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A B S T R A C T

Coronary heart disease (CHD) remains a leading cause of morbidity and mortality worldwide. In addition to 
classical risk factors, environmental exposures to toxic metals have been increasingly associated with cardio
vascular risk in epidemiological studies. This narrative review summarizes current PubMed-indexed literature on 
the association of lead, cadmium, arsenic, mercury, and chromium with CHD, with emphasis on epidemiological 
evidence, mechanistic studies, and clinical implications. Literature was selected to cover major human obser
vational studies, relevant experimental data, and translational reports addressing exposure pathways, bio
markers, vascular mechanisms, and prevention. Available epidemiological evidence suggests that chronic 
exposure to lead, cadmium, and arsenic is associated with higher risks of hypertension, atherosclerotic cardio
vascular disease, and cardiovascular mortality, whereas the evidence for mercury and chromium is more het
erogeneous and context-dependent. Mechanistic evidence, derived mainly from experimental and translational 
studies, indicates that these metals can promote oxidative stress, inflammation, endothelial dysfunction, 
disturbed lipid handling, mitochondrial injury, and, in some cases, epigenetic remodeling, thereby contributing 
to atherogenesis and plaque progression. However, the strength of evidence differs across metals and mecha
nisms, and causal interpretation remains strongest where experimental plausibility and human data converge. 
Clinically, heavy metal exposure should be considered in selected patients with CHD, particularly those with 
atypical risk profiles, relevant environmental or occupational exposure histories, or unexplained disease pro
gression despite optimal standard management. Whole blood and urine measurements remain the preferred 
biomarkers in most settings, whereas hair analysis requires cautious interpretation. Prevention focuses on 
exposure reduction through water and food safety, emission control, smoking cessation, and targeted public 
health measures. Overall, toxic metals represent a plausible and likely underrecognized contributor to cardio
vascular disease that deserves greater integration into cardiovascular prevention and environmental health 
research.

1. Introduction

Coronary heart disease (CHD) remains a major cause of death 
worldwide despite significant advances in prevention and therapy. 
Classical risk factors such as hypertension, dyslipidemia, diabetes, 
smoking, and obesity explain a large proportion of cases, yet a consid
erable residual risk persists despite optimal risk factor control. This gap 
has increasingly drawn attention to non-traditional determinants of 
cardiovascular disease (CVD), including environmental exposure. 
Among these, toxic heavy metals such as lead (Pb), cadmium (Cd), 

arsenic (As), mercury (Hg), and chromium (Cr) have emerged as 
important contributors to CV morbidity and mortality.

Recent consensus statements and scientific reports underscore the 
public health importance of environmental metal exposures. The 
American Heart Association (AHA) 2023 Scientific Statement on envi
ronmental contaminants concluded that chronic low-level exposure to 
Pb and Cd significantly increases CV risk, with no apparent safe 
threshold. Similarly, the World Health Organization (WHO) and the 
European Food Safety Authority (EFSA) highlight As in drinking water, 
Cd in agricultural soils, and Hg in seafood as major unresolved global 
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health threats. These assessments emphasize that heavy metals are not 
only occupational hazards but also ubiquitous exposures affecting the 
general population, often through food, water, or air. Large population- 
based analyses have estimated a substantial CV mortality burden 
attributable to low-level Pb exposure [1].

The biological plausibility of metal-induced CV toxicity is supported 
by converging evidence from experimental, epidemiological, and clin
ical studies. Heavy metals can induce oxidative stress, chronic inflam
mation, disturbances in lipid metabolism, endothelial dysfunction, 
impairment of ion homeostasis, epigenetic alterations, and direct 
cellular toxicity—all recognized drivers of atherosclerosis and CV 
events. Importantly, these mechanisms interact with classical risk fac
tors and may accelerate disease progression in susceptible individuals 
[2–6].

Given their persistence in the environment, bioaccumulation in the 
food chain, and very slow excretion from the human body, heavy metals 
represent a long-term and often underestimated CV risk factor. This 
review is intended as a narrative review with an integrated epidemio
logical, mechanistic, and clinical focus. Pb, Cd, As, Hg and Cr, were 
targeted in this study because these metals are among the most exten
sively studied and clinically relevant toxic exposures in CV and envi
ronmental health, with substantial evidence linking them to adverse CV 
outcomes and well-recognized public health exposure pathways. 
Although other metals, including nickel as well as essential trace ele
ments such as copper, iron, manganese, and zinc at toxic concentrations, 
may also contribute to CV injury, a comprehensive treatment of all 
cardiotoxic metals is beyond the scope of the present review. Several 
systematic reviews and meta-analyses have already evaluated individual 
metals or overall toxic metal exposure in relation to CVD; however, an 
important gap remains in integrating these epidemiological findings 
with shared and metal-specific mechanisms of CV injury and with their 
practical implications for diagnosis, prevention, and patient manage
ment. Accordingly, this review aims to provide a translational synthesis 
of current knowledge on selected toxic metals in heart disease, spanning 
exposure pathways, mechanistic insights, and clinical relevance [7–17].

2. Literature search strategy

This article was designed as a narrative review. The literature search 
was conducted primarily in PubMed, focusing on studies addressing 
toxic metal exposure and CHD, atherosclerosis, endothelial dysfunction, 
oxidative stress, inflammation, biomarkers of exposure, and preventive 
strategies. Search terms included combinations of Cd, As, Hg, Cr, heavy 
metals, CHD, CVD, atherosclerosis, endothelial dysfunction, oxidative 
stress, inflammation, epigenetics, biomarkers, and prevention. Priority 
was given to human epidemiological studies, major reviews, meta- 
analyses, and translational or mechanistic studies directly relevant to 
CV injury. Additional references were identified through citation 
screening of relevant articles. The aim of the review was not to provide a 
formal systematic synthesis, but rather a structured narrative overview 
of current evidence and mechanistic concepts. Therefore, no formal risk- 
of-bias assessment was performed.

3. Sources and pathways of exposure

Human exposure to toxic metals occurs through multiple routes, 
including inhalation, ingestion, dermal absorption, and, in some cases, 
endogenous release from metallic implants or prosthetic materials, and 
spans a continuum from high-intensity occupational settings to chronic 
low-level environmental exposure. Occupational exposure is typically 
encountered in mining, smelting, battery manufacture, electroplating, 
leather processing, and related industrial activities, whereas environ
mental exposure in the general population more commonly occurs 
through contaminated drinking water, food, ambient air, tobacco 
smoke, seafood, and consumer products. Because many metals are 
environmentally persistent and bioaccumulate in the food chain, even 

long-term low-level exposure may lead to cumulative internal burdens 
relevant to CV risk. These exposure scenarios differ substantially in 
magnitude, duration, biomarker interpretation, and implications for CV 
risk assessment, and exposure patterns also vary geographically ac
cording to local geology, industrialization, agricultural contamination, 
dietary habits, and environmental regulation. Therefore, the CV rele
vance of metal exposure should be interpreted not only according to 
toxicological source, but also in relation to exposure intensity, popula
tion context, and regional distribution.

Exposure occurs through multiple pathways: 

• Pb exposure can result from old water pipe seepage, Pb-based paints, 
foods such as wild mushrooms, game meat, offal, or contaminated 
teas, industrial emissions, waste incineration, as well as through 
tobacco and e-cigarette smoke or Pb-painted tableware.

• Cd is primarily found in phosphate fertilizers and consequently in 
contaminated foods (grains, vegetables, seeds and the oils pressed 
from them), fish and shellfish, tobacco plants, tobacco and e-ciga
rette smoke, and also tattoo inks.

• As may be ingested via contaminated groundwater, rice, mush
rooms, fish and seafood, tobacco smoke, or emissions from waste 
incineration. In some world regions, As in drinking water constitutes 
a severe public health issue.

• Hg is mainly present as methyl-Hg in fish and seafood but can also be 
found in meat or vegetables grown on contaminated soils; industrial 
processes (e.g., chlor-alkali production) also contribute to exposure. 
Additional sources include dental amalgam and emissions from coal- 
fired power plants.

• Cr comes from natural sources like rocks and soil, and human ac
tivities such as industry and fossil fuel burning. Cr(III) is essential, 
but Cr(VI) is toxic and often results from industrial processes, 
contaminating water and soil. These sources and pathways are key to 
understanding human exposure and environmental impac

Toxic metals are environmentally persistent contaminants that can 
accumulate in ecosystems and enter the human food chain. Owing to 
their slow excretion, even chronic low-level exposure may, over time, 
result in substantial body burdens with potential CV relevance [18–25]. 
In this narrative review, we focus primarily on selected toxic metals with 
established or suspected roles in CVD, while also discussing Cr because 
of its distinct properties as both an essential trace element and a po
tential toxicant depending on chemical form and exposure level. We aim 
to integrate current knowledge on exposure pathways, epidemiological 
associations, underlying mechanisms, and clinical implications.

4. Heavy metals and CV risk

Although As, Pb, Cd, Hg and Cr share several downstream mecha
nisms of CV injury, including oxidative stress, inflammation, endothelial 
dysfunction, and acceleration of atherosclerosis, they differ substantially 
in exposure routes, toxicokinetics, relevant biomarkers, and the degree 
of epidemiological support for CHD. A clinically meaningful interpre
tation therefore requires more than listing generic toxicological path
ways. It also requires distinguishing short-term from cumulative 
exposure markers, identifying major modifiers of susceptibility, and 
critically evaluating the strength of the available human evidence. 
Overall, the epidemiological evidence is strongest for Pb, Cd and As, 
more heterogeneous for Hg, and comparatively limited for Cr. This 
comparative perspective is important because the metals discussed here 
should not be viewed as interchangeable CV toxicants. This revision 
directly addresses the reviewer's request for greater mechanistic syn
thesis and more explicit clinical interpretation [26].

4.1. Arsenic (As)

As occurs in organic and inorganic forms, but CV toxicity is mainly 
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linked to inorganic As species, especially arsenite and arsenate, which 
are commonly derived from contaminated drinking water and certain 
foods. As has been associated with hypertension, endothelial dysfunc
tion, atherosclerosis, and CV mortality. Mechanistically, As is notable 
not only for inducing oxidative stress and nitric oxide dysregulation, but 
also for interfering with mitochondrial energy metabolism, including 
phosphate substitution and impaired ATP production, thereby contrib
uting to vascular and myocardial dysfunction. It also promotes throm
bosis and epigenetic alterations that may contribute to persistent CV 
injury. A particularly important point is interindividual susceptibility: 
As toxicity depends partly on biotransformation efficiency, and in
dividuals with less efficient As methylation may retain more toxic in
termediates and therefore have greater CV vulnerability at similar 
exposure levels. From an epidemiological perspective, As has relatively 
strong support as a CV toxicant, especially in populations exposed 
through drinking water; however, interpretation should distinguish 
inorganic As exposure from total As measurements that may partly 
reflect less toxic seafood-derived organic forms [27–32]. Prospective 
cohort evidence in populations with low-to-moderate As exposure (e.g., 
the Strong Heart Study) supports associations with incident CVD and 
mortality [33,34].

4.2. Lead (Pb)

Pb remains highly relevant to CVD because its effects may persist 
long after external exposure has decreased. Pb promotes hypertension, 
endothelial dysfunction, oxidative stress, inflammation, and athero
sclerosis, in part by displacing calcium (Ca) and zinc (Zn), inhibiting 
antioxidant enzymes, increasing reactive oxygen species (ROS) genera
tion, and disturbing Ca-dependent signaling pathways. For CV inter
pretation, biomarker selection is crucial. Blood Pb is widely used but 
mainly reflects recent or ongoing exposure, whereas bone Pb better 
captures cumulative body burden over years to decades. This distinction 
is clinically important because Pb stored in bone can be remobilized 
during aging, osteoporosis, pregnancy, and chronic disease, thereby 
contributing to sustained endogenous exposure even when environ
mental sources decline. Among the metals discussed here, Pb has one of 
the most consistent epidemiological associations with CV mortality and 
hypertension-related outcomes, and cumulative exposure measures are 
likely more informative for long-term CV risk than blood Pb alone 
[35–38]. Even at low exposure, Pb has been associated with increased 
CV mortality in population-based analyses [1].

4.3. Mercury (Hg)

Hg occurs as elemental Hg, inorganic salts, and methyl-Hg, the latter 
being especially relevant for CV risk because it is highly bioavailable and 
bioaccumulates in the food chain, particularly in predatory fish. Mech
anistically, Hg promotes oxidative stress, inflammation, thrombosis, 
endothelial dysfunction, and mitochondrial impairment. It binds to se
lenium and thiol groups, inhibits antioxidant enzymes, increases low 
density lipoprotein (LDL) oxidation, and may reduce the car
dioprotective function of high density lipoprotein (HDL)-associated 
enzymes. These mechanisms support biological plausibility for athero
sclerosis and coronary events. However, epidemiological interpretation 
is more complex than for Pb, Cd or As because Hg exposure through fish 
intake may coexist with potentially cardioprotective nutrients such as 
omega-3 fatty acids and selenium. This likely contributes to the more 
heterogeneous and context-dependent epidemiological evidence linking 
Hg to CHD [39,40].

4.4. Cadmium (Cd)

Cd is characterized by a very long biological half-life and progressive 
accumulation in the body, making it particularly relevant for chronic CV 
injury. It enters the body through food, fertilizers, industrial emissions, 

and especially tobacco smoke. However, Cd toxicity should not be 
interpreted merely as a marker of smoking. Although smoking is a major 
source of exposure, epidemiological studies indicate that associations 
between Cd and CVD persist after adjustment for smoking and are also 
observed among never-smokers, supporting a smoking-independent 
vascular effect. Mechanistically, Cd contributes to endothelial injury, 
oxidative stress, lipid peroxidation, nitric oxide dysregulation, renal 
damage, and interference with Zn-dependent antioxidant and repair 
systems. These pathways are highly relevant for both hypertension and 
atherosclerotic progression. Among the metals reviewed here, Cd has 
comparatively strong epidemiological support, including evidence 
linking chronic exposure to CVD, although interpretation remains 
influenced by biomarker choice, kidney function, and the long latency of 
exposure effects [41–47].

4.5. Chromium (Cr)

Cr requires particularly cautious interpretation because its CV rele
vance depends fundamentally on chemical speciation. Trivalent Cr has 
historically been considered metabolically relevant, whereas hexavalent 
Cr is a recognized toxicant with strong oxidative, inflammatory, and 
genotoxic potential. This distinction is essential in CV research, yet 
epidemiological studies do not always clearly differentiate Cr species. As 
a result, although Cr can plausibly contribute to vascular injury, the 
available evidence linking Cr specifically to CHD is less robust than for 
Pb, Cd, or As. Cr should therefore be discussed more cautiously as a 
potentially cardiotoxic exposure whose clinical interpretation depends 
strongly on valence state, exposure context, and the limitations of the 
current epidemiological literature [48–53].

5. Comparative interpretation of the evidence

Taken together, the metals discussed in this review should not be 
regarded as mechanistically or epidemiologically equivalent. Pb and Cd 
appear to have the most consistent evidence linking chronic exposure to 
hypertension, atherosclerosis, and CV events in the general population. 
As also has substantial support, particularly for inorganic exposure in 
populations affected by contaminated drinking water, with CV risk 
modified by differences in As metabolism. Hg is biologically plausible as 
a cardiotoxicant, but its epidemiological signal is more difficult to 
isolate because exposure often co-occurs with fish-derived nutrients that 
may exert opposing CV effects. Cr currently has the least conclusive 
evidence for CHD because CV effects depend strongly on chemical form 
and because the epidemiological literature remains comparatively 
limited. This graded interpretation strengthens the clinical relevance of 
the section and better addresses the reviewer's concern that the previous 
version did not critically evaluate the relative strength of the evidence 
across individual metals.

6. Mechanisms of heavy metal–induced cardiotoxicity

Heavy metals such as As, Cd, Pb, Hg and Cr contribute to CHD not 
through isolated toxic effects, but through an interconnected pathogenic 
cascade that promotes the initiation, progression, and destabilization of 
atherosclerotic plaques. In the revised conceptual framework, metal 
exposure is understood as a chronic environmental stressor that first 
disrupts cellular redox balance and mitochondrial function, then acti
vates inflammatory and endothelial signaling, alters lipid handling and 
vascular tone, induces maladaptive epigenetic and transcriptional re
sponses, and ultimately accelerates plaque development, plaque 
vulnerability, and thrombotic complications. Thus, oxidative stress, 
inflammation, endothelial dysfunction, lipid dysregulation, ion imbal
ance, apoptosis, and epigenetic remodeling should not be viewed as 
separate mechanisms, but as interdependent stages within a common 
atherogenic process. This integrated interpretation directly addresses 
the reviewer's concern that the previous version was too descriptive and 
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insufficiently organized around a coherent pathogenic model (Fig. 1). 
(See Table 1.)

6.1. Early molecular injury: Redox imbalance and mitochondrial 
dysfunction

A central initiating event in metal-induced vascular injury is the 
disruption of redox homeostasis. Many toxic metals bind sulfhydryl 
groups of glutathione, cysteine, and antioxidant enzymes, thereby 
weakening endogenous antioxidant defenses. Pb, Cd and Hg can 
displace essential metals such as Zn from critical enzymes, whereas 
hexavalent Cr generates reactive intermediates during intracellular 
reduction. The resulting overproduction of ROS promotes lipid peroxi
dation, protein oxidation, DNA damage, and mitochondrial dysfunction. 
In the context of atherosclerosis, this early oxidative injury is not merely 
a marker of toxicity; it serves as an upstream trigger that amplifies in
flammatory signaling, reduces nitric oxide bioavailability, promotes 
LDL oxidation, and shifts vascular cells toward a proatherogenic 
phenotype [54–56].

6.2. Inflammatory response

Oxidative stress is closely linked to inflammatory activation. Heavy 
metals stimulate NF-κB, MAP kinase pathways, and inflammasome- 
related signaling, resulting in increased expression of cytokines, che
mokines, and adhesion molecules such as intercellular adhesion mole
cule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1). This 
converts the endothelium from a quiescent antithrombotic barrier into 
an activated surface that promotes leukocyte adhesion, monocyte 
recruitment, and vascular inflammation. Endothelial nitric oxide 
signaling is simultaneously impaired, leading to vasoconstriction, 
reduced vascular repair capacity, and a prothrombotic state. In patho
genic terms, these changes represent the transition from early molecular 
injury to vascular dysfunction, creating the conditions for intimal 
immune-cell infiltration and chronic plaque-promoting inflammation 
[57–60].

6.3. Lipid dysregulation, foam-cell formation, and plaque growth

Metals also contribute directly to atherogenesis by altering lipid 
metabolism and promoting the formation of lipid-laden foam cells. Pb 
interferes with lipase activity, Cd disrupts cholesterol regulation and 
antioxidant defenses, and Hg enhances LDL oxidation while impairing 
protective HDL-associated enzyme systems. These lipid abnormalities 
interact with endothelial activation and inflammation to increase 

retention and oxidation of atherogenic lipoproteins in the vessel wall. 
Oxidized LDL is then taken up by macrophages, promoting foam-cell 
formation and fatty streak development. Over time, persistent expo
sure sustains this proatherogenic milieu, favoring progression from early 
lesion formation to more complex plaques characterized by necrotic 
core expansion, oxidative damage, and chronic inflammatory cell 
recruitment [61–63].

6.4. Vascular smooth muscle dysfunction, remodeling, and plaque 
instability

Beyond the endothelium and macrophages, toxic metals also affect 
vascular smooth muscle cells and extracellular matrix remodeling. 
Disturbed Ca signaling, mitochondrial injury, and apoptosis can impair 
smooth muscle cell viability and phenotype, while chronic oxidative and 
inflammatory stress favors matrix degradation and fibrotic remodeling. 
These processes influence plaque composition, cap integrity, arterial 
stiffness, and vascular calcification. In advanced lesions, the combina
tion of endothelial dysfunction, oxidative lipid injury, macrophage 
activation, smooth muscle dysregulation, and matrix remodeling may 
promote plaque vulnerability, erosion, or rupture. Thus, the mechanistic 
relevance of heavy metals extends beyond plaque initiation to later 
stages of clinical importance, including thrombosis, myocardial infarc
tion, and other acute coronary syndromes. This disease-sequence 
framing makes the section more clinically meaningful than a simple 
list of molecular pathways [64–68].

6.5. Impaired ion homeostasis

Disruption of Ca balance is another shared mechanism. Pb blocks Ca 
channels and alters intracellular release; Cd increases intracellular Ca2+

via channel activation; Hg perturbs Ca2+-dependent enzyme function. 
These ion disturbances promote ROS production and mitochondrial 
dysfunction, further linking ion dysregulation to oxidative stress, 
apoptosis, and impaired vascular tone [69–71].

6.6. Epigenetic modifications

Epigenetic changes should also be interpreted within this pathogenic 
sequence rather than as an isolated mechanism. DNA methylation 
changes, histone modifications, and altered non-coding RNA regulation 
may stabilize proinflammatory, pro-oxidative, and metabolically 
adverse cellular states after exposure. In this way, epigenetic remodeling 
may help explain why the CV consequences of metal exposure can 
persist long after the exposure itself has declined, especially in the 
setting of cumulative body burden. It may also provide a mechanistic 
link between environmental exposure history and long-term vascular 
memory, thereby reinforcing progression from chronic exposure to 
persistent atherosclerotic risk. The reviewer's concern about excessive 
overlap among mechanisms is therefore best addressed by positioning 
epigenetic processes as mediators of persistence and biological embed
ding rather than as one more parallel pathway [72–76].

7. Emerging frameworks: Exposomics, systems toxicology, and 
multi-omics

To better understand how environmental exposures translate into 
CVD, emerging frameworks such as exposomics, systems toxicology, and 
multi-omics offer important conceptual advances. An exposomic 
perspective emphasizes that CV risk is shaped not by one isolated toxi
cant, but by the cumulative and time-varying totality of environmental 
exposures across the life course [77,78]. Systems toxicology extends this 
view by examining how toxicants perturb interconnected biological 
networks and adverse-outcome pathways rather than single linear 
mechanisms [79,80]. Multi-omics approaches, including epigenomics, 
transcriptomics, proteomics, metabolomics, and lipidomics, can help 

Fig. 1. Heavy Metal–Induced Cardiovascular Damage. Major mechanisms by 
which toxic metals including arsenic (As), cadmium (Cd), lead (Pb), chromium 
(Cr), and mercury (Hg) contribute to cardiovascular injury.
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identify biological signatures linking metal exposure to endothelial 
activation, inflammatory reprogramming, mitochondrial dysfunction, 
lipid oxidation, and plaque vulnerability [81,82]. In the context of CHD, 
these approaches may be especially valuable for identifying exposure- 
response patterns at environmentally relevant low exposure levels, 
clarifying susceptible subgroups, and resolving the biological hetero
geneity of metal-mixture effects [78,83]. Including these concepts 
strengthens the manuscript's translational relevance and aligns the 
mechanistic discussion with current directions in environmental cardi
ology research [77,78,81].

A further limitation of single-metal models is that real-world expo
sure usually occurs as mixtures rather than as isolated toxicants [78,83]. 
In epidemiologic studies of CV outcomes, mixture-based analyses using 
approaches such as Bayesian kernel machine regression and weighted 
quantile sum regression have increasingly shown that co-exposure to 
multiple metals may be associated with CV risk factors and disease in 
ways that are not well captured by single-exposure models [83–85]. 
Combined exposure to As, Pb, Cd, Hg, or Cr is biologically plausible as a 
driver of additive or synergistic toxicity because these metals converge 
on common pathogenic nodes, including oxidative stress, depletion of 
antioxidant defenses, mitochondrial dysfunction, impaired nitric oxide 
bioavailability, inflammatory signaling, dysregulation of lipid meta
bolism, endothelial dysfunction, and epigenetic remodeling [86–89]. 
Synergy is particularly plausible when different metals perturb com
plementary components of the same pathogenic network—for example, 
one weakening antioxidant defenses, another enhancing ROS genera
tion, and another promoting endothelial activation or lipid oxidation 
[86–89]. The consequence may be a more sustained and amplified 
atherogenic response than predicted by single-exposure analyses alone 
[83–85]. This issue is especially relevant to population-based environ
mental exposure, where low-dose mixtures may exert cumulative 
vascular effects even when individual metals fall below traditional 
toxicological thresholds [77,78,83]. A mixture-based interpretation 
therefore provides a more realistic model of environmental cardiotox
icity than isolated pathway descriptions [78,83].

Taken together, the CV effects of toxic metals can be conceptualized 
as a progressive, multi-level process: chronic exposure promotes redox 
imbalance and mitochondrial stress; these changes activate inflamma
tory and endothelial pathways; endothelial dysfunction and lipid 
oxidation favor leukocyte recruitment and foam-cell formation; vascular 
smooth muscle cell dysfunction and matrix remodeling contribute to 

plaque progression; and persistent epigenetic and network-level 
changes, potentially reinforced by mixed exposures, may help sustain 
and amplify these processes over time [86–91]. This integrated model is 
more informative than a pathway-by-pathway list because it connects 
molecular injury to the natural history of atherosclerosis and provides a 
framework for interpreting both subclinical vascular damage and overt 
coronary events [89–91].

8. Clinical implications and prevention

The CV relevance of toxic metal exposure has important preventive 
implications, but translation into clinical practice should be cautious. 
Contaminant metals such as Pb, Cd, and As are increasingly recognized 
as CV risk factors, yet current major CHD guidelines do not recommend 
routine heavy-metal screening in all patients with CHD. Clinical use of 
metal testing should therefore be framed as a selective toxicological 
evaluation, guided by exposure history, symptom pattern, and clinical 
context, rather than as part of routine CV diagnostics [86,92,93].

8.1. Risk assessment and diagnostics

In clinical practice, the most appropriate first step is a structured 
exposure history, including occupational contact, contaminated water 
or food sources, smoking, supplements or traditional remedies, and 
other environmental risks (Fig. 2). When testing is clinically indicated, 
validated blood- and urine-based biomarkers remain the preferred ap
proaches because they are better standardized and more clinically 
interpretable than alternative matrices [86,92,93]. Blood measurements 
are generally most useful for recent or ongoing exposure, whereas urine 
testing may be more informative for some metals or exposure settings, 
particularly when speciated analysis is available. However, biomarker 
interpretation depends strongly on the individual metal, exposure 
timing, and toxicokinetics, and results should ideally be assessed in 
collaboration with a clinical toxicology or occupational/environmental 
medicine service. [86,92,93].

Heavy-metal testing may be considered in selected situations such as 
documented occupational exposure, residence in contaminated areas, 
suspected As-contaminated drinking water, smoking-related Cd burden, 
or CVD that appears disproportionate to conventional risk factors. 
[86,92,93] Even in these settings, testing should not be presented as a 
consensus CHD screening framework, but rather as a targeted extension 

Table 1 
Exposure sources, biomarkers, and cardiovascular relevance of toxic metals in CHD.

Metal Major exposure sources Main route 
(s) of 

exposure

Common 
biomarker(s)

Representative cardiovascular 
relevance

Key notes

Lead (Pb) Old water pipes, Pb-based paints, 
industrial emissions, waste incineration, 
contaminated food (eg, game meat, offal, 
wild mushrooms, tea), tobacco and e- 
cigarette smoke

Ingestion, 
inhalation

Whole blood; 
bone Pb where 
available

Hypertension, endothelial 
dysfunction, atherosclerosis, 
cardiovascular mortality

Persistent environmental toxicant; 
accumulates in bone and may be 
remobilized during aging, osteoporosis, 
or chronic disease

Cadmium 
(Cd)

Phosphate fertilizers, contaminated grains 
and vegetables, seeds and seed oils, 
shellfish, tobacco smoke, e-cigarettes, 
tattoo inks

Ingestion, 
inhalation

Whole blood; 
urine

Oxidative stress, endothelial injury, 
lipid peroxidation, hypertension, 
atherosclerotic cardiovascular disease

Long biological half-life; accumulates 
mainly in kidney and liver; smoking is a 
major source

Arsenic 
(As)

Contaminated groundwater, drinking 
water, rice and rice products, mushrooms, 
seafood, tobacco smoke, industrial 
emissions

Ingestion, 
inhalation

Urinary As 
species

Hypertension, endothelial 
dysfunction, atherosclerosis, 
cardiovascular disease, 
cardiovascular mortality

Cardiovascular toxicity is most relevant 
for inorganic As; speciation is important 
to distinguish seafood-derived organic 
forms

Mercury 
(Hg)

Fish and seafood, contaminated soil- 
derived food, coal combustion, mining 
and industrial processes, dental amalgam

Ingestion, 
inhalation

Whole blood; 
hair in selected 
settings

Oxidative stress, endothelial 
dysfunction, thrombosis, 
mitochondrial injury; 
epidemiological association with 
CHD remains heterogeneous

Bioaccumulates in the food chain; 
methylmercury is the most relevant 
environmental form; interpretation may 
be confounded by beneficial nutrients in 
fish

Chromium 
(Cr)

Natural sources, industrial processes, 
electroplating, stainless steel production, 
leather industry, fossil fuel combustion, 
contaminated water and soil

Ingestion, 
inhalation

Blood or urine 
in selected 
settings

Potential oxidative, inflammatory, 
and vascular toxicity, especially for 
hexavalent Cr

Toxicological relevance depends on 
speciation: trivalent Cr is an essential 
trace element, whereas hexavalent Cr is 
toxic
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of clinical evaluation when toxic exposure is plausible.

8.2. Hair analysis

Hair analysis is particularly challenging. Although hair can some
times reflect longer-term exposure and has been used in research and 
selected environmental investigations, its clinical reliability is limited by 
external contamination, cosmetic treatment effects, laboratory vari
ability, lack of standardized washing and preprocessing procedures, and 
uncertainty in relating measured concentrations to internal dose or 
disease ris. [92–94]. For this reason, hair analysis should not be rec
ommended as a routine diagnostic tool in patients with CHD. At most, it 
may serve as an adjunctive exposure marker in highly selected circum
stances and should, whenever possible, be corroborated by validated 
blood or urine biomarkers. A partial exception is methyl-Hg exposure, 
for which hair concentrations may have biomarker value in specific 
exposure settings, but this exception does not justify routine use of hair 
testing in CV practice. [92–94]

8.3. Primary prevention

The strongest current clinical implication remains prevention of 
exposure rather than downstream medical treatment. Primary preven
tion includes remediation of contaminated drinking water, reduction of 
industrial and agricultural emissions, control of contaminated food 
sources, smoking cessation, and avoidance of unregulated supplements 
or traditional preparations that may contain toxic metals [86,92,93]. 
These strategies are currently better supported at the population and 
risk-reduction level than any routine patient-level toxic-metal screening 
program in cardiology.

8.4. Chelation therapy and therapeutic limitations

Chelation therapy should be discussed primarily within a toxico
logical, not a routine CV, framework. Established indications relate to 
acute or clinically significant poisoning and require specialist supervi
sion, careful agent selection, and monitoring for adverse effects such as 
nephrotoxicity, electrolyte abnormalities, redistribution phenomena, 
and depletion of essential trace elements [86,92,93]. In contrast, the use 
of EDTA-based chelation for prevention of CV events remains unproven. 
The original TACT trial in patients with prior myocardial infarction 

suggested a possible reduction in CV events [95], and a prespecified 
subgroup analysis reported greater apparent benefit among patients 
with diabetes [96]. However, the trial was controversial, and subsequent 
evidence from TACT2 showed that in patients with diabetes and prior 
myocardial infarction, edetate disodium-based chelation did not reduce 
major adverse CV events despite lowering blood Pb concentrations [97]. 
Accordingly, current randomized evidence does not support EDTA 
chelation as a routine strategy for secondary CV prevention [95–97].

Chelation should therefore not be recommended in this review as a 
standard treatment for CHD patients with suspected low-level environ
mental exposure alone. A more defensible clinical position is that sus
pected toxic-metal burden should prompt exposure reduction, targeted 
biomarker confirmation where appropriate, and referral to specialists in 
toxicology or occupational/environmental medicine when poisoning is 
clinically significant [86,92,93,97].

9. Summary and outlook

The role of heavy metals in the pathogenesis of CHD is increasingly 
being recognized. Even low-level exposures can significantly increase 
CV risk. Comprehensive risk assessment, primary prevention through 
exposure reduction, and targeted secondary prevention are crucial to 
minimize the burden of these environmental toxins and improve CV 
health.

Further research is needed to better understand the complex in
teractions between heavy metals, genetics, and lifestyle factors, and to 
develop more precise intervention strategies. Some toxic metals can 
impair kidney function even at very low blood concentrations. Reduced 
kidney function is itself an independent risk factor for CVD.

To assess chronic effects of toxic metals on the cardio-renal system, 
measurement of metals by mass spectrometry in whole blood samples is 
the method of choise, since this method provides the best information on 
mean metal exposure in the weeks prior to sample collection—similar to 
how HbA1c reflects long-term glycemic control [98,99].
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