading in 
many cases to frank mental illness, including depression, anxiety, and 
schizophrenia.110 Furthermore, there is a growing realization that social 
stressors, together with other pervasive environmental risk factors, in
cluding air pollution and chemical exposures, may result in mental 
illnesses.

The incidence of mental illness is higher in patients experiencing 
cardiovascular diseases and the risk of a cardiovascular event is more 
pronounced in subjects with mental conditions, as demonstrated for 
those affected by depression, bipolar disorder, or schizophrenia.111

Nevertheless, while these conditions only affect a limited portion of 
the population, mental states associated with significant distress have 
now become more prevalent, affecting the individual response and per
ception to stressors.112 Nowadays, loneliness and social isolation, espe
cially after the COVID-19 pandemic, have increased and multiple 
studies have identified them as important risk factors in cardiovascular 
diseases.113,114 Social isolation is perceived as the absence of social re
lationships and identified as behaviour, while loneliness is a feeling which 
can be subjective.115 Moreover, loneliness is related to a poor quality of 
social contact that could creep into daily routines and lead to depres
sion and affect mental health.116 Of interest, among diabetes patients, 
loneliness, but not social isolation, is associated with a higher risk of car
diovascular disease and shows an additive interaction with the degree of 
risk factor control.117

Chronic stress has been repeatedly shown to result in adverse health 
consequences, irrespective of study characteristics, stressor, outcomes, 
and confounding factors.118 The international INTERHEART case– 
control study proved that chronic psychosocial factors were significant
ly related to a doubling risk of acute MI, independently of traditional 
modifiable risk factors, geographic regions, age, and sex.119 However, 
several residual confounding issues continue to complicate the inter
pretation of this relationship, given the association of unhealthy 
lifestyles, including sedentary habits, smoking, and poor diet, that are 
often highly prevalent.120 A major limitation of studies investigating 
mental stress is the lack of standardized measures for stress quantifica
tion.121 Cortisol, an index of adrenal activation, involved as a compo
nent of the stress response, is a crude plasma indicator of an 
integrated stress response.122–124 More recently, plasma biomarkers 
have emerged, such as brain-derived neurotrophic factor (BDNF), 
that possibly reflect propensity to plaque instability.123,125,126

Undoubtedly, newer approaches that focus on integrative pathways 
and shed light on the brain-peripheral responses are needed. Animal 
models of chronic stress have provided evidence that the neural circuit
ry regardless of the trigger may share common pathways and elucidate 
a remarkable preserved cascade of events that is evolutionarily con
served across species.127 What is currently abundantly apparent is 
that the limbic system is a pivotal central component of stress sensing, 
with the amygdala playing a critical role in anchoring and entraining a 

diversity of neural centres through the brain efferent pathways. The 
downstream neural centre of amygdalar response is the hypothalamus 
that increase sympathetic nervous system (SNS) and initiate activation 
of the HPAA, with inhibition of the vagal system123,124 (Figure 4). 
Hyper-activation of the SNS increases peripheral vascular resistance 
with higher blood pressure, and lowering heart rate variability.127–129

The short-term activation of the HPAA and SNS, while transiently ex
erting a moderating influence on acute stress pathways such as suppres
sing a hyperactivated immune response and reducing inflammation, may 
result in maladaptive pathways chronically, such as immune system dys
regulation and chronic low-grade inflammation.123,124,127–129 Indeed, a 
paradigm where chronic stress not only up-regulates stress-associated 
neurobiological activity but also leads to increased risk factors (obesity, 
hypertension, and insulin resistance) and heightened arterial inflamma
tion via a neural-immune axis has now been established.130 This in turn 
has been shown to drive higher cardiovascular disease risk independent
ly of traditional risk factors. Indeed, both noise and air pollution result in 
arterial inflammation with increased amygdalar activation.74,130 An inte
grated mechanism by which a diversity of external triggers including so
cial stress may result in a stereotypical response characterized by 
amygdalar and HPAA activation and hyper-elicited peripheral sympa
thetic responses, provides a framework to understand how chronic 
stress can result in increased risk for cardiovascular disease. A recent 
study evaluated neighbourhood-level socioeconomic status indices 
among individuals who had undergone 18F-fluorodeoxyglucose positron 
emission tomography/computed tomography imaging. Lower neigh
bourhood socioeconomic status (lower income or higher crime) is as
sociated with increased amygdalar activation, arterial inflammation, and 
subsequent cardiovascular events.131

Infectious diseases
Infections may represent a risk factor for atherothrombotic cardiovascular 
events, and this relationship has been investigated in different clinical set
tings.132,133 Respiratory infections, periodontal diseases, Helicobacter pylori 
contamination, Chlamydia pneumoniae, and recently the COVID-19 pan
demic have all been shown to be related to an increased cardiovascular 
risk.132–136 Nevertheless, the impact of acute respiratory infections on 
the cardiovascular system has been widely studied in the last few dec
ades,133,137–139 characterizing underpinning mechanisms in terms of both 
acute and chronic consequences.138 Direct cardiac myocyte damage, plate
let activation, oxidative stress induction, and lipopolysaccharide 
(LPS)-mediated systemic inflammation have been suggested as the most 
common pathological events.140–142 Concomitantly, enhanced gut perme
ability and subsequent low-grade endotoxaemia may have effects both on 
atherosclerotic and thrombotic processes, by binding TLRs, implicated in 
platelet activation and consequently in thrombus formation142 (Figure 5). 
However, platelet activation and aggregation may be directly mediated 
by pathogen components.141 In this context, patients affected by 
community-acquired pneumonia and presenting acute MI were found to 
have higher values of mean platelet volume, plasma soluble P-selectin, 
CD40 ligand, and serum thromboxane B2, as well as increased gut perme
ability and low-grade endotoxaemia.143 In particular, C. pneumoniae has 
been studied in the context of ACS showing that an active, possibly chronic 
infection might trigger coronary instability.136 Moreover, several gram- 
positive bacteria enhance the thrombotic risk by the formation of plate
let–neutrophil complexes.144

Lipopolysaccharide plays a pivotal role in plaque formation, progres
sion, and destabilization, through its pro-oxidant properties, which are 

428                                                                                                                                                                                             Montone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/45/6/419/7571572 by Fabrizia Tassoni user on 23 D
ecem

ber 2024



mediated by the activation of NADPH oxidase-2 (Nox2).145–147

Intratracheal administration of LPS in mice induced progression from 
stable to unstable phenotypes in aortic arch plaques.148 Plaque instability 
was caused by acute inflammation of the arterial wall via leucocyte infil
tration and formation of neutrophil extracellular traps (NETs).148,149

Influenza and COVID-19 virus present direct and indirect effects on 
triggering and/or exacerbating IHD presentation, by a vascular endo
thelial viral infection and the induction of a systemic inflammatory cyto
kine storm.134,150 The direct influenza virus infection of vascular 
endothelial cells, inducing the epithelial release of a variety of cytokines, 
chemokines, and adhesion/apoptosis molecules, may accelerate athero
sclerosis plaque progression and platelet activation.151,152 Systemically, 
influenza induced-proinflammatory and coagulation factors may be 
responsible for the increased risk of plaque rupture and throm
bosis.153–155 Influenza may also enhance thrombus formation by in
creasing tissue factor and von Willebrand factor (vWF) expression in 
vascular endothelium,156 and plasminogen activator inhibitor-1 levels 
in plasma,157 but also by decreasing protein C activity and by promoting 
NET formation, finally leading to a higher risk of coronary artery 
disease.158

COVID-19 infection also may directly induce or precipitate 
cardiovascular events.134 Indeed, through the angiotensin-converting 
enzyme 2 receptor, severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) may enter vascular smooth cells, endothelial cells, and 
myocytes, producing a cytopathic effect.134,159 The direct effect of 
SARS-CoV-2 induces endothelial injury, recognized by an increased lo
cal release of proinflammatory cytokines and adhesion mole
cules.159,160 Similarly to the influenza virus, the systemic inflammatory 
cytokine storm in infected patients may trigger cardiac manifestations 
such as myocarditis, arrhythmias, thromboembolism, heart failure, MI, 
or multisystem inflammatory syndrome in children.161 Indirect effects 
in severely ill COVID-19 patients are mainly due to vascular hyperper
meability, up-regulation of trypsin, and activation of procoagulant path
ways.162 In particular, in intensive care unit (ICU)-hospitalized 
COVID-19 subjects, the levels of vWF antigen were higher compared 
to non-ICU COVID-19 and to influenza patients.163,164 Of importance, 
many epidemiological studies reported a strong association between 
SARS-CoV-2 infection, increased PM2.5 exposure, and morbidity and 
mortality from IHD.44 Indeed, several mechanisms crucial for the 
pathogenesis of SARS-CoV-2 can cross-react and have synergistic ef
fects with those induced by PM2.5, thus exponentially increasing the 
risk of IHD.

Finally, changes in both gut microbial composition and circulating 
levels of microbial metabolites have been associated with several hu
man diseases, including cardiovascular diseases. In particular, key gut 
microbiota-generated metabolites derived from aromatic amino acids 

Figure 4 Mental distress, depression, loneliness, and social isolation act as a trigger for ischaemic heart disease through the hypothalamic-pituitary- 
adrenal axis which induces the production of glucocorticoids by the adrenal cortex, generating insulin resistance and visceral obesity. An imbalance in 
the sympathetic nervous system promotes the fight or flight response with higher blood pressure and heart rate variability. SNS, sympathetic nervous 
system
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have been shown to be independently associated with the occurrence 
of acute cardiovascular events.165,166 Of importance, lifetime exposure 
to air pollution and other environmental contaminants (i.e. pesticides) 
can alter the composition and diversity of the gut microbiota and these 
alterations have been linked to adverse health outcomes,167,168 further 
demonstrating the systemic interactions of these environmental risk 
factors in determining human diseases.

The concept of the exposome
Based on this increasing awareness of the impact of the natural, built, 
and social environments on common pathways that heighten suscepti
bility to chronic non-communicable diseases, the exposome concept 
has been introduced to identify an emerging field investigating the ef
fects of pan-environmental exposures on human health. In particular, 
the exposome outlines the harmful biochemical and metabolic changes 
that occur in the human body due to the combination of different en
vironmental exposures throughout life. In this context, the assessment 
of exposure-related changes in metabolic and biochemical pathways 
should be investigated and linked to health outcomes (Figure 6), and 
an approach aiming at the implementation of potential biomarkers, 
able to integrate the genotypic substrate and including ‘omics’ tech
nologies, may play a crucial role in stratifying the risk of developing car
diovascular events.78 Indeed, the exposome concept may not be 
completely separated by individual genetic predisposition. Since genetic 
predisposition may explain only a part of the risk in complex diseases 
such as cancer and IHD, a large proportion of the disease burden 

may be attributable to environmental stressors and the interplay be
tween the genes and the environment.78

The exposome is important to both recognize exposures and define 
that exposures are not isolated but rather a network generating mul
tiple ways to determine aggregate responses to health. Recent studies 
corroborate an exaggerated impact of combined exposures, as seen for 
air and noise pollution, together with lack of green spaces, on metabolic 
diseases and cardiovascular events.169,170 Furthermore, environmental 
exposures often colocalize with a lower socioeconomic status, social 
isolation and negative behaviours (unhealthy diet and smoking) in a 
sort of vicious circle that further increase the risk of cardiovascular 
events.171 The Doughnut model of planetary health provides a unique 
system view on health.172 In this model, social disruption and exceeding 
planetary boundaries in critical planetary systems, such as climate 
change, may result in a multitude of exposures including pollutants 
and social stressors that may result in adverse cardiovascular risk. 
The built environment, based on a fossil fuel economy of a massive 
road infrastructure, limited walking opportunities, lack of green spaces 
and natural vegetation, and a food culture based on animal foods, also 
culminates in an integrated risk that cannot be obviated by treating con
ventional risk factors alone.

So far, only a few available studies represented a ‘real’ comprehen
sive exposome assessment that includes analyses of environmental, 
lifestyle, and socioeconomic exposures as well as biomarkers of ex
posures and outcomes.78 Thus, our understanding of the cardiovas
cular health effects and mechanisms of environmental exposures is 
still limited, because of the lack of large, randomized studies. The 
European Human Exposome Network (EHEN) is the world’s largest 

Figure 5 Infectious diseases as risk factors in ischaemic heart disease. Respiratory infections, periodontal diseases, and recently SARS-CoV-2 infection 
through multiple mechanisms, such as platelet activation, lipopolysaccharide-mediated systemic, inflammation and oxidative stress, mediate ischaemic 
heart disease progression. Moreover, heightened gut permeability and successive low-grade endotoxaemia, through Toll-like receptors, affect athero
sclerotic and thrombotic processes. EPCR, Endothelial protein C receptor; Fxa, Factor Xa; FVa, Factor Va; FVIIa, Factor VIIa; LPS, lipopolysaccharide; 
MO, monocyte; aPC, activated protein C; PC, protein C; PLT, platelet; TF, tissue factor; TLR, Toll-like receptor; TLR4, Toll-like receptor 4
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network studying the effect of environmental exposures on health, 
consisting of nine large-scale research projects, four of which 
dedicated to cardiovascular outcomes, that will shed light on this 
topic.173

Potential mitigation strategies
Results from recent pharmacological strategies against lipid, inflamma
tory, and thrombotic components of the residual cardiovascular risk, 
which partly reduced but not abated this risk,174–178 have further raised 
the necessity of addressing environmental determinants of the athero
sclerotic process. In particular, vulnerable subjects such as patients with 
previous history of IHD or diabetes mellitus seem to be at higher risk of 
environmental-driven damage, thus requiring special attention from 
caring physicians.78,87

Environmental pollution
Clean air, water, and soil together with mitigation of other exposures 
such as light, and noise pollution, and social well-being are included in 
the United Nations Sustainable Development Goals, with the aim to 
achieve a global sustainable development for a better world by 
2030.31,77,78,87,179 At the core of the exposures is the ongoing 

anthropogenic activity and reliance on the fossil fuels that powers the 
multi-layered economy. Thus, satisfactory solutions will require a shift 
in the current state of a linear ‘fossil fuel’ enabled economy to a 
‘reduce-reuse-recycle and regenerate’ circular economy.180 Only re
cently, guidelines from cardiology societies have included air pollution 
as a risk modifier for cardiovascular disease, highlighting the importance 
of raising awareness about this major public health threat.181 One of 
the most urgent actions to facilitate this goal is a rapid transition 
from fossil fuels to clean energy produced from wind and solar 
power.31,77,78,87,179 In the meantime, several policy measures directed 
at a population level such as reducing car transport use, alternate 
modes of transport, and incentives for these activities through taxation 
can be very effective182 (Table 2).

Awareness of the effects of pan-environmental exposures on cardio
vascular health needs to be implemented and, in this regard, personal 
behaviours are of paramount importance. The easiest mitigation ap
proach to decrease light pollution is to switch off lights when not neces
sary. Another easy approach is the use of personal air filtration devices. 
Accordingly, the use of N-95 filters has been shown to reduce blood 
pressure and markers of inflammation and has been recommended 
as a personal protective measure to mitigate air pollution exposure 
for vulnerable individuals by the American Heart Association.53,183,184

There is an interest in pharmacotherapies to mitigate air pollution 

Figure 6 Directed acyclic graph (DAG) illustrating the causal effect of the exposome on ischaemic heart disease (IHD). Being the exposome com
posed by air pollution, chemical exposure, light pollution, acoustic pollution, mental stress, depression, social isolation, infectious noxae, and pulmonary 
infections. Highlighting age, gender, and socioeconomic status as confounding factors. The green nodes indicate the exposure of interest, the green lines 
the exposures effect pathways, the blue node with ‘I’ indicates the outcome of interest, and the blue node without ‘I’ is an intermediate to the effect 
pathway. The pink nodes show the confounding factors since they are both ancestor of exposure and outcome and therefore, the pink lines identify the 
biasing path. This DAG was generated through dagitty.net
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health effects, especially to mitigate the impact of oxidant stress. In this 
regard, the use of anti-oxidant medications such as vitamin A or E may 
be somewhat simplistic, given the complexities of redox stress. 
Planetary diets derived through sustainable sources, procured ethically 
and composed of natural, non-processed ingredients may help drive 
simultaneous climate and health goals.185 The Mediterranean diet as 
well as indigenous diets—without artificial processing—can have signifi
cant benefits and can also help mitigate the adverse effects of pollution 
exposure.186

Mental health disorders and social stress
Stress symptoms and psychosocial stressors are considered cardiovas
cular risk modifiers.187–189 Despite the increased awareness on mental 
diseases and their impact on cardiovascular integrity, data on preventive 
measures (both pharmacological and psychological) are not univocal, 
mainly due to the heterogeneity of the population, type of stressors 

and differences in outcomes evaluated. Furthermore, there is a lack 
of standardized measures to quantify stress. Although validated ques
tionnaires are still the most commonly used, new technology is provid
ing opportunities to improve stress measurement. Similarly to air 
pollution tracking devices, mental health apps and wearable devices 
to assess mental activity may have clinical utility in recording cardiac 
parameters and relate them to physiological changes (Table 2).

Infectious diseases
Potential therapeutic approaches, both pharmacological and non- 
pharmacological, have been proposed to reduce the impact of infec
tious diseases on cardiovascular outcomes133,142 (Table 2). 
Non-pharmacological therapies that influence gut permeability, to re
duce LPS translocation into circulation, are mainly Mediterranean 
diet, prebiotics, and probiotics.190 Mediterranean diet plays a key role 
in controlling endotoxaemia, through the reduction of serum zonulin 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Potential mitigation strategies

Environmental exposures Potential mitigation strategies

Air pollution • Transition from fossil fuels to renewable energy sources (such as wind, tidal, geothermal, and solar)
• Transportation reforms promoting the use of low- and zero-emission vehicles as well as the restriction of traffic in city 

centres
• The use of diesel particle traps, catalytic converters, or alternative fuels (e.g. natural gas and electric cars)
• Urban landscape reforms: reduction of minimum distances between sources and people, the relocation of traffic sources 

(e.g. major trafficked roads), and the avoidance of mixed-use areas (industrial-residential)
• Personal equipment such as face masks and air purifiers
• Building-level filters such as high efficiency particulate arrestance (HEPA)
• Behavioural modifications to reduce passive exposures: closing car and home windows, use of cabin air filter for 

air-conditioning, changing travel routes, staying indoors
• Lifestyle changes including physical exercise in green areas away from major roadways
• Planetary diets derived through sustainable sources, climate and health goals

Acoustic pollution • Better traffic management and regulation
• Implementation of noise reduction protocols
• Technologies to reduce transportation noise
• Encourage the use of electric vehicles to reduce traffic noise
• Design buildings with soundproofing materials and techniques
• Create more green spaces to act as natural sound buffers

Light pollution • Policies to promote energy conservation and light pollution regulations, such as the ‘dark skies’ legislation
• Switch off lights when not necessary and use fewer lights when inside
• Use of automated street lights with motion sensors
• Keep blinds and drapes closed at night
• Use night shift settings on all devices
• Prefer downward facing lights both inside and outside

Social stress • Tracking devices, mental health apps and wearable devices to assess mental activity
• Need to extend stress-preventive strategies
• The development of psychosocial interventions aimed at improving mental health and resilience
• Psychological treatments
• Mindfulness-based interventions

Infectious diseases • Vaccines against airway infections
• Personal equipment such as face masks
• Wash and dry hands regularly and well
• Sanitation, surface cleaning
• Cover coughs and sneezes
• Air cleaning and filtration
• Mediterranean diet, prebiotics, and probiotics
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levels and improvement of patients’ metabolic profile.191,192 Another 
strategy to be considered is high dose of fish oil assumption, in order 
to increase the ratio of n-3 polyunsaturated fatty acids (PUFAs) to 
n-6 PUFA.193 Also statins, largely used in patients with cardiovascular 
risk factors, may inhibit the proinflammatory effect caused by low- 
grade endotoxaemia, by increasing NO production and reducing ex
pression of inflammatory molecules.194

Vaccines against airway infections represent valuable modulators of 
cardiovascular risk. The Flu Vaccination ACS study demonstrated a 
lower cardiovascular mortality in patients with previous MI randomized 
to receive the influenza vaccine and this effect was significantly evident 
at 1-year follow-up.195 The Influenza Vaccination in Secondary 
Prevention from Coronary Ischemic Events in Coronary Artery 
Disease (FLUCAD) trial gave similar positive results.196 Furthermore, 
a meta-analysis from eight randomized clinical trials—influenza vaccin
ation vs. placebo—confirmed a 25% reduction in MACE in patients 
with recent MI.197 Contrasting results are nevertheless available on 
anti-pneumococcal vaccination.198

Conclusions
A robust body of evidence has proved that environmental, non- 
traditional risk factors can adversely affect the burden of cardiovascular 
diseases, being responsible for increased morbidity and reduction of life 
expectancy. These emerging determinants include exposure to ambient 
pollution, mental stress, and psychosocial disorders, as well as infectious 
diseases (Graphical Abstract). All these risk factors are not isolated but 
rather in a network generating multiple ways to determine aggregate 
responses on human health and in turn amplifying their impact on 
the cardiovascular system. Although the social awareness of the prob
lem is increasing and the main cardiovascular guidelines are now taking 
into account the importance of targeting these cardiovascular disease 
modifiers, there is still a long way to go for implementing preventive 
and management strategies. In this context, healthcare providers, and 
public health organizations in general, should be aware of the necessity 
to deal with this paradigm shift. Finally, further research and interven
tional trials are needed to deeply investigate how these emerging fac
tors, alone and in combination, impact on cardiovascular system 
integrity across socioeconomic status, age, sex, ethnicity, and pre- 
existing conditions.
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