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A B S T R A C T

Soil and water pollution represent significant threats to global health, ecosystems, and biodiversity. Healthy soils 
underpin terrestrial ecosystems, supporting food production, biodiversity, water retention, and carbon seques
tration. However, soil degradation jeopardizes the health of 3.2 billion people, while over 2 billion live in water- 
stressed regions. Pollution of soil, air, and water is a leading environmental cause of disease, contributing to over 
9 million premature deaths annually. Soil contamination stems from heavy metals, synthetic chemicals, pesti
cides, and plastics, driven by industrial activity, agriculture, and waste mismanagement. These pollutants induce 
oxidative stress, inflammation, and hormonal disruption, significantly increasing risks for non-communicable 
diseases (NCDs) such as cardiovascular disease (CVD).

Emerging contaminants like micro- and nanoplastics amplify health risks through cellular damage, oxidative 
stress, and cardiovascular dysfunction. Urbanization and climate change exacerbate soil degradation through 
deforestation, overfertilization, and pollution, further threatening ecosystem sustainability and human health. 
Mitigation efforts, such as reducing chemical exposure, adopting sustainable land-use practices, and advancing 
urban planning, have shown promise in lowering pollution-related health impacts. Public health initiatives, 
stricter pollution controls, and lifestyle interventions, including antioxidant-rich diets, can also mitigate risks.

Pollution remains preventable, as demonstrated by high-income nations implementing cost-effective solutions. 
Policies like the European Commission’s Zero-Pollution Vision aim to reduce pollution to safe levels by 2050, 
promoting sustainable ecosystems and public health. Addressing soil pollution is critical to combating the global 
burden of NCDs, particularly CVDs, and fostering a healthier environment for future generations.

1. Introduction

Healthy soil and clean water are fundamental to the environment 
and human health and well-being, yet they remain underappreciated in 
medical practice. Soil forms the foundation of terrestrial ecosystems, 
supporting food production, taking care for beneficial uptake of essen
tial elements, biodiversity, and vital services like pollination [1]. 
Additionally, the soil aids in water retention, protects waterways from 
flooding and decreases the risk of waterborne diseases, and serves as a 

significant carbon sink, mitigating climate change. It is estimated that 
soil degradation nowadays jeopardizes the health of 3.2 billion people, 
or 40 % of the global population [1]. Furthermore, over 2 billion in
dividuals lived in water-stressed regions as of 2021, a figure set to rise 
with continued climate change and population growth pollution of soil, 
water, and air constitutes a severe and escalating global health crisis [2]. 
The Lancet Commission on Pollution and Health identified pollution as 
the leading environmental cause of disease and premature mortality. In 
2019, pollution-related illnesses caused 9 million premature 
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deaths—16 % of global mortality, surpassing deaths from AIDS, malaria, 
and tuberculosis combined [3]. Pollution also accounted for 268 million 
disability-adjusted life years (DALYs), mainly driven by air and water 
contamination [4,5]. Air pollution remains the leading pollution-related 
risk factor, contributing up to 8.3 million deaths annually [6], especially 
among older populations [7]. Water pollution, by contrast, drives high 
rates of infant mortality [3]. Soil and air pollution impact DALYs across 
all life stages, though soil pollution significantly affects older adults [3]. 
Alarmingly, 70 % of diseases caused by pollution are non-communicable 
diseases (NCDs), with cardiovascular diseases making up over 60 % of 
this burden (Fig. 1) [5].

Yet, pollution mitigation continues to be missing from the Global 
Action Plan to Prevent and Control NCDs [8]. This plan also overlooks 
non-chemical stressors such as noise, mental stress, nocturnal light 
pollution, and climate change, which may surpass genetic predisposition 
as contributors to NCDs. Environmental risk factors significantly exac
erbate metabolic and mental disorders, including hypertension, dia
betes, stroke, neurodegeneration, and cancers [9–11]. The underlying 
mechanisms of pollution-induced NCDs include oxidative stress, 
inflammation, hormonal disruptions, and circadian rhythm disturbances 
[12–14]. While less visible than air pollution, soil and water contami
nation remains critical [5]. Soil pollution arises from harmful substances 
such as heavy metals, synthetic chemicals, pathogens, plastics, and 
pesticides, primarily from industries, mining, fossil fuel combustion, 
agriculture, and urban waste mismanagement. Pollution-related dis
eases disproportionately affect developing and newly industrialised 
nations, where over 90 % of pollution-related deaths occur. These re
gions face acute soil and water contamination due to extensive pesticide 
use, industrial emissions, and inadequate waste management [15]. This 
review highlights the significant interplay between soil and water 
pollution and human health, with a particular focus on cardiovascular 
diseases.

2. Chemical pollution

Contaminated soil and water significantly threaten human health 
through exposure to toxic chemicals. According to the World Health 
Organization (WHO) estimates, 2 million deaths and 53 million 
disability-adjusted life years (DALYs) were lost in 2019 due to selected 
chemical exposures (Fig. 2), a sharp rise from 2016 figures [16]. Haz
ardous substances include heavy metals, polycyclic aromatic 

hydrocarbons (PAHs), per- and polyfluorinated substances (PFAS), 
pesticides, and organic solvents. Beyond cancer and respiratory diseases, 
these chemicals are increasingly associated with cardiovascular disease 
(CVD) [16]. Biomonitoring studies have detected concentrations of 
numerous chemicals in both European and U.S. populations [17,18].

2.1. Cellular side effects of chemicals

Pesticides and endocrine-disrupting chemicals activate the aryl hy
drocarbon receptor (AhR), leading to inflammatory responses and 
oxidative stress [19] (Fig. 3). Pesticides impair glucose metabolism, 
alter mitochondrial function, and induce DNA damage, further pro
moting inflammation and metabolic disease [20]. Heavy metals, 
including cadmium, lead, and mercury, to name a few, interfere with 
redox status and antioxidant defenses, depleting glutathione (GSH), in 
turn, increasing oxidative stress [21,22]. Lead disrupts calcium ho
meostasis, promoting mitochondrial reactive oxygen species (ROS) 
formation, while mercury binds thiol groups in enzymes, causing func
tional impairment [23]. Arsenic activates G-protein-coupled receptors 
(GPCR), triggering vascular remodeling and inflammation [24]. 
Oxidative stress further impairs vascular function by depleting nitric 
oxide (NO) and uncoupling endothelial nitric oxide synthase (eNOS), 
leading to peroxynitrite formation [25]. Redox-sensitive inflammatory 
pathways are also activated, including the NFκB pathway, neutrophil 
extracellular traps (NETosis), and the NLRP3 inflammasome [26].

2.2. General diseases caused by chemicals

Heavy metals such as arsenic, cadmium, lead, and mercury cause 
cardiovascular diseases, cancer, and neurodevelopmental disorders [3]. 
Arsenic, classified as a Group 1 carcinogen, is a significant cause of 
water-mediated mortality worldwide, while cadmium and lead are 
linked to hypertension and ischemic heart disease [27,28]. Even 
low-level exposure to metals can significantly elevate cardiovascular 
risk [29]. Persistent organic pollutants (POPs), including dioxins, poly
chlorinated biphenyls (PCBs), and pesticides, bioaccumulate in tissues 
and disrupt endocrine pathways. Dioxin-like PCBs are associated with 
insulin resistance, hypertension, and diabetes [4]. Perfluoroalkyl and 
polyfluoroalkyl substances (PFAS) and bisphenol A (BPA) are known 
endocrine disruptors that elevate risks for obesity, dyslipidemia, and 
cardiovascular diseases [30,31] (Fig. 4). Another endocrine disruptor 

Fig. 1. Global burden of disease and non-communicable disease. (A) The proportional distribution of global deaths attributable to communicable diseases, non- 
communicable diseases, and injuries for 1990, 2010 and projected for 2030. Graphs generated from previous data [146,147] (B) Global World Health Organization 
status report on non-communicable diseases 2016 estimate the leading causes of death by different categories. The category ‘Others’ comprises neurodegenerative 
and other neurological diseases, musculoskeletal diseases, congenital anomalies, digestive disorders, endocrine/blood/immune disorders, genitourinary diseases, and 
other orphan disease categories. CD, communicable disease; NCD, non-communicable disease; CVD, cardiovascular disease; RD, respiratory disease. Graphs 
generated from previous data [148]. Presented graph was reused from Ref. [132] with permission.
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family present in water are estrogen and its derivatives, most notably 
estrone, which have been associate with breast cancer [32] and 
disruption in energy balance, leading to obesity [33].

2.3. Cardiovascular side effects of chemicals

An extensive body of evidence links soil and water pollutants to 
cardiovascular outcomes. Lead exposure, even at low concentrations, is 
a well-established cause of hypertension and elevated cardiovascular 
mortality [34,35]. Cadmium exposure is associated with coronary artery 
disease, atherosclerosis, and heart failure [36,37]. Cadmium is even 
considered a risk factor of early atherosclerotic processes, based on 
pathophysiological processes such as damage of vascular cells, impaired 
endothelial function, and oxidative stress [38]. Methylmercury con
tributes to carotid atherosclerosis and increased risk of myocardial 
infarction [39], whereas copper promotes atherosclerotic processes by 
cuproptosis [40] or accumulation of copper in leukocytes [41]. Also an 
association between lead levels in blood and atherosclerosis in the ca
rotid arteries was reported for a Swedish population-based cohort [42]. 

This was also confirmed by a US population-based study reporting an 
association of higher blood lead and cadmium levels with an increased 
risk of atherosclerotic cardiovascular disease among white adults [43]. 
Arsenic exposure was associated with adverse changes of the carotid 
intima-media thickness in humans, another accepted surrogate of early 
atherosclerosis and predictor of future ischemic heart disease [44,45]. 
Preclinical data support these human findings. Apolipoprotein E 
knockout mice develop more pronounced plaques in the aortic intima 
when exposed to arsenic [46,47] as well as cadmium [48]. Similarly, 
mercury exposure exacerbated markers of atherosclerosis in low-density 
lipoprotein receptor knockout mice [49]. This is due to higher levels of 
pro-inflammatory chemokines, cytokines, and markers of oxidative 
stress, all representing known drivers of atherogenesis [10].

Endocrine disruptors such as BPA and PFAS further exacerbate car
diovascular risks. Urinary BPA concentrations are consistently associ
ated with higher CVD prevalence, hypertension, and congestive heart 
failure [50,51]. Acute organophosphate poisoning can trigger severe 
cardiac complications, including arrhythmias and QT prolongation [52]. 
There are also indications that BPA is associated with subclinical 

Fig. 2. Impact of chemical pollution from various sources on the global burden of premature deaths. Estimated global annual deaths by all sources of 
chemical pollution (A) [3] and the disease entities being associated with these deaths (B) [149]. (C) Deaths by all chemical pollution – ranking by top 20 countries 
[15]. Population-related rates of death and disability-adjusted life years (DALYs) for lead pollution as a typical soil pollutant (D) and water pollution (unsafe water 
source including chemical hazards) (E), listed for 20 representative countries of different WHO regions [150]. Presented graph was redrawn from Ref. [5] 
with permission.
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atherosclerosis via apoptotic microparticles [53]. Also PFAS were re
ported to cause dysregulation of lipid metabolism and accordingly may 
contribute to atherogenesis [54]. In general, endocrine-disrupting 
persistent chemicals such as pesticides, dioxins and plastic-associated 
compounds seem to have the potential to promote atherosclerotic pro
cesses by their common pathophysiological mechanisms [55,56]. This 
evidence is also supported by studies in apolipoprotein knockout mice 
showing enhanced atherosclerosis in response to dioxins [57], pesticide 
[58], BPA [59].

3. Micro- and nanoplastics (MNPs)

Global plastic production has surged from 2 million tons in 1950 to 
over 460 million tons 2019, with plastic waste projected to triple from 
2019 to 1231 Mt in 2060 [60]. While macroplastics dominate visible 
pollution, microplastics (≤5 mm) and nanoplastics (≤1000 nm) result 
from the environmental breakdown of plastic waste, contaminating soil, 

water, and marine ecosystems [60]. While macroplastics dominate 
visible pollution, microplastics (≤5 mm) and nanoplastics (≤1000 nm) 
result from the environmental breakdown of plastic waste, contami
nating soil, water, and marine ecosystems [61]. Microplastics are 
particular concern due to human exposure seafood consumption and 
inhalation. Additives such as phthalates, bisphenols, flame retardants, 
and heavy metals leach into tissues, acting as carcinogens, endocrine 
disruptors, and neurotoxicants [62].

3.1. Toxicity: cellular effects

High concentrations of micro- and nanoplastics (MNPs) exhibit 
cytotoxic effects, inducing cell death through necrosis or programmed 
pathways (Fig. 5) [63]. Surfactants present in MNP preparations 
compromise the integrity of the plasma membrane and surface struc
tures, disrupting cellular signaling and overall physiology. Small nano
particles (NPs) are internalized via endocytosis [64,65], which can pose 

Fig. 3. Cellular pathophysiology of metals/metalloids and pesticides. Provides details and an explanation of the abbreviations in the text. Pathomechanisms 
summarized from Ref. [24] for arsenic, for lead [21], for cadmium [20,22] for pesticides. Oxidative mechanisms of endothelial/vascular dysfunction summarized 
from Ref. [25]. Activating redox mechanisms for inflammation summarized from Ref. [26]. Other pathomechanisms summarized from Ref. [10] for heavy metals and 
[19] pesticides or other endocrine-disrupting chemicals. GPCR, G-protein-coupled receptor; DAG, diacylglycerol; PKC, protein kinase C; ROS, reactive oxygen 
species; NOX2, phagocytic NADPH oxidase isoform 2; CaM, calmodulin; GSH, reduced glutathione; SOD, superoxide dismutase; Cat, catalase; mtROS, mitochondrial 
ROS; eNOS, endothelial nitric oxide synthase; BH4, tetrahydrobiopterin; sGC, soluble guanylate cyclase; NO, nitric oxide; KATP, ATP-sensitive potassium channel; 
mtΔΨ, mitochondrial membrane potential gradient; TCA, tricarboxylic acid cycle; PCDDs, polychlorinated dibenzodioxins; PCDFs, polychlorinated dibenzofurans; 
PCBs, polychlorinated biphenyls; M2R, muscarinic receptor type 2; AhR, aryl hydrocarbon receptor; p23, co-chaperone of AhR; HSP90, heat shock protein 90; p300, 
regulator of AhR; ARNT, aryl hydrocarbon receptor nuclear translocator protein; SRC1, nuclear receptor coactivator of AhR; IL-1β, interleukin 1β; PAI2, plasminogen 
activator inhibitor 2; TGF, transforming growth factor; CYP, cytochrome P450; GSTA1, glutathione S-transferase α1; IRS2, insulin receptor substrate 2; GK, 
glucokinase; GLT2, glucose transporter 2; HOCl, hypochlorite; ox. mtDNA, free oxidized mitochondrial DNA; NETosis, neutrophil extracellular trap activation and 
release; S100A9, S100 calcium binding protein A9; TRX, thioredoxin; AP1, activator protein 1; NFkB, nuclear factor k light chain enhancer of activated B cells; RAGE, 
receptor of advanced glycation end products; TXNIP, thioredoxin-interacting protein; NLRP3, NOD-like receptor family pyrin domain-containing 3 (component of the 
inflammasome); -SG, S-glutathionylation; -SOxH, sulfoxidation; -S-S-, disulfide bridge. Presented graph was redrawn from Ref. [5] with permission.
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significant risks. At elevated concentrations, NPs may permeabilize 
endosomal membranes, inflicting damage on organelles such as mito
chondria and interfering with cell division processes. Furthermore, 
MNPs impair cellular transport mechanisms [66,67], affecting protein 
turnover and key signaling pathways. Their accumulation within 
endosomes or lysosomes hinders macroautophagy [68], potentially 
leading to autophagic cell death, although in some contexts, they may 
stimulate autophagy [69].

As observed in Daphnia species, cellular stress induced by MNPs is a 
common outcome that triggers adaptive responses such as activating 
AMP-activated protein kinase (AMPK) [70,71]. A central component of 
this stress response is the overproduction of reactive oxygen species 
(ROS) [72], which often stems from mitochondrial dysfunction or the 
activity of NADPH oxidases [73]. These enzymes play a critical role in 
pathological conditions such as diabetes, hypertension, 

hypercholesterolemia, and heart failure.
A recent study has also focused on the effects of ultraviolet light on 

aged plastic bowls and the impact of exposure to them on the behavior 
and neurotoxicity of Caenorhabditis elegans (C. elgans) [74]. Changes in 
the composition and structure of aged plastic bowls and increased free 
radicals and reactive oxygen species were observed. Exposure to aged 
plastic bowls led to more significant neurotoxicity in worms than 
exposure to new plastic bowls, resulting in changes in their behavior and 
neuronal damage. The study also found a decrease in neurotransmitter 
levels and the expression of related genes, with a strong correlation 
between gene expression and behavior. Mutant worms lacking specific 
genes showed a lack of movement, highlighting the importance of these 
genes in mediating neurotoxicity. Overall, this research highlights the 
aging process and increased toxicity of aged plastic bowls, revealing the 
mechanisms behind their neurotoxic effects.

Fig. 4. Main effects of soil contaminants on human health, indicating the organs or systems affected and the contaminants causing them. PCBs, poly
chlorinated biphenyls; PBDEs, polybrominated diphenyl ethers; PFAS, per- and polyfluoroalkyl substances; POPs, persistent organic pollutants; BTEX, refers to the 
chemicals benzene, toluene, ethylbenzene, and xylene. Adapted from the report of the Food and Agriculture Organization of the United Nations (created from data in 
the Agency for Toxic Substances and Disease Registry [151] and Campanale et al. [152]), https://www. fao.org/3/cb4894en/online/src/html/chapter-04-3.html. 
Presented graph was redrawn from Ref. [5] with permission.
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Microplastics are considered emerging contaminants commonly 
found to be charged in the environment, potentially causing harm to 
various organisms. However, the effects of polystyrene (PS), specifically 
carboxyl-modified PS (PS-COOH) and amino-modified PS (PS-NH2), on 
transgenerational reproductive toxicity and the mechanisms involved 
are not well understood.

In another study, C. elegans were exposed to environmentally rele
vant concentrations (0.1–100 μg/L) of PS, PS-COOH, and PS-NH2 in the 
parental generation (P0), with subsequent generations (F1-F4) raised 
under standard conditions [75]. Exposure to PS-NH2 at 10–100 μg/L 
resulted in more significant reproductive toxicity than PS or PS-COOH, 
reducing brood size, egg ejection rate, number of fertilized eggs, and cell 
corpses per gonad. Maternal exposure to 100 μg/L of PS-NH2 also 
caused more severe transgenerational reproductive effects in C. elegans. 
Increased levels of H3 on lysine 4 dimethylation (H3K4me2) and H3 on 
lysine 9 trimethylation (H3K9me3) were observed in the subsequent 
generation, along with the upregulation of set-30 and met-2 following 
exposure to PS, PS-COOH, and PS-NH2. Molecular docking studies 
suggested that PS-NH2 had a higher affinity for SET-30 and MET-2. 
Further analysis showed that transgenerational effects on reproduction 
were absent in set-30(gk315) and met-2(n4256) mutants, highlighting 
the importance of these genes in mediating the transgenerational impact 
[75].

The innate immune system is also highly responsive to MNP expo
sure. Toll-like receptors (TLRs), which detect endogenous molecules 
known as alarmins or damage-associated molecular patterns (DAMPs) 
[76], are activated by MNP-induced stress. This activation can result in 
sterile inflammation—an inflammatory response without microbial 
infection [77]. The resulting pro-inflammatory cytokines recruit circu
lating immune cells to the affected sites, intensifying localized inflam
mation and promoting tissue damage or cell death. Polystyrene 
nanoplastics interfere with lipid metabolism of murine and human 
macrophages increasing their pro-atherogenic potential [78]. In line 
with this, nano- and microplastics were also shown to activate vascular 
smooth muscle cells supporting their role in increased proliferation and 
formation of atherosclerotic lesions [79,80]. Administration of poly
styrene particles to apolipoprotein knockout mice exacerbated the for
mation of atherosclerotic lesions [81,82].

Evidence from aquatic models, such as fish, indicates that NPs 
significantly stress the innate immune system [83]. Similar responses 
likely occur in mammalian cells, including those of humans, further 
underscoring the systemic risks associated with MNP exposure.

3.2. Ingestion and cardiovascular effects

Plastic waste undergoes mechanical and photochemical degradation 
in water and soil, breaking down into smaller, biologically active micro- 
and nanoparticles (MNPs). Approximately 50 % of the weight of man
ufactured plastics consists of chemical additives, including phthalates, 
bisphenols, flame retardants, PFAS, PCBs, and heavy metals (see para
graph on Chemical Pollution). These compounds impart desirable 
properties such as flexibility, flame resistance, and water repellency but 

include substances known to be carcinogenic, neurotoxic, and endocrine 
disrupting. Due to their loose integration within the plastic matrix, these 
additives can leach from plastic microparticles into the environment and 
human tissues with the highest concentrations found in the lungs, small 
and large intestine [84]. While research on MNPs is still in its early stage, 
high-quality studies have demonstrated their uptake, distribution, and 
toxic effects in marine organisms such as plankton, mussels, and fish 
[85,86]. Evidence suggests that humans may be exposed to contami
nated seafood, dermal absorption, or inhalation, which has concerning 
health implications [62,87]. Experimental studies have shown that 
MNPs induce premature endothelial cell senescence by upregulating key 
regulators of senescence, such as p53, p21, and p16 [88]. Incubation of 
isolated pig coronary arteries with MNPs leads to endothelial dysfunc
tion, oxidative stress, and impaired nitric oxide signaling mediated by 
NADPH oxidase and SIRT pathways (Fig. 5) [88]. In preclinical models, 
ingesting polystyrene beads promotes fat accumulation and car
diometabolic disease in mice [89]. Furthermore, Wistar rats exhibit 
oxidative stress-driven heart cell death, pyroptosis mediated via 
NLRP3/caspase-1 pathways, and cardiac fibrosis through Wnt/β-catenin 
signaling [90,91]. Further evidence links polystyrene nanoplastics to 
vascular injury, endothelial cell damage, inflammatory responses, and 
coagulation dysfunction by activating the JAK1/STAT3/TF pathways 
[92]. MNPs have been shown to alter heart rate, impair cardiac function, 
and cause conditions such as myocardial fibrosis and pericardial effu
sion [5].

A recent study in patients who were undergoing carotid endarter
ectomy for asymptomatic carotid artery disease has shown that micro
plastics and nanoplastics accumulate in atheromas and increase the risk 
of cardiovascular events such as myocardial infarction, stroke, or death 
from any cause at 34 months of follow-up [93]. Those individuals having 
higher plastic particle numbers in their plaque material also showed 
higher levels of inflammatory markers such as interleukin-6, tumor 
necrosis factor α and CD68. There is emerging evidence for deposits of 
different plastic particles in various vessel beds [94] and that these 
microplastics increase the risk of atherosclerotic sequelae in patients 
with acute coronary syndrome [95].

Additionally, MNPs exert prothrombotic effects and hemolysis [96,
97]. Thus, MNPs can infiltrate the circulatory system, compromising 
cardiac and vascular health through mechanisms that include oxidative 
stress, inflammation, pyroptosis, and cellular injury. Beyond their 
intrinsic toxicity, MNPs act as carriers for hazardous chemical additives, 
amplifying the effects of environmental pollutants. While these findings 
raise serious concerns, significant gaps remain in understanding the 
precise cardiovascular risks posed by MNPs in humans, underscoring the 
need for further research.

4. Soil and water pollution: ecodisruptive causes

4.1. Climate change

The Food and Agriculture Organization (FAO) underscores the soil’s 
critical role as a carbon sink, storing twice the carbon found in the 

Fig. 5. Major routes of entry, adverse cardiovascular health effects and cellular mechanisms of pathophysiology of nano- and microplastic particles. A: 
The exposure routes, toxicological, subclinical, and clinical effects of MNPs on the cardiovascular system. B: Scheme of pathomechanisms of micro- and nanoplastics 
(MP/NP) toxicity (combination of experimentally confirmed pathomechanisms of MP/NP and anticipated processes established for airborne ultrafine and fine 
particulate matter particles). MPs/NPs uptake is mainly based on ingestion and inhalation. MPs/NPs can, on the one hand, increase mucosal and alveolar perme
ability, allowing transmigration of the particles (e.g. via gut barrier breach or transcytosis). On the other hand, severe lung inflammation caused by MP/NP 
interaction with phagocytic cells will cause the release of inflammatory cytokines such as IL-6, MCP-1, and CRP into the circulation. Once reaching the circulation 
and end organs, MPs/NPs can impair signaling via cell surface receptors and thereby cause changes in nuclear gene expression. Endocytosis of MPs/NPs will lead to 
the formation of endolysosomes, the release of damage-associated molecular patterns (DAMPs) and activation of Toll-like receptor (TLR)-mediated inflammatory 
signalling and oxidative stress. NPs can also directly penetrate mitochondria and cause multiple functional damages via swelling, cristolysis, opening of the mito
chondrial permeability transition pore (mPTP), mitochondrial DNA (mtDNA) damage, and mitochondrial reactive oxygen species formation. Oxidative stress may 
arise from the NADPH oxidases (NOXs) and damaged mitochondria. Redrawn and modified from Yong et al. [63] with permission. © 2020 by the authors (Licensee 
MDPI, Basel, Switzerland). This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license. 
Presented graph was redrawn from Ref. [5] with permission using biorender.com.
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atmosphere and playing a key role in climate mitigation [98]. Climate 
change, however, is altering soil conditions globally, with significant 
impacts in Europe. The European Environment Agency (EEA) highlights 
declining soil moisture, increasing desertification risks, erosion, and 
altering coastal soils due to rising sea levels [99]. Ecosystem disruptions 
also increase the spread of infectious diseases, particularly vector-borne 
and zoonotic illnesses like Ebola. Rising temperatures pose serious risks 
to agricultural productivity, with some regions becoming unproductive 
while others gain new opportunities. A significant concern has been the 
thawing of permafrost, which releases greenhouse gases, intensifying 
global warming [100]. Restoration of forests, peatlands, and soil health 
is crucial for carbon sequestration. Practices such as converting arable 
land to grasslands or introducing cover crops offer practical, low-cost 
solutions to enhance soil carbon capture. Climate change also compro
mises water quality. Warmer temperatures, floods, and droughts exac
erbate pollution from sediments, pathogens, and pesticides, while 
drought conditions contribute to the spread of toxins via wind-borne 
dust.

Additionally, prolonged droughts and extreme temperatures increase 
the frequency of wildfires, worsening air quality and cardiovascular 
risks [101]. Weather extremes accelerate the formation of particulate 
matter (PM) and ozone (O3), particularly in urban areas [102]. Wildfires 
release previously deposited toxic pollutants (e.g., Hg, As, Pb) over vast 
distances, while non-optimal temperatures account for over 7.6 % of 
European cardiovascular deaths [103]. Europe, warming faster than the 
global average, experiences rising heat stress, which worsens cardio
vascular and respiratory conditions by increasing heart rate, blood vis
cosity, and inflammatory responses [104]. Urban heat islands, promoted 
by urbanization, amplify health risks due to heat absorption by infra
structure and insufficient green spaces. Exposure to heat and air pol
lutants, such as PM2.5 and ozone, produces synergistic effects, 
exacerbating mortality in vulnerable populations [104].

According to forecasts, temperature changes during the next century 
will result in a clear increase of cardiovascular deaths on the US main
land [105]. High ambient temperature is associated with increased risk 
of stroke at the global level [106]. In summary, non-optimal tempera
tures are among the leading risk factors mentioned in the Global Burden 
of Disease report [107] with obviously extreme cold temperatures 
playing a more important role, which may however change in the future 
due to global warming [108,109].

4.2. Deforestation

Deforestation, primarily driven by agricultural expansion, logging, 
mining, and urbanization, profoundly disrupts ecosystems, exacerbates 
climate change, and endangers wildlife and human communities, 
particularly indigenous populations in regions like the Amazon and 
Central Africa. Forests serve as vital carbon sinks, storing substantial 
amounts of carbon dioxide, and their clearance not only releases 
greenhouse gases but also reduces the planet’s capacity to absorb them 
[110]. Deforestation further disrupts the hydrological cycle, leading to 
altered rainfall patterns, droughts, and floods, and accelerates biodi
versity loss by destroying habitats essential for countless species and 
ecosystem services, such as pollination and pest control.

Communities that rely on forests for sustenance, traditional medi
cine, and cultural practices face significant challenges, including 
displacement, food insecurity, and loss of livelihoods. While deforesta
tion may offer short-term economic benefits through timber extraction 
and land for agriculture, these gains are outweighed by long-term 
environmental and financial costs, including reduced soil fertility, 
compromised water purification, and diminished tourism potential 
[111].

In the Amazon, wildfires—exacerbated by deforestation—accelerate 
biodiversity loss and greenhouse gas emissions, further destabilizing the 
region’s hydrological system. At a critical tipping point of 20–25 % 
deforestation, the Amazon risks transforming into a savanna-like 

ecosystem, with profound consequences for agriculture and regional 
water availability [110].

The health consequences of deforestation are significant. Forest 
burning releases pollutants that impair air quality, increasing respira
tory and cardiovascular diseases. Additionally, deforestation heightens 
human-wildlife interaction, facilitating the emergence of zoonotic dis
eases such as Ebola and Lyme disease and altering the distribution of 
vector-borne illnesses like malaria and dengue fever [112].

4.3. Overfertilization

Human activity has profoundly disrupted the global nitrogen cycle 
due to fossil fuel combustion, industrial food production, and fertilizer 
use to support a growing population [113,114]. While molecular ni
trogen (N2) is abundant in the atmosphere and essentially inert, it be
comes reactive as nitrogen oxides (NO and NO2) through natural 
processes such as lightning or microbial nitrogen fixation in soils. 
However, the excessive use of fertilizers (via the Haber-Bosch process), 
intensive livestock farming, and combustion processes have over
whelmed natural nitrogen cycles.

Excess nitrogen contributes to acidification, water contamination, 
and air quality degradation while releasing nitrous oxide (N2O), a potent 
greenhouse gas, exacerbating climate change and depleting strato
spheric ozone [115]. Overfertilization also increases atmospheric 
ammonia (NH3), which reacts with sulfur and nitrogen oxides—partic
ularly from fossil fuel combustion—to form PM2.5. In highly polluted 
areas, such as East Asia, parts of Europe, and the USA, ammonia-driven 
PM2.5 formation is a significant health concern, contributing to 20–40 
% of pollution-attributable mortality [116,117]. Approximately 50 % of 
deaths from air pollution are linked to strokes and ischemic heart dis
ease, underscoring overfertilization’s role in CVD outcomes [118].

Studies have demonstrated the cardiovascular impact of exposure to 
nitrogen oxides. Elevated serum nitrite and nitrate (NOx) levels are 
associated with increased CVD mortality. For instance, Gumanova et al. 
linked NOx exposure to higher mortality rates [119], while Bahadoran 
et al. reported a hazard ratio (HR) of 1.98 for CVD mortality when serum 
NOx levels exceeded 30.5–32.5 μmol/L [120]. These findings emphasize 
the significant health risks posed by overfertilization and nitrogen 
pollution.

4.4. Airborne dust

Airborne dust, often overlooked as a health hazard, arises from soil 
disturbance through agriculture, unpaved roads, construction, and 
natural wind erosion from deserts (aeolian dust). The “dust belt” 
stretching from North Africa to South and Central Asia is the largest 
global source, accounting for 30–50 % of atmospheric aerosols [121]. 
Although abundant dust settles near its origin, extended plumes can 
travel thousands of kilometers, carrying pollutants that enhance their 
harmfulness [122].

While aeolian dust is considered “natural,” it has a significant 
anthropogenic component, as atmospheric pollutants interact with dust 
particles during transport, increasing their oxidative potential. This 
process mobilizes metals and other toxic compounds, worsening the 
health risks [123]. Toxicological studies demonstrate that inhaled dust 
induces oxidative stress, inflammation, and respiratory and cardiovas
cular system damage [124]. Smaller dust particles can enter the 
bloodstream, exacerbating cardiovascular diseases and immune re
sponses [125,126].

Epidemiological studies link desert dust exposure to increased res
piratory and cardiovascular mortality risks. For instance, Asian dust 
events have been associated with acute myocardial infarction [127]. A 
meta-analysis showed a 2 % rise in cardiovascular mortality per 10 
μg/m3 of PM10-dust exposure, with lingering effects up to two days 
post-exposure [126]. As climate change accelerates As climate change 
accelerates drought conditions, desertification and extreme weather, 
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airborne dust is projected to become a growing component of air quality 
degradation, warranting further investigation and mitigation.

4.5. Unhealthy city design

Urbanization, especially in low- and middle-income countries 
(LMICs), is pivotal in tackling pollution and preventing global CVD. By 
2050, urban areas will accommodate 68 % of the worldwide population, 
with 83 % of this growth concentrated in LMICs [128]. While urban 
living provides benefits such as improved access to healthcare and ser
vices [129], it also intensifies exposure to environmental pollutants in 
soil, water, and air due to industrial activity, traffic emissions, and 
inadequate waste management [10,130]. Poorly designed cities with 
high motorized traffic, particularly those lacking green spaces, exacer
bate air and soil pollution. Dense urban areas with high traffic volumes 
release high amounts of nitrogen dioxide, sulfur dioxide, and particulate 
matter, which are linked to respiratory diseases, cancer, and CVD [2,3]. 
Limited vegetation intensifies these effects as trees and plants are absent 
to filter pollutants, absorb CO2, and improve air quality [131,132]. 
Additionally, industrial zones can contaminate soil with heavy metals 
and hazardous chemicals, which, in turn, may leach into groundwater 
and/or enter the food chain [133].

Urban landscapes dominated by concrete and asphalt enhance the 
urban heat island effect, where elevated temperatures exacerbate heat- 
related illnesses and mortality, particularly among vulnerable pop
ulations such as the elderly or those with pre-existing health conditions 
[132].

Sedentary lifestyles, encouraged by car-centric city designs, further 
amplify risks of obesity, diabetes, and cardiovascular disease [134]. 
Urban runoff, carrying pollutants from roads and buildings, contami
nates water systems. Persistent chemicals like PFAS and microplastics 
from tire wear present emerging health challenges [4]. Noise, over
crowding, and limited access to natural spaces heighten stress, adversely 
affecting mental health [135].

To address these issues, policymakers and urban planners increas
ingly prioritise sustainable and health-conscious city designs. Strategies 
include expanding green spaces [131], improving public transport, 
promoting pedestrian and cycling infrastructure, reducing space for 
motorized traffic, and enforcing stricter pollution controls [136].

5. Mitigation measures

Reducing soil and water pollution is strongly linked with substantial 
cardiovascular health benefits. Primary strategies include limiting 
chemical exposure through water filtration, air purification, avoiding 
contaminated foods and products, and smoking cessation, aligning with 
the European Commission’s zero-pollution vision and EU Action Plan for 
2050 [137]. Public health measures to reduce lead and cadmium 
exposure have demonstrated success. In the United States, reductions in 
blood lead and cadmium levels accounted for 22.5 % (52 deaths per 100, 
000 person-years) and 8.4 % (19.4 deaths per 100,000 person-years) of 
the decline in cardiovascular mortality from 1988 to 2004 [138]. Similar 
efforts for arsenic exposure remain limited. Fine particulate matter 
(PM2.5), containing metals like lead, cadmium, and arsenic, signifi
cantly contributes to soil and water pollution and cardiovascular risk. 
PM2.5 derived from fossil fuel combustion increases CVD incidence, 
while eliminating fossil fuels could prevent up to 5.1 million deaths 
annually [6]. Stricter pollution controls, air filtration systems, and the 
Clean Air Act have successfully reduced cardiovascular morbidity in the 
United States [139]. Chelating agents like EDTA and succimer effec
tively remove heavy metals from the body. The NIH-funded TACT trial 
found a 39 % reduction in cardiovascular events among diabetic par
ticipants receiving EDTA-based therapy [140]. Further studies, 
including TACT2, aim to validate these findings and measure metal 
biomarkers.

Dietary and lifestyle interventions, such as the Mediterranean diet, 

omega-3 fatty acids, and flavonoids (e.g., cacao), offer protective car
diovascular effects against chemical pollution [141]. Antioxidants like 
N-acetylcysteine can counter oxidative stress-induced damage, while 
blood donation and cholestyramine can reduce circulating chemical 
contaminants [142,143]. Although evidence linking reduced pesticide 
exposure to cardiovascular outcomes remains limited, these mitigation 
strategies underscore the need for further research to combat 
pollution-driven health impacts effectively.

6. Summary and outlook

Soil and water pollution from deforestation, overfertilization, plas
tics, pesticides, and the release of toxic chemicals significantly reduce 
biodiversity, threaten ecosystem sustainability, and endanger human 
health [5,13]. Soil pollution diminishes the quantity of beneficial mi
croorganisms through toxic chemicals and contaminates groundwater, 
undermining food production and ecosystem balance. These environ
mental challenges—climate change, air and water pollution, and species 
extinction—pose severe risks to societal sustainability, driven by 
short-sighted economic practices and disregard for natural systems. 
Contaminated soil contributes to non-communicable diseases, particu
larly cardiovascular disease. Exposure to plastics, heavy metals, pesti
cides, and toxic agents induces oxidative stress, inflammation, 
disruption of circadian rhythms, and endothelial dysfunction, central 
mechanisms in disease development (see Graphical Abstract for sum
mary). Nano/microplastic and chemical pollutants can synergize with 
other health-risk factors, exacerbating the burden of non-communicable 
diseases. Urban environments, with their high concentrations of air 
pollution, noise, light, and psychosocial stress, compound these risks, 
creating an underestimated disease burden. Urgent action is required, 
and health professionals, including physicians, must assume a leading 
role.

Pollution drives cardiovascular diseases, cancer, stroke, chronic 
obstructive pulmonary disease, and neurological disorders (e.g. de
mentia as a high cost case), yet it remains preventable. Pollution is not 
an inevitable byproduct of economic development. High-income coun
tries have demonstrated that cost-effective, replicable solutions can 
control major pollution problems.

Nevertheless, pollution caused at least nine million premature deaths 
globally in 2015 [3]. In the EU, pollution accounts for one in eight 
deaths, primarily due to cardiovascular disease, including coronary 
syndromes, stroke, hypertension, and diabetes [144]. The European 
Commission’s Zero-Pollution Vision and Action Plan for 2050 [137] 
aims to reduce pollution to levels safe for health and ecosystems, 
ensuring a cleaner, healthier environment for future generations. Con
cerning specifically polluted soil, the “EU Mission: A Soil Deal for 
Europe” includes specific aims such as reducing desertification, 
conserving soil organic carbon stocks, stopping soil sealing and 
increasing re-use of urban soils. The Mission also aims to reduce soil 
pollution and enhance restoration, prevent erosion, improve soil struc
ture to enhance soil biodiversity, reduce the EU global footprint on soils 
and to improve soil literacy in society [145].
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