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Abstract

Dynamic environmental changes significantly affect trace element balance and exposure to
toxic metals, influencing vascular homeostasis. The endothelium, as a key regulator of vas-
cular tone and inflammation, is highly sensitive to fluctuations in micronutrient and heavy
metal concentrations. This review summarizes current evidence on the molecular mecha-
nisms by which essential trace elements, such as zinc, selenium, copper, and magnesium,
support endothelial function through antioxidant defense, nitric oxide regulation, and
anti-inflammatory signaling. Conversely, exposure to heavy metals including cadmium,
lead, mercury, and arsenic induces oxidative stress, disrupts nitric oxide bioavailability,
and promotes endothelial dysfunction, accelerating the pathogenesis of many diseases. The
paper examines how these alterations contribute to the development of major cardiovascu-
lar diseases and outlines preventive measures to reduce associated risks. Understanding
these interactions is crucial for society’s health amid growing environmental challenges.
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in the context of cardiovascular health. Within the spectrum of environmental influences
on the cardiovascular system, special attention has been devoted to endothelial function.
The vascular endothelium, despite constituting a single layer of cells, plays a crucial role in
cardiovascular regulation, and endothelial dysfunction represents one of the key patho-
physiological mechanisms underlying the development of circulatory disorders [3]. This
article discusses the role of trace elements in modulating vascular endothelial function.

With regard to beneficial effects on the endothelium, the molecular mechanisms of
action of micronutrients such as selenium, copper, and zinc have been extensively investi-
gated [4,5]. Conversely, the toxic properties of certain heavy metals, including cadmium,
lead, and arsenic, have been studied in relation to endothelial activity [6]. Dynamic en-
vironmental factors, such as industrial pollution and climate change, are of particular
importance, as they contribute to fluctuations in the concentrations of trace elements in the
biosphere [7]. Identifying these interrelationships is essential for understanding current
public health challenges and for developing effective preventive strategies.

The aim of this article is to provide a comprehensive analysis of the effects of selected
trace elements and heavy metals on vascular endothelial function in the context of increas-
ing environmental burden. The discussion focuses on the contribution of these elements
to the pathogenesis of cardiovascular diseases, their potential health implications, and av-
enues for prevention. This topic remains of particular relevance given the rising prevalence
of cardiovascular disorders, which are at least partially associated with environmental
toxin exposure and disturbances in trace element homeostasis. The link between these
factors and arterial hypertension has been especially emphasized in the literature [8].

This review also examines the molecular and biochemical mechanisms that play a
pivotal role in the initiation and progression of endothelial alterations. Particular attention
is given to oxidative stress, ionic imbalances, and epigenetic modifications, which, under
varying conditions of environmental exposure, influence endothelial integrity [9,10].

2. The Vascular Endothelium

To accurately explore the pathomechanisms of the processes described, it is essential to
comprehensively discuss the role of the vascular endothelium in cardiovascular physiology
at the molecular level. A detailed analysis of its structure, properties, and regulatory
mechanisms enables a deeper understanding of its function as both a structural component
of the vascular barrier and an active modulator of vascular processes. The complexity of
endothelial function highlights how deviations from homeostasis can contribute to the
development of cardiovascular diseases. This process becomes particularly relevant in the
context of toxic environmental exposures and disturbances in trace element balance.

The vascular endothelium constitutes the fundamental structural unit of the vascular
system. Endothelial cells line the interior surface of all blood and lymphatic vessels [11].

2.1. The Role of the Endothelium in the Life Cycle of the Vascular System

During early embryonic development, the formation of the vascular network occurs
in parallel with hematopoiesis. Endothelial cells originate from the mesoderm, which
gives rise to angioblasts and hemangioblasts—common precursors of endothelial and
hematopoietic cells, respectively. The vascular system undergoes extensive remodeling
and maturation through the recruitment of smooth muscle cells and pericytes. Addi-
tionally, hemogenic endothelium is capable of generating hematopoietic stem cells [12].
Hellmut G. Augustin et al. clearly described the stages of the vascular system life cycle as
vasculogenesis, angiogenesis, maturation, and senescence.

In the phase of vasculogenesis, endothelial cells form the primary vascular plexus
by differentiating from mesenchymal precursor cells. Their development is governed by
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growth factors such as vascular endothelial growth factor (VEGF), which initiates vessel
formation and spatial organization within developing tissues.

During angiogenesis, the endothelium facilitates the expansion of the vascular network
by generating new vessels from pre-existing ones. Endothelial cells respond to environ-
mental and metabolic stimuli by activating specific transcriptional programs and migrating
along chemotactic gradients. They also coordinate vascular remodeling and the recruitment
of supporting cells, such as pericytes, which stabilize the newly formed structures.

In the maturation phase, the endothelium maintains the structural and functional in-
tegrity of blood vessels. It serves as a selective barrier, regulates the exchange of molecules
between the bloodstream and surrounding tissues, and sustains the balance between pro-
and anti-angiogenic factors. Active crosstalk between endothelial cells and surround-
ing fibroblasts, pericytes, and immune cells enables precise adaptation of local vascular
properties to the metabolic needs of tissues.

With advancing age, endothelial senescence occurs, leading to impaired barrier func-
tion, reduced responsiveness to angiogenic stimuli, and enhanced pro-inflammatory and
prothrombotic activity. The consequent reduction in vascular density limits tissue perfusion
and contributes to the pathogenesis of cardiovascular diseases [13].

Differentiation of angioblasts into arterial or venous endothelial cells occurs prior
to the formation of distinct vascular structures. Key molecular determinants include
the tyrosine kinase receptor EphB4 and its ligand ephrinB2, which define venous and
arterial identity, respectively. The interaction between VEGF and its receptor VEGFR2 (also
known as KDR/Flk1) activates Notch signaling, inducing ephrinB2 expression in arterial
endothelial progenitors. In the absence of Notch activation, endothelial cells default to
a venous phenotype [12]. Table 1 and Figure 1 presents the types of endothelial cells in
individual blood and lymphatic vessels [14].

Table 1. Types of Endothelial Cells [14].

Type of Endothelial Cell Structural Characteristics Primary Function
. Typically flat, elliptical, or elongated and Transport of oxygen and nutrients to
Arterial . .
narrow; do not form valves. peripheral tissues.
Short and wide; form intraluminal Transport of deoxygenated blood from
Venous .
valves. tissues to the heart.
Exchange of oxygen, nutrients, and
Capillary Thin structure with numerous caveolae. metabolic products within the circulatory
system.
Lvmphatic Thin basement membrane with Mediation of immune responses and
ymp anchoring filaments. maintenance of interstitial fluid balance.
Arterial Venous Capillary Lymphatic

Figure 1. Types of Endothelial Cells.

The transcription factor chicken ovalbumin upstream promoter—transcription factor II
(COUP-TFII), expressed specifically in venous endothelial cells, suppresses Notch signaling,
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thereby reinforcing venous identity. At a later stage, the transcription factor Prospero
homeobox 1 (Prox1) is expressed in a subset of these cells, initiating their differentiation
toward the lymphatic endothelial lineage. COUP-TFII cooperates with Prox1, and their
reciprocal regulation is crucial for determining lymphatic endothelial cell fate.

Proper vascular network formation requires coordinated angiogenic activity of en-
dothelial cells. During this process, the cells proliferate, migrate, and elongate, forming
endothelial cords that subsequently undergo lumen formation (tubulogenesis). This se-
quence of events is precisely orchestrated by interconnected signaling pathways and
transcriptional networks [12].

2.2. Organ-Specific Heterogeneity

Endothelial cells (ECs) display substantial structural and functional heterogeneity,
which is strictly dependent on their organ-specific localization.

In the brain, ECs form a critical component of the blood-brain barrier (BBB). They are
characterized by the absence of fenestrations, the presence of tight intercellular junctions,
and low transcytotic activity, all of which ensure high selectivity of permeability. In contrast,
the liver contains sinusoidal ECs with numerous fenestrae and loose intercellular junctions,
allowing for the passage of macromolecules between blood and hepatic tissue.

In the heart, ECs form a dense and compact structure that reinforces the vascular bar-
rier. They exhibit high metabolic and angiogenic activity and express signaling molecules
such as neuregulin-1 and nitric oxide (NO).

Renal ECs possess a highly organized structure supporting the filtration process. Their
gene expression profiles and epigenetic features reflect the anatomical and functional
specificity of this organ.

In the lungs, ECs participate in both gas exchange and immune regulation, exhibiting
expression of proteins such as angiotensin-converting enzyme (ACE) and developmentally
regulated molecules.

Tumor-associated endothelial cells, in contrast, display disrupted architecture, exces-
sive permeability, and form irregular, disorganized vessels. Their phenotype is largely
determined by the tumor microenvironment.

The growing application of single-cell analytical techniques has significantly advanced
the understanding of endothelial heterogeneity, enabling the identification of tissue-specific
EC signatures under physiological and pathological conditions [14].

2.3. Surface Structures and Intercellular Junctions

Among the endothelial surface structures, particular attention should be given to the
glycocalyx, which plays a pivotal role in maintaining vascular homeostasis. The multilay-
ered glycocalyx facilitates molecular interactions while reducing direct contact between ECs
and blood components. It is primarily composed of glycoproteins and proteoglycans [15].
Through its intracellular domain, the glycocalyx contributes to mechanotransduction, allow-
ing for detection of shear stress and regulation of vascular wall tension, thereby influencing
local hemodynamics. Furthermore, its negative electrostatic charge repels blood cells from
the vessel wall, supporting blood fluidity and preventing undesired adhesion [16].

Endothelial cells are interconnected via several types of intercellular junctions, includ-
ing adherens junctions, tight junctions, and gap junctions, which are organized alternately
along the lateral membrane from the apical to the basal pole. These junctions maintain the
structural coherence and integrity of the endothelial monolayer.

Key adhesion molecules include E-selectin, P-selectin, and members of the im-
munoglobulin superfamily, such as intercellular adhesion molecule-1 (ICAM-1), inter-
cellular adhesion molecule-2 (ICAM-2), platelet endothelial cell adhesion molecule-1
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(PECAM-1), and vascular cell adhesion molecule-1 (VCAM-1). In addition to their struc-
tural role, these junctional complexes are crucial mediators of intracellular signaling related
to cell proliferation, apoptosis, and inflammatory activation [17].

2.4. Functions of the Vascular Endothelium

As an integral tissue, the vascular endothelium plays a key role in oxygen and nu-
trient delivery, regulation of blood flow, and modulation of immune cell trafficking [11].
Initially regarded as a passive vascular barrier that permitted bidirectional exchange of
gases and solutes between blood and tissues, the endothelium is now recognized as a
dynamic endocrine and paracrine organ. ECs actively participate in the regulation of
hemostasis, maintaining a delicate balance between procoagulant and anticoagulant states.
It is now well established that endothelial cells synthesize and release numerous bioactive
mediators, thereby exerting a central role in vascular tone regulation and inflammatory
modulation [18]. Among vasodilatory and antiplatelet agents, two of the most critical are
nitric oxide (NO) and prostacyclin (PGIy) [16].

Nitric oxide (NO) is a gaseous free radical with high diffusibility and potent biological
activity. It is synthesized in ECs by endothelial nitric oxide synthase (eNOS) from L-arginine
and molecular oxygen, with the participation of cofactors such as nicotinamide adenine
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin mononu-
cleotide (FMN), heme, and tetrahydrobiopterin (BHy). Its production depends on calcium-
calmodulin activation and post-translational modifications, including phosphorylation
of eNOS.

NO plays a fundamental role in maintaining vascular homeostasis. By diffusing into
smooth muscle cells, it activates soluble guanylyl cyclase (sGC), leading to increased cyclic
guanosine monophosphate (cGMP) levels and subsequent activation of protein kinase G
(PKG). The downstream effect is a reduction in intracellular Ca* concentration, relaxation
of vascular smooth muscle, and vasodilation [19,20].

Prostacyclin (PGI;), a member of the eicosanoid family, acts synergistically with NO
to regulate vascular tone. Its synthesis increases in response to stimuli such as hypoxia,
shear stress, and exposure to acetylcholine or serotonin. PGI, induces vasodilation by
activating potassium channels and elevating cyclic adenosine monophosphate (cAMP)
levels in smooth muscle cells [17].

In parallel, the endothelium also produces vasoconstrictive mediators, including
endothelin-1 (ET-1) and angiotensin-converting enzyme (ACE). An imbalance favoring pro-
inflammatory, prothrombotic, and vasoconstrictive factors leads to endothelial dysfunction,
a key pathogenic event in atherosclerosis and other cardiovascular diseases [16].

2.5. Endothelial Dysfunction

Given the multilevel significance of the endothelium, it serves as a central regulatory
element of the vascular system. However, numerous environmental and physiological
factors can contribute to its damage.

In 1998, Hunt and Jurd identified five principal mechanisms underlying endothe-
lial cell dysfunction: (1) loss of vascular integrity, (2) increased expression of adhesion
molecules, (3) acquisition of a prothrombotic phenotype, (4) cytokine production, and
(5) upregulation of human leukocyte antigen (HLA) molecules. These are further influ-
enced by the organ-specific heterogeneity of ECs under both physiological and pathological
conditions [21]. In endothelial cells, nitric oxide (NO) is a key mediator of vascular home-
ostasis. NO induces vasodilation and inhibits several pathological processes, including
the expression of pro-inflammatory cytokines and chemokines, low-density lipoprotein
(LDL) oxidation, vascular smooth muscle cell proliferation, and thrombosis. Reduced NO
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ROS

bioavailability, resulting from decreased NO production and its increased degradation by
the superoxide anion, is a major contributor to endothelial cell injury [22].

As described by Hojjat Naderi-Meshkin and Wiwit Ananda Wahyu Setyaningsih,
endothelial dysfunction can be divided into early and late phases. The process begins with
endothelial activation triggered by stimuli such as oxidative stress, inflammatory cytokines,
or mechanical shear forces [23]. This activation stimulates nuclear factor kappa B (NF-«B)
signaling, leading to increased expression of genes encoding VCAM-1, ICAM-1, E-selectin
(ES), P-selectin (PS), and chemokines such as monocyte chemoattractant protein-1 (MCP-1).
These molecules facilitate the adhesion of monocytes and lymphocytes to endothelial cells,
resulting in endothelial injury and the release of inflammatory mediators, which further
amplify the inflammatory response [24].

The subsequent increase in vascular permeability allows plasma proteins and inflam-
matory cells to extravasate into the surrounding tissues. Simultaneously, vascular tone reg-
ulation becomes impaired, manifesting as abnormal vasodilation and vasoconstriction [23].

Activated endothelial cells express tissue factor (TF), which initiates the extrinsic
coagulation pathway. In addition, Weibel-Palade bodies of endothelial cells release, among
other mediators, von Willebrand factor (vWF), which promotes platelet adhesion and
aggregation and enhances inflammatory processes through leukocyte recruitment and
complement activation [24].

As dysfunction progresses, a prothrombotic state develops through the expression
of procoagulant factors, accompanied by enhanced oxidative stress, which perpetuates
cellular injury. A key pathological transition is the endothelial-to-mesenchymal transi-
tion (EndMT), in which ECs acquire mesenchymal characteristics, promoting fibrosis and
tissue remodeling.

Chronic stress and damage ultimately lead to endothelial apoptosis and senescence,
resulting in microvascular rarefaction, the loss of small vessels that diminishes tissue
perfusion and contributes to hypoxia. The cumulative outcome of these processes comprises
a spectrum of adverse vascular changes (Figure 2) [23].
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Figure 2. Pathological Sequence of Vascular Damage.

Environmental factors also influence endothelial function. Chronic stress is associ-
ated with elevated glucocorticoid levels, which increase circulating concentrations of pro-
inflammatory cytokines and reduce NO synthesis. Concurrently, enhanced catecholamine
production is linked to increased activation of the renin—angiotensin—aldosterone system
(RAAS) and elevated lipid peroxidation, thereby promoting inflammatory responses and
exacerbating endothelial injury [25]. The described pathophysiological framework em-
phasizes that the endothelium functions not merely as a passive barrier but as an active
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regulator of inflammation, coagulation, vascular tone, and cell survival. A comprehensive
understanding of the sequential stages of endothelial dysfunction is essential for identify-
ing potential therapeutic targets in cardiovascular and chronic inflammatory diseases [23].

Table 2 presents vasoactive factors with vasoconstrictor and vasodilator effects [26].

Table 2. Endothelial vasoactive mediators [26].

Mediator Mechanism of Action Additional Effects
Produced by eNOS from L-arginine;
Nitric Oxide (NO) activates guanylate cyclase — | Antithrombotic, anti-inflammatory,

intracellular Ca®*, + K* — smooth
muscle relaxation

antiproliferative, anti-atherosclerotic

EDHF (Endothelium-Derived
Hyperpolarizing Factor)

Opens Ca?*-activated K* channels —
hyperpolarization of vascular smooth
muscle membrane — vasodilation

Particularly active in microcirculation;
role in hypertension not fully
elucidated

Prostacyclin (PGI;)

Activates adenylate cyclase — 1 cAMP
— smooth muscle relaxation

Inhibits platelet aggregation; acts
synergistically with NO

Angiotensin 1-7

Formed from Ang Il by ACE2; activates
MAS receptor — T NO, | ROS

Endothelial protective effects;
antihypertensive properties

Angiotensin II (via AT2
receptor)

Binds AT2 receptor — signaling
pathways leading to vasodilation

Opposes AT1 receptor-mediated
effects; weaker binding affinity

Endothelin-1 (ET-1)

Activates ETp and ETg; receptors —
1 Ca?*, myosin light chain
phosphorylation — smooth muscle
contraction

Mitogenic, pro-inflammatory, and
vascular remodeling; at high
concentrations, vasoconstrictive effects
predominate

Angiotensin II (AT1 receptor)

Activates the AT1 receptor — 1 ROS,
ET-1, growth factors, adhesion molecules
— vasoconstriction, vascular remodeling

Promotes oxidative stress,
inflammation, and endothelial
dysfunction; a key mechanism in
hypertension

Converts Ang I — Ang II — activation

Indirect mediator of vasoconstriction;

ACE of the AT1 receptor particularly active in the pulmonary
endothelium
Scavenee NO —s form toxic Promote inflammation, vascular
ROS & remodeling, endothelial damage, and

peroxynitrite; increase oxidative stress

vessel narrowing

3. The Role of Trace Elements and Heavy Metals

Under changing environmental conditions, increasing exposure to toxic heavy metals
and disturbances in the balance of trace elements may initiate or accelerate the processes
described above. Such factors influence oxidative stress, ionic imbalance, and signaling
pathways, thereby modulating endothelial functions at multiple levels. Consequently, envi-
ronmental disruptions of elemental homeostasis may represent an important component in
the pathogenesis of endothelial-dependent vascular diseases.

3.1. Trace Elements
3.1.1. Zinc

Zinc (Zn) is a trace element involved in numerous cellular pathways, serving as a
cofactor in enzymatic systems and modulating the activity of enzymes such as superoxide
dismutases and metalloenzymes [4]. It also acts as a signaling molecule. The molecular
mechanisms of cardiovascular function depend on zinc signaling pathways [27]. Moreover,
twenty-four ZIP transporters that increase cytosolic Zn levels and twelve metallothioneins
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(MTs) responsible for Zn regulation and ROS neutralization have been identified in human
cardiac tissue [27-29].

Since Zn serves structural, regulatory, and catalytic roles in many metabolic processes,
maintaining its homeostasis is essential. Disruption of Zn homeostasis affects endothe-
lial function as well as genomic and proteomic modifications linked to cardiovascular
diseases [28,29]. Zn is a divalent cation, of which only about 0.1% of total body zinc is
present in human serum, mostly bound to proteins that ensure their structural stability and
enzymatic activity. Intracellular zinc is primarily localized in the cytoplasm and nucleus,
with minimal amounts in the cell membrane. Its intracellular distribution occurs through
four major pools involved in Zn homeostasis regulation:

Zn bound to metalloproteins /metalloenzymes as a structural component or cofactor;

Zn bound to metallothionein (MT), acting as a receptor and donor during disturbances;

Zn stored in intracellular organelles and vesicles, delivered via Zn transporters;

Free cytoplasmic Zn participating in signal transduction.

The concentration of free cytoplasmic zinc is low, ranging from picomolar to nanomo-
lar [29,30]. Cellular Zn homeostasis is maintained through “zinc buffering” and “zinc
mutffling.” Buffering ensures a constant level of free Zn by binding it to cytosolic proteins,
while muffling operates during transient changes by activating Zn transporters to move
ions into subcellular compartments or out of the cell, accompanied by the stimulation
of Zn-binding proteins. The metal-responsive transcription factor-1 (MTF-1) regulates
the transcription of Zn transporters (ZnT) and MTs in response to Zn fluctuations. This
feedback between Zn concentration and transcription factors allows for precise homeostatic
control. The ZnT and MT families play crucial roles in cardiovascular disease pathogenesis
through their regulation of intracellular Zn balance [27,29].

Intracellular Zn modulates endothelial nitric oxide synthase (eNOS) by promoting the
conversion of catalytically inactive monomers to active dimers involved in NO synthesis.
The Zn chelator N,N,N’,N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) induces
eNOS dimer dissociation, while Zn deficiency reduces eNOS expression and activity.
Additionally, NO influences intracellular Zn homeostasis by stimulating MT-mediated Zn
release, which in turn enhances eNOS activity, forming a positive feedback loop [29,30].

There is evidence that Zn reduces the expression and activity of inducible NOS (iNOS)
in endothelial cells. This is another finding suggesting a beneficial effect of Zn on the
cardiovascular system, as iNOS is expressed only under pro-inflammatory conditions. Its
detrimental role in disease has been demonstrated in studies where it led to excessive NO
synthesis in response to inflammatory signals.

Furthermore, Zn exhibits anti-inflammatory properties in processes implicated in
cardiovascular diseases. Endothelial cells exposed to various stimuli secrete chemokines
and recruit monocytes to vessel walls, an interaction (monocyte-EC adhesion) that drives
atherogenesis. The zinc finger-homeodomain transcription factor ZEB1 suppresses expres-
sion of the chemokine CXCL1, which mediates this interaction. Zn deficiency enhances
inflammation by upregulating VCAM-1 and ICAM-1 [29]. Low Zn levels also increase pro-
inflammatory cytokines such as TNF-«, IL-2, IL-6, and C-reactive protein, while cytokines
themselves can alter ZnT expression. Moreover, Zn deficiency impairs protein function,
including protein kinase C, and disrupts macrophage and monocyte activity [28,30].

The nuclear transcription factor NF-«B is a central mediator in pro-inflammatory
signaling and atherosclerosis progression. Zn supplementation inhibits NF-«B activation in
vascular ECs, whereas deficiency enhances its activity [28,29]. Other zinc finger-containing
transcription factors, including Kriippel-like factors KLF2, KLF4, and KLF11, also exert anti-
inflammatory effects in ECs by suppressing NF-«B signaling. Zn further inhibits NF-«B by
modulating peroxisome proliferator-activated receptors (PPARs): Zn deficiency decreases

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41

9 of 26

Zn2+

Zn2+

PPARx and PPARy expression, leading to enhanced NF-«B DNA binding. Increased
expression of the NF-«B inhibitory protein A20 has been linked to higher Zn concentrations
in ECs.

Zn also plays an antioxidant role by catalyzing and supporting antioxidant enzyme
synthesis. Its deficiency increases oxidative stress in ECs, while Zn supplementation
restores redox balance.

Zn affects endothelial apoptosis as well. ZEB1 protects the p21 protein from oxidative
stress-induced damage, preventing apoptosis and senescence. Zn deficiency promotes
LPS-induced apoptosis via caspase-3 activation, whereas Zn supplementation reverses this
effect. Studies in human aortic EC cultures demonstrated an inverse correlation between
Zn concentration and caspase-3 activity [29,30] (Figure 3).

Oxidative stress

KLF2
PPARa KLF4

PPARY  KLFM
Zn2+ \ ‘/

defici
eficiency NF-kB Caspase 3

eNOS \‘ TNF-a (..) (-—}
L2

TPEN 3
Inflammation Apoptosis

Zn2+
- vEAM C- reactlltesprotem \ /
ICAM 'I
release eNOos
eNOS dimer \.

H -)

NO

!

Vascular smooth muscule relaxation

Figure 3. A schematic illustrating the effect of Zn on vascular endothelial function [30]. Acronyms:
MT, metallothionein; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; TNF-« tumor necrosis
factor-alpha; NF-«kB, nuclear factor-«B; TPEN, N,N,N,N-tetrakis(2-pyridylmethyl)-ethylenediamine;
IL-2, interleukin 2; IL-6; interleukin 6; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, in-
tercellular adhesion molecules; PPARw, peroxisome proliferator-activated receptor alpha; PPARYy,
peroxisome proliferator-activated receptor gamma; KLF2, Krtippel-like factor 2; KLF4, Kriippel-like
factor 4, KLF11, Kruppel-like factor 11; Zn%*, zinc (ID) ion.

3.1.2. Selenium

Selenium (Se) is a trace element that enhances cell survival through antioxidant
protection, regulation of autophagy, inhibition of inflammation, and prevention of apoptosis
by modulating both intrinsic and extrinsic signaling pathways. It also influences the
Nrf2, JAK/STAT, and PARP pathways. Low Se intake increases the risk of cardiovascular
diseases [5].

The antioxidant action of Se is primarily mediated by selenoproteins that neutralize
reactive oxygen species (ROS). Se is incorporated as selenocysteine at the catalytic sites
of these proteins [5,31-33]. Adequate Se and selenoprotein levels maintain redox balance,
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ensuring proper endothelial and smooth muscle function [34]. Se supplementation increases
glutathione peroxidase (GPx) levels in humans and enhances GPx activity in response to
toxic exposures such as cadmium, lead, arsenic, and certain drugs.

Reduced GPx activity is observed in Keshan disease, a cardiomyopathy associated
with Se deficiency leading to myocardial fibrosis and degeneration [5,31].

The selenoprotein thioredoxin reductase (TrxR) also exhibits antioxidant properties
and protects against endothelial dysfunction. Studies show decreased TrxR levels under
Se-deficient conditions, reversed upon Se or oxidant exposure (e.g., HOCI, H,O,) [5].

The selenoprotein TRxR1 is involved in the reduction of coenzyme Q10 (CoQ10) to
its active form, ubiquinol, and selenium deficiency may impair the cells” ability to achieve
optimal CoQ10 levels, which counteract lipid peroxidation. This coenzyme functions as a
potent antioxidant and a central electron carrier in the respiratory chain. Meta-analyses
have shown that its supplementation positively affects endothelial and cardiac function,
and low levels of CoQ10 have been observed in patients with ischemic heart disease and
cardiomyopathy [31].

It has also been demonstrated that the three thioredoxin reductases: TRxR1, TRxR2,
and TRxR3, participate in cardiovascular function by mitigating oxidative stress in response
to pressure overload-induced hypertrophy and left ventricular remodeling [33].

Thus, GPx and TRxR, whose activity is selenium-dependent, modulate oxidative stress
and lipid oxidative modification. They also reduce inflammation, support proper vascular
reactivity, and limit platelet aggregation. Through these mechanisms, they help regulate
cardiovascular function and protect against disease [31].

It has been shown that selenium deficiency destabilizes oxidative stress regulation by
inhibiting the Nrf2 pathway, which is responsible for activating the cellular response to
oxidative stimuli and preventing cellular damage. Nrf2 is a key regulator of antioxidant
defenses within cells [5]. Human cardiomyocyte studies show that Se deficiency impairs
mitochondprial function and increases ROS production [33].

Selenium regulates cardiomyocyte apoptosis by modulating the mRNA expression
of caspase family genes involved in this process, as well as influencing the activity of
several other cell death receptors [5,33]. Activation of these genes induces apoptosis via
both death receptor and mitochondrial pathways, with the anti-apoptotic factor BCL-2
serving as the principal regulator. Selenium deficiency is associated with increased mRNA
levels of caspase-3 and caspase-9, along with decreased BCL-2 expression, all of which
promote cardiomyocyte death [32,33]. Additionally, selenium reduces the expression of
FAS and TNF receptor genes involved in the formation of cell death-inducing signaling
complexes [5].

There are also reports that selenium deficiency affects the cardiovascular system
through modulation of microRNAs (miRNAs). Potential miRNAs involved in this regu-
lation have been identified. In one study, cardiac dysfunction associated with selenium
deficiency was linked to five upregulated miRNAs, which influence oxidative stress, cell
survival, and inflammation, mainly affecting cell death pathways [33].

Selenium deficiency has been shown to inhibit autophagy in cardiomyocytes by
increasing expression of the ATG7 gene, which regulates this process [5].

Cardiomyocyte studies also demonstrated that selenium deficiency reduces mito-
chondrial STATS3 activity, potassium channel expression, and overall mitochondrial func-
tion [5,32]. STAT3 proteins play a protective role in the myocardium following ischemia—
reperfusion injury by modulating mitochondrial function, which is crucial for cardioprotec-
tion [5]. One study showed that pretreatment with selenium modulated STAT3 phospho-
rylation in this context [5,32]. The STAT/JAK pathway participates in the inflammatory
response, mediating cytokine signaling [32].
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Furthermore, selenium reduces PARP activity in scopolamine-treated cells. Inflamma-
tion pathogenesis is linked to PARP-1 signaling, as its upregulation can lead to mitochon-
drial dysfunction and cell death [5] (Figure 4).
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Figure 4. A schematic illustrating the effect of Se on vascular endothelial function [5]. Acronyms:
GPx, glutathione peroxidase; TRxR, thioredoxin reductase; Nrf2, nuclear factor-erythroid 2-related
factor; BCL-2, B-cell CLL/lymphoma 2; miRNA, microRNA; mRNA stands for messenger ribonucleic
acid; PARP, Poly(ADP-ribose) polymerase; STAT 3, stands for Signal Transducer and Activator of
Transcription 3, Se, selenium.

3.1.3. Copper

Copper (Cu) is a catalytic cofactor in antioxidant defense, energy metabolism, and
mitochondrial respiration [35]. Maintaining Cu homeostasis is critical for the cardiovas-
cular system, as Cu deficiency leads to its sequestration in mitochondria and affects the
modulation of this trace element and vascular function. Conversely, Cu excess contributes
to oxidative stress. These processes result in endothelial cell (EC) dysfunction and cardio-
vascular diseases [35,36].

Cardiac function relies on mitochondrial activity and high energy production, which
requires adequate Cu levels in cardiac tissue [37]. Cytochrome c oxidase (CCO), essential
for cellular respiration, contains Cu in its structure, and mitochondrial respiratory effi-
ciency in the heart depends on intact mitochondrial respiration. Cu deficiency results in
reduced CCO production due to decreased COX17 transport to SCO1/SCO2 and COX11.
Additionally, expression of mitochondrial-associated proteins, such as the peroxisome
proliferator-activated receptor gamma coactivator 1o (PGC-1w), increases; this protein is
necessary for mitochondrial biogenesis regulation. Consequently, mitochondrial dysfunc-
tion arises, characterized by altered mitochondrial structure and impaired proliferation,
contributing to atherosclerosis and heart failure. It has also been shown that fatal cardio-
vascular diseases are associated with CCO activity and expression, leading to stiffening
of cardiomyocyte fibers. Furthermore, cardiac and other tissues exhibit reduced ATP and
phosphocreatine levels, along with increased ADP and inorganic phosphate. Ultimately,
myocardial damage occurs due to additional processes, including changes in membrane
and mitochondrial cristae structures, which induce mitochondrial rupture and impair
mitochondrial metabolism [36,38].

Cu is a cofactor of superoxide dismutase (SOD). Its deficiency causes endothelial dys-
function by reducing NO synthesis and increasing superoxide anion levels. These processes
decrease SOD activity, culminating in enhanced oxidative stress and reduced vasodilation,
contributing to atherosclerosis [37,38]. Another notable protein is ceruloplasmin (CP),
which transports over 90% of plasma Cu and affects the activity of Cu-dependent enzymes
such as SOD, thereby helping eliminate ROS. CP also participates in iron mobilization
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as a ferroxidase. Consequently, Cu deficiency reduces CP oxidative activity and may be
indirectly linked to cardiac diseases associated with disrupted iron homeostasis [38].

Cu deficiency can also alter cardiac gene expression. Involved processes include
increased expression of TNF-« and genes regulating cardiac contractility and calcium
handling, which contribute to impaired cardiac function under low-Cu conditions.

It has been demonstrated that leukocyte adhesion to activated ECs can be dis-
rupted by Cu deficiency due to decreased expression of adhesion molecules VCAM-1
and ICAM-1 [37].

Studies show that ischemic injury is associated with reduced cardiac Cu levels, along
with decreased hypoxia-inducible factor 1 (HIF-1)-dependent angiogenesis and lower
expression of genes involved in angiogenesis and glycolysis. During myocardial infarction,
HIF-1 is regulated by its HIF-1x subunit. Cu influences HIF-1 function by stabilizing
HIF-1«, binding to hypoxia-responsive element (HRE) sequences of target genes, and
forming transcriptional complexes. Cu also stimulates expression of Cu-dependent genes
such as VEGEF, thereby affecting HIF-1-HRE interactions. Furthermore, Cu modulates lysyl
oxidase (LOX) synthesis, involved in vascular maturation via Ras-related C3 botulinum
toxin substrate 1 (RAC1), ATOX1, and ATP7A. Cu efflux inhibits these mechanisms, leading
to myocardial damage via reduced vascular wall tension, increased myocardial fragility,
and impaired angiogenesis. Increased Cu efflux occurs under hypoxia and ischemia [36].

Disrupted Cu ion homeostasis generates oxidative stress through ROS accumulation
and mitochondrial dysfunction, contributing to EC dysfunction. This mechanism, recently
identified as “cuproptosis,” involves EC dysfunction, dysregulated inflammation, and
tissue damage, playing a role in cardiovascular disease pathogenesis, including myocardial
injury, coronary artery disease, and atherosclerosis [35,36]. Oxidative stress initiation by
Cu occurs through cyclic transitions of Cu ions between oxidation and reduction states,
generating hydroxyl radicals that cause DNA damage and lipid peroxidation [35]. ROS
induce mitochondrial dysfunction and reduce ATP synthesis by impairing mitochondrial
electron transport, damaging the inner mitochondrial membrane, and compromising
mitochondrial DNA integrity [39] (Figure 5).

3.1.4. Magnesium

Magnesium (Mg?") is a macroelement whose daily requirement falls within the trace
element range. It participates in cardiovascular function by influencing blood pressure
through vasodilation. Mg?* acts on ECs, stimulating NO and prostacyclin (PGI,) release
and inhibiting L-type calcium channels.

Intracellular Ca®* reduction in myocytes and the consequent weakening of cell con-
traction occurs not only via L-type calcium channel blockade but also through additional
mechanisms. Therefore, the smooth muscle contraction process must be discussed. Contrac-
tion is generated by Ca?* influx into smooth muscle cytosol via L-type calcium channels,
followed by diacylglycerol (DG) and inositol 1,4,5-trisphosphate (IP3) synthesis and phos-
pholipase C stimulation in response to intracellular Ca?*. The sarcoplasmic reticulum
releases Ca®* through IP; receptor activation. Myosin light chain kinase (MLCK) is acti-
vated by calmodulin binding to cytosolic Ca?*, inducing cell contraction via myosin-actin
interaction through myosin light chain phosphorylation [40]. Intracellular Mg?* attenuates
myocyte contraction at multiple steps. It has been shown to block L-type calcium channels,
reducing Ca?* influx by direct binding [40,41]. In cardiac muscle, Mg?" inhibits Ca* re-
lease from the sarcoplasmic reticulum, which is triggered by Ca?* itself [40,42]. After Ca?*
release from intracellular stores, elevated Ca?* levels are prolonged under low-Mg2* condi-
tions, as Mg?* facilitates Ca* reuptake into stores via sarcoplasmic reticulum Ca*-ATPase
activation [40].
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Figure 5. A schematic illustrating the effect of Cu on vascular endothelial function [35]. Acronyms:
COX11, cytochrome c oxidase copper chaperone 11; COX17, cytochrome C oxidase copper chap-
erone 17; SCO1, synthesis of cytochrome C oxidase 1; SCO2, synthesis of cytochrome C oxidase 2;
CCO, cytochrome C oxidase; CP, ceruloplasmin; SOD, superoxide dismutase; NO, nitric oxide; Cu+,
copper (I) ion; Fe, iron.

Mg?* may also influence the calcium-sensing receptor (CaSR), present in the parathy-
roids and expressed by vascular smooth muscle cells. Mg?* can mimic calcimimetics, which
inhibit vascular smooth muscle cell calcification via CaSR activation. This reduces parathy-
roid hormone (PTH) secretion, which regulates calcium homeostasis by increasing CaSR
expression. Hemodialysis patients with higher serum Mg?* show lower PTH levels. How-
ever, Mg?* effects on vascular smooth muscle cell CaSR remain under investigation [42].

Another factor affecting vasodilation is PGI,, whose release in blood vessels is regu-
lated by Mg?* [40,41,43,44]. Extracellular Mg?* increases PGI, secretion in cultured ECs
and smooth muscle cells. MgSO, infusion has been shown to lower blood pressure, con-
comitantly increasing urinary excretion of 6-keto-prostaglandin Flx (6-keto-PGFlx), a
stable PGI, metabolite. The blood pressure-lowering effect of PGI, is counteracted by
cyclooxygenase inhibition, which prevents PGI, synthesis and renal blood flow increase.
Mg?* may also affect cyclooxygenase activity via Ca?* influx, as Mg?*-stimulated PGI,
release is inhibited by the calcium channel blocker nifedipine.

Mg?* also modulates vascular tone by enhancing NO synthesis via eNOS upregulation
in high-Mg?* conditions [40]. Mg?* deficiency has been associated with EC inflammation,
oxidative stress, and intracellular lipid accumulation [41].

Mg?* regulates membrane permeability for Na* and K*. Fluctuations in Mg?* levels
may increase intracellular Na* and Ca?* and decrease K* [42].

Mg?* is essential for the activity and proper folding of hyaluronan synthase, which
maintains extracellular matrix (ECM) structural integrity. The ECM provides vascular
scaffolding and supports cellular processes and survival. Mg?* modulates vascular cells
via integrin transmembrane receptor binding, initiating intracellular signaling cascades.
Integrin adhesion depends on metal ion availability, and Mg?* concentration is critical for
integrin-ligand interactions. Smooth muscle cell adhesion to the basement membrane is
enhanced by fibronectin binding to the a531 integrin in vascular tissue. Higher Mg?* levels
increase «5B1-ligand stability, and Mg?* is required for ligand binding site exposure [41].

Other mechanisms by which Mg?* regulates blood pressure include: (1) modulat-
ing renal K* handling, affecting systemic K* homeostasis and indirectly blood pressure;
(2) regulating aldosterone secretion from the adrenal cortex; (3) influencing catecholamine
release from sympathetic nerve endings via N-type calcium channels and N-methyl-D-
aspartate (NMDA) receptors; (4) modulating hypertensive factors in inflammation within
macrophages and dendritic cells by stimulating the pyrin domain-containing NLR family
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member 3 (NLRP3) inflammasome and activating isolevuglandin (IsoLG) synthesis [40].

(Figure 6).
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Figure 6. A schematic illustrating the effect of Mg on vascular endothelial function [40]. Acronyms:
eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PGI2, prostacyclin; Mg2+, magnesium (II)
ion; Ca%*, calcium (II) ion.

3.2. Heavy Metals

Monitoring and risk assessment of heavy metal exposure play a critical role in identi-
fying vulnerable populations and evaluating the impact of environmental contaminants.
Factors such as sex, age, lifestyle disorders, and socio-economic status must be consid-
ered. Exposure to heavy metals contributes to shortened life expectancy and an increased
risk of cardiovascular diseases. This occurs through dietary intake and environmental
contamination, including air pollution [45,46]. Suspended particulate matter may contain,
among others, Pb and Cd. Particulate matter with a diameter of 0.1 pm represents ultrafine
particles, which have high toxic potential for the cardiovascular system due to their ability
to penetrate the alveolar—capillary barrier. This is facilitated by the increased number
of particles, high solubility, elevated surface area-to-mass ratio, and reactive surface. A
correlation has been demonstrated between heart failure and coronary artery disease risk
and low-level Cd exposure, showing a linear dose-response relationship. Risk ratios for
overall cardiovascular disease with 1 pug/L in whole blood and 0.5 ug/g creatinine in urine
were 2.58 and 2.79, respectively.

Diet is a major route of heavy metal exposure. One study observed a significant
association between Cd intake from vegetables and rice and its urinary excretion. Heavy
metal absorption can be influenced by dietary factors, and essential minerals may increase
absorption [45,47].

Increased exposure to Cd, Pb, and Hg has been noted in areas with high indus-
trial activity or contaminated water sources. Children and the elderly are particularly
susceptible [48].

Mercury (Hg), lead (Pb), and cadmium (Cd) are classified as non-essential heavy met-
als, meaning they have no known biological functions. They pose serious cardiovascular
health risks, as even low doses can cause damage [49]. Their toxicity depends on bioaccu-
mulation, dose, chemical properties, exposure duration, and route of entry. These metals
disrupt antioxidant defenses and signaling pathways, affecting cellular processes such
as metabolism, proliferation, survival, and apoptosis. They evade regulatory processes
including homeostasis, transport, cellular signaling, compartmentalization, and antioxidant
systems, partly through redox reactions [50,51].
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A significant association has been demonstrated between elevated Hg, Pb, and Cd
levels, high-sensitivity C-reactive protein (hs-CRP) levels, and ten-year cardiovascular
disease risk [52]. Heavy metal exposure promotes hypertension by impairing NO signaling,
inducing oxidative stress, disrupting Ca®* signaling in vascular smooth muscle, causing
renal damage, and altering the renin-angiotensin system. Cardiovascular dysfunction is
linked to mitochondrial impairment in cardiac tissue [53].

High Hg exposure induces vasoconstriction, whereas low exposure promotes vasore-
laxation. Vasoconstriction is associated with endothelial functional and compositional
changes, while vasorelaxation is endothelium-dependent. Under low-Hg conditions, NO
increases without affecting endothelium-derived hyperpolarizing factor (EDHF) or PGI,.
Oxidative stress occurs under both high and low Hg exposures, leading to vessel constric-
tion via NO interaction with superoxide anions and peroxynitrite (ONOO™) formation.
High Hg reduces NO synthesis by decreasing eNOS activity, while EDHF levels remain con-
stant or elevated. The endothelium can also release the potent vasoconstrictor endothelin-1
(ET-1), which exerts mitogenic and pro-inflammatory effects contributing to cardiovascular
disease pathogenesis [54].

Exposure of human EA.hy926 ECs to methylmercury (MeHg) reduced NO synthesis,
while other studies showed increased malondialdehyde (MDA) levels following expo-
sure to MeHg and HgCl,. MDA is a lipid peroxide generated during lipid peroxidation
and causes cellular damage [55]. Even very low Hg doses increase the phosphorylated
eNOS-to-eNOS ratio, reducing vascular reactivity, suggesting toxic endothelial effects at
low concentrations due to intracellular accumulation [56]. Studies demonstrate that ng+
and MeHg induce EC apoptosis and necrosis, contributing to atherogenesis [57]. MeHg
also promotes monocyte adhesion to HMEC-1 ECs and upregulates pro-inflammatory cy-
tokines and adhesion molecules, including chemotactic cytokines and intercellular adhesion
molecule-1 (ICAM-1), significantly activating NF-«B [58].

Hg induces inflammation via TNF-«, pro-inflammatory cytokines, IL-2, IL-6, and
IL-10, and modulates cellular signaling pathways. High Hg concentrations positively
correlate with CRP levels [49].

Hg-generated oxidative stress, through increased pro-oxidant production or decreased
antioxidant activity, affects vulnerable ECs, causing inflammation and subsequent dys-
function [59]. Hg may damage cardiac tissue via oxidative stress induction, mitochondrial
dysfunction, and sulfhydryl group depletion [60]. Chronic Hg exposure has been shown to
contribute to cardiovascular disease development via endothelial dysfunction, inflamma-
tion, and oxidative stress [61].

Pb contributes to hypertension by increasing vascular tone through multiple cellular
mechanisms, including oxidative stress, inflammation, decreased NO and EDHEF levels,
disrupted Ca2* transport, elevated endothelin levels, and reduced vasoactive hormones. Pb
may enhance ROS production and oxidative stress via Fenton and Haber-Weiss reactions. It
also impairs Na*/K* pump function, signaling pathways, and myofibril phosphorylation,
affecting cardiac contractility and conduction. Studies show Pb increases eNOS expression
while reducing soluble guanylyl cyclase (sGC) expression, suggesting effects on endothelial
relaxation and vascular remodeling [49,62,63]. Pb selectively binds sulfur-containing
enzymes and antioxidants, generating ROS and depleting cellular antioxidant reserves [62].
Furthermore, Pb affects Zn- and Ca-dependent functions, primarily antioxidant activity,
by reducing SOD activity and inhibiting glutathione synthesis [64]. Chronic Pb exposure
decreases antioxidant defenses by downregulating SOD, GPx, and catalase expression [65].

Low-dose Pb exposure impairs iron utilization and promotes accumulation of unstable
iron in mitochondria, disrupting NO metabolism and causing endothelial dysfunction. Pb
exerts membrane toxicity in cardiomyocytes [66]. Exposure of ECs to Pb reduces their
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protective capacity by disturbing cellular processes and morphology [6,67]. A link has also
been found between Pb and endothelial nitric oxide synthase gene (NOS3), correlating
with susceptibility to cardiovascular disease. The NOS3 Glu298Asp polymorphism in exon
7 (G — T at nucleotide position 298) is involved [68].

Studies analyzing IL-8 production in human umbilical vein ECs exposed to Pb showed
that Pb affects Nrf2 signaling [69]. Pb also increases soluble adhesion molecules in blood,
potentially causing endothelial damage [47]. Population studies in adolescents and young
adults revealed positive correlations between urinary Pb levels and endothelial and platelet
microparticles, partly explaining Pb-induced cardiotoxicity. Endothelial/platelet activation
and apoptosis due to Pb accumulation may contribute to atherosclerosis pathogenesis [70].

Cd contributes to hypertension and atherosclerosis by impairing EC and smooth mus-
cle function. Cd exposure increases asymmetric dimethylarginine (ADMA), an endogenous
eNOS inhibitor, and decreases L-arginine, which promotes NO production. Other studies
demonstrate that Cd disrupts lipid metabolism in human microvascular ECs (HMEC-1),
causing triglyceride breakdown and free fatty acid accumulation, generating ROS, cytotoxi-
city, reduced ATP, and altered mitochondrial membrane potential, resulting in endothelial
dysfunction and cell death. Cd exposure also inhibits EC proliferation and induces apopto-
sis. Acute Cd exposure increases vasoconstrictor activity via NADPH oxidase-mediated
ROS production, reducing NO bioavailability and promoting endothelial oxidative stress,
leading to vascular damage [54,71,72].

Cd contributes to hypertension by suppressing acetylcholine-induced vasodilation
and inhibiting endothelial NO synthase [73]. Cd promotes atherosclerosis and vascular
inflammation via two mechanisms: (1) it penetrates vessel walls via monocytes through
transporters and ion channels; these monocytes and macrophages eventually cause foam
cell necrosis, releasing cytokines and Cd, resulting in endothelial damage and local inflam-
mation; (2) Cd disrupts endothelial integrity by inducing EC death, forming gaps that allow
Cd to reach the medial layer. Cd is retained in smooth muscle cells, where low concentra-
tions disrupt calcium flow and ionic homeostasis, promote smooth muscle proliferation,
and exert cytotoxic effects. These processes contribute to an atherogenic state via lipid
accumulation and lipid profile modification. Cd-induced cell death impairs endothelial
integrity, promoting atherosclerosis and vascular inflammation [74,75]. Cd exposure also
induces hypertension via increased peripheral resistance through RAS activation and en-
dothelial dysfunction [76]. Low-dose Cd exposure has been associated with vascular aging,
as evidenced by elevated plasma von Willebrand factor (vWEF), a glycoprotein involved
in coagulation. vWF levels rise with age, contributing to plaque formation, inflammation,
thrombosis, and vascular smooth muscle cell proliferation [77].

It is also worth noting that the human body is exposed to heavy metals through three
main routes: the gastrointestinal route, the respiratory route, and penetration through the
skin. The health risk is determined by the route of exposure, the duration of exposure,
and the dose. Whether metal poisoning is chronic or acute is most often influenced by
the magnitude of the dose. Factors such as the oxidation/reduction capacity of the metal
ion, its valence state, ionic radius, ability to interact with the ligand environment, and
lipophilicity /hydrophilicity inform the degree of toxicity of a given metal. Common
features of these processes include dysregulation of antioxidant mechanisms, oxidative
stress generated by reactive oxygen species (ROS), and enzyme inactivation.

Below are several examples of dose—exposure relationships for heavy metals. The effect
of Cd on the activity of the sodium—potassium pump can be reversed at low/mild cellular
intoxication after an initial decrease in ATPase activity. The toxic effect predominates when
the exposure dose is very high. In turn, studies of exposure to Hg at high doses have
shown an association with cytotoxicity. However, exposure to low doses of this metal
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caused increased DNA damage, among other effects, through blockage of DNA repair
mechanisms and inhibition of apoptosis. Another study demonstrated a dose-dependent
relationship between Pb exposure and the severity of cardiovascular disease. Low blood Pb
levels (<5 pg/dL) observed in the general population were associated with hypertension
and mortality due to peripheral arterial disease, stroke, and coronary heart disease [50].

4. Consequences of Endothelial Dysfunction
4.1. Cardiovascular Disease Development

Endothelial dysfunction, resulting from the predominance of pro-inflammatory fac-
tors and oxidative stress over protective mechanisms, constitutes a key mechanism in the
pathogenesis of cardiovascular diseases. One of the most critical aspects is that endothelial
dysfunction contributes to the initiation and progression of atherosclerotic plaque forma-
tion, making it considered the earliest stage of most cardiovascular disorders [78]. Vascular
homeostasis relies on the balance between vasodilatory mediators, such as nitric oxide (NO)
and prostacyclin, and vasoconstrictive factors, including endothelin-1. Chronic exposure
to reactive oxygen species (ROS), exacerbated by the presence of heavy metals such as
cadmium, lead, or mercury, leads to NO inactivation, reducing vascular relaxation capacity
and promoting inflammatory processes [21,79].

In this context, vascular endothelial inflammation is recognized as a significant factor
contributing to the development of numerous cardiovascular-related conditions, includ-
ing hypertension, atherosclerosis, aging, stroke, heart disease, diabetes, obesity, venous
thrombosis, and pathological vascular wall thickening [80].

4.1.1. Atherosclerosis

Oxidative imbalance leads to decreased NO bioavailability and endothelial dysfunc-
tion, favoring the formation of atherosclerotic lesions through enhanced leukocyte adhesion,
inflammation, and cellular structural damage [81]. In damaged endothelium, excessive
production of pro-inflammatory cytokines and chemokines activates complex cellular
cascades [21].

Studies show that selenium-containing compounds, such as SeTal or the GPX-1
mimetic ebselen, reduce oxidative stress, increase NO bioavailability, and inhibit pro-
inflammatory signaling pathways. Selenoproteins, including GPX-1 and SelS, modulate
Akt/eNOS and NF-«B signaling, decrease ROS production, reduce adhesion molecule
expression, and limit apoptosis in endothelial cells. This indicates that selenium-dependent
enzymes play a crucial role in endothelial protection and atherosclerosis prevention [21].

Zinc-dependent transcription factors, including KLF2, KLF4, and KLF11, exhibit
strong anti-inflammatory and anti-atherosclerotic effects, protecting endothelium from
pro-inflammatory signaling activation. Zinc also supports PPAR-a and PPAR-y receptor
activity, which inhibits NF-«B activation and reduces vascular inflammation, contributing
to the slowing of atherosclerosis progression [29].

A large population study demonstrated that individuals in the highest quartile of
blood lead concentration had approximately a 35% higher risk of developing atheroscle-
rotic changes compared with those in the lowest quartile. This effect was particularly
pronounced in postmenopausal women, who exhibited a 72% increased risk, highlight-
ing the role of lead as an accelerator of carotid artery changes, especially in vulnerable
groups [82].

4.1.2. Hypertension

The relationship between developing hypertension and endothelial dysfunction in-
volves regulatory and structural disturbances at multiple levels. Damaged endothelial
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cells promote altered smooth muscle vascular reactivity while simultaneously inducing
prothrombotic and pro-inflammatory effects, exacerbating organ damage associated with
hypertension [26]. Mercury’s role in hypertension pathophysiology may involve endothe-
lial dysfunction, renin-angiotensin system (RAS) disturbance, and inflammation. These
components are interrelated, leading to hypertension through a complex mechanism. Mer-
cury stimulates the renin-angiotensin—aldosterone (RAA) system, increasing angiotensin-
converting enzyme (ACE) and renin secretion, resulting in elevated angiotensin II, a potent
vasoconstrictor. Angiotensin II stimulates ROS production in vascular smooth muscle cells.
Additionally, mercury acts directly on endothelial cells, forming complexes with glutathione
(GSH) and selenium, disrupting redox balance and impairing ROS clearance. Excess ROS
activates the NF-«B transcription factor, increasing pro-inflammatory cytokine expression,
including TNF-« and IL-6, exacerbating inflammation, and promoting atherosclerosis. ROS
also inhibits NO and cyclic GMP (cGMP), leading to vascular constriction and increased
resistance, fostering hypertension development. Studies also show that NO is directly
reduced by HgCl, and MeHg [55]. Wang et al. examined the correlation between lead, cad-
mium, mercury, and manganese levels and hypertension. Lead emerged as the dominant
factor influencing hypertension development, similar to mercury, reducing NO bioavailabil-
ity, impairing antioxidant systems, and increasing ROS production [62]. The SWAN study
confirmed this correlation, showing that urinary arsenic, mercury, and lead levels were asso-
ciated with faster increases in systolic and diastolic blood pressure in menopausal women.
Cadmium was linked to accelerated systolic pressure rise in never-smoking women. Over
17 years, mean systolic and diastolic pressures increased by 15.8 mmHg and 12.6 mmHg,
respectively, in the highest versus lowest arsenic tertiles [83].

4.1.3. Obesity

In obesity, adipose tissue secretes numerous hormones and cytokines that disrupt
metabolism and promote endothelial dysfunction, contributing to atherosclerosis. Inflam-
matory activation and MCP-1 increase adhesion molecule expression, enhancing leukocyte
adhesion and migration and elevating the risk of atherothrombotic events. Individuals
with obesity and metabolic syndrome exhibit elevated endothelial damage markers, such
as VEGF-1, increased ROS production, higher PAI-1 promoting thrombosis, hyperuricemia,
elevated triglycerides, and easily oxidized LDL [84].

Zinc supplementation can protect endothelium through multiple mechanisms,
including reducing NF-kB-dependent inflammatory mediator expression, enhancing
eNOS expression and NO production, activating PPARs, and inhibiting TNF-a—induced
apoptosis [85].

Animal studies demonstrate the role of zinc in regulating cardiovascular parameters,
including the reduction in adipose tissue mass. Obese animals showed increased oxidative
stress, elevated glucose, lipid levels, leptin, and blood pressure, promoting endothelial dys-
function and cardiac damage. Zinc deficiency exacerbated oxidative stress. Administration
of zinc oxide nanoparticles (ZnONP) mitigated these changes, reducing cardiomyocyte
damage, vascular wall hypertrophy, periaortic fat deposition, and inflammatory markers
such as TNF-«, CRP, IL-6, resistin, and MCP-1 [86].

Similarly, zinc impacts obesity development via endothelial dysfunction mechanisms.
Obese children exhibit reduced selenium and selenoprotein P levels. Obesity increases
micronutrient demand, and selenium deficiency weakens antioxidant protection and en-
hances inflammation [87]. NHANES 2003-2014 data indicated correlations between heavy
metal exposure and obesity indices, including waist circumference, BMI, skinfold thickness,
and total body fat [88].
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4.1.4. Diabetes

Diabetes is largely associated with vascular changes, though precise mechanisms
remain incompletely understood. Current reviews suggest that hyperglycemia increases ox-
idative stress and endothelial inflammation, reducing vasodilatory capacity and promoting
atherosclerosis [89]. Diabetes is associated with chronic microvascular and macrovascular
complications. EPIC cohort studies demonstrated sex-specific differences: higher zinc
levels in women were linked to increased risk of general and microvascular complications,
whereas in men, higher zinc was associated mainly with macrovascular complications. A
low copper-to-zinc ratio decreased microvascular complication risk in women but increased
it in men [90].

Even relatively low arsenic exposure may be linked to cardiovascular risk factors,
including diabetes. NHANES 2003-2004 data showed higher urinary arsenic (median
7.1 ug/L) was associated with increased type 2 diabetes prevalence [91]. Another Mexi-
can cross-sectional study linked water arsenic (25.5-47.9 ug/L) and total urinary arsenic
(<55.8 ug/L) with diabetes and dyslipidemia [92]. Peining Liu et al. demonstrated that
elevated glucose increases ROS production and decreases GTPCH1 and BH4 in endothelial
cells. GTP cyclohydrolase 1 (GTPCH1) is essential for tetrahydrobiopterin (BH4) synthesis,
a critical cofactor for endothelial NO synthase (eNOS). In this state, eNOS produces ROS
instead of NO, aggravating oxidative stress and endothelial dysfunction. Hyperglycemia
also promotes zinc release from GTPCHI1, impairing its enzymatic function. Zinc supple-
mentation can reverse these changes by stabilizing GTPCH]1, restoring BH4 levels, and
reducing oxidative stress [93]. Mitochondrial dysfunction, impaired endothelial repair, and
increased permeability are additional mechanisms explored [21].

4.1.5. Hyperlipidemia

Yangping Zhuang et al. showed that higher blood levels of lead, cadmium, and sele-
nium are associated with increased hyperlipidemia risk. A major mechanism is enhanced
oxidative stress, as these metals bind to protein -SH groups, generating ROS, which deplete
glutathione, the body’s natural antioxidant. Rising oxidative stress triggers inflammatory
responses, a key factor in lipid disorders like hyperlipidemia. Additionally, heavy metals
affect lipid metabolism in the liver and adipose tissue by reducing antioxidant enzyme
activity (e.g., superoxide dismutase, catalase), promoting lipid peroxides, and disrupting
redox balance, which may damage hepatocytes and impair lipid production [94].

Heavy metal exposure (e.g., lead, cadmium, mercury) contributes to endothelial dys-
function via NO inactivation, oxidative stress, inflammation, vascular smooth muscle
damage, and mitochondrial and immune disturbances. Exposure also reduces systemic
antioxidant capacity and disrupts lipid profiles, decreasing HDL and increasing LDL,
total cholesterol, triglycerides, and CRP levels. Vasoconstrictive prostaglandins are el-
evated, further impairing vascular function. Cardiologically, heavy metals may cause
ECG changes, catecholamine-induced arrhythmia susceptibility, and structural myocardial
damage, including fibrosis and inflammation. Mechanistically, these effects are linked to
catechol-O-methyltransferase inhibition, leading to increased adrenaline, noradrenaline,
and dopamine, contributing to hypertension [79]. Chronic low-level heavy metal exposure
is associated with increased coronary artery disease risk, especially in older adults [95].

4.2. Preventive Strategies

Prevention of cardiovascular diseases is widely discussed and promoted by primary
care physicians, with particular emphasis on lifestyle and health behaviors. These include,
for example, a balanced diet, regular physical activity, and a reduction in substance use.
Regarding deficiencies or excesses of trace elements, prevention of such states primarily
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falls within the scope of a balanced diet. A key element of prevention is maintaining
adequate levels of trace elements in the body. Concentrations of these elements, dependent
on various factors, can be regulated through appropriate mineral supplementation or
dietary restriction.

Given the crucial role of the endothelium and the involvement of trace elements in
its regulation, it is worth reviewing studies highlighting the value of supplementation for
reducing cardiovascular risk. In a large cross-sectional study including nearly 40,000 adults,
the impact of 11 trace elements on cardiovascular risk was evaluated, including zinc, copper,
and selenium. The study concluded that sufficiently high concentrations of antioxidant
trace elements may reduce cardiovascular risk, with selenium showing the greatest effect.
However, analyses varied depending on whether the combined or individual effects of
each element were considered [96]. Literature reports indicate that selenium supplementa-
tion at doses of 55 ng/day or 200 pg/day for 12 weeks exhibits antioxidant activity and
reduces cardiometabolic risk [97,98]. Other studies show that magnesium supplementation
(mean 400 mg/day) lowered triglyceride levels and increased HDL-C, whereas zinc (mean
30 mg/day) decreased total cholesterol and triglycerides [99]. According to the EFSA Panel
on Nutrition, Novel Foods and Food Allergens (NDA), reference values for selenium
and copper are 255 pg/day and 0.07 mg/kg body weight/day, respectively. Maintaining
trace element concentrations within recommended ranges may play an important role in
cardiovascular risk prevention and in supporting proper endothelial function.

Dietary education promoting a balanced diet rich in vegetables, nuts, whole grains,
and seeds may provide the greatest benefit. The permissible values of heavy metals in
water and soil, as recommended by WHO and UPEA, are: lead 0.01/0.005 mg/L, mercury
0.001/0.002 mg/L, and cadmium 0.003/0.005 mg/L. Research on soil decontamination
techniques, such as phytoremediation, chemical, or physical methods, may contribute to
reducing exposure to these metals [100]. Heavy metals like cadmium are present in tobacco
smoke. Studies have shown that blood cadmium levels increase in smokers, correlating
with higher risk of cardiovascular events. Smokers also exhibit shorter life expectancy and
higher incidence of cardiovascular disease, with cadmium accounting for up to half of this
risk. Therefore, smoking cessation is a key strategy for reducing exposure to toxic metals
and preventing heart disease [101]. In terms of prevention, reducing exposure to heavy
metals through elimination of tobacco smoke (a source of cadmium and arsenic), control of
water and food quality, environmental actions including soil remediation and purification
systems, and a reduction in industrial pollutants is critical. On the other hand, rather than
relying solely on the removal of heavy metals, for example, through chelation therapy,
which may disrupt the balance of essential trace elements, a more physiological preventive
strategy involves strengthening endogenous detoxification and defense mechanisms at the
level of endothelial cells. In selected cases, targeted supplementation, particularly with
zing, selenium, or magnesium, may be justified at doses adjusted to deficiency levels. In
contrast, synergistic supplementation of these trace elements may exert a greater effect by
targeting the same pathways at different regulatory levels. Growing evidence suggests
that the gut microbiome plays an important role in regulating the bioavailability of heavy
metals and the absorption of essential trace elements. Microbiome dysbiosis may enhance
the intestinal uptake of cadmium, lead, and mercury, thereby exacerbating oxidative stress
and endothelial dysfunction. In this context, targeted modulation of the gut microbiome
through dietary or prebiotic interventions may represent an innovative strategy for cardio-
vascular disease prevention, acting as a first-line barrier against environmental heavy metal
exposure [102,103]. Circadian rhythms play a critical role in regulating endothelial function,
oxidative stress, and the activity of signaling pathways involved in vascular homeostasis.
Increasing attention has been directed toward the concept that the efficacy of nutritional and
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supplementation interventions may depend not only on the administered dose but also on
the timing of intake. Chronobiology-based optimization of trace element supplementation
may allow for more effective modulation of endothelial protective mechanisms [104].

5. Conclusions

This review analyzed the impact of trace elements and heavy metals on endothelial
function and their relationship to cardiovascular risk in the context of dynamic environ-
mental changes. The endothelium, as an active biological structure, plays a central role
in maintaining vascular homeostasis, regulating vascular tone, permeability, leukocyte
adhesion, and coagulation. Any disruption of its function, termed endothelial dysfunction,
leads to a predominance of pro-inflammatory and pro-oxidative mechanisms, resulting
in the development of cardiovascular conditions such as atherosclerosis, hypertension,
diabetes, obesity, and hyperlipidemia.

Trace elements, including zinc, copper, magnesium, and selenium, exhibit significant
protective effects on endothelial cells. They act as cofactors for antioxidant enzymes
(e.g., superoxide dismutase, catalase, glutathione peroxidase), supporting neutralization
of reactive oxygen species (ROS) and a reduction in oxidative stress. Deficiencies in
trace elements can disrupt these mechanisms, exacerbate oxidative stress, and lead to
vascular dysfunction.

In contrast, heavy metals such as lead, cadmium, mercury, and arsenic adversely
affect the endothelium. By binding to protein thiol groups and depleting antioxidant
reserves, they induce oxidative stress and chronic inflammation, reduce NO bioavailability,
and impair mitochondrial function. These relationships are confirmed by numerous epi-
demiological studies, including NHANES, SWAN, and studies conducted in Mexico and
Asia [62,76,88,91,92]. The evidence clearly indicates that heavy metal effects on endothelial
function are multifactorial and highly toxic, even at low-level chronic exposure, which may
remain clinically silent for many years. Thus, this issue represents not only an individual
health concern but also a public health challenge.

The innovation of this review lies in its comprehensive approach to the interactions
between heavy metals, trace elements, and vascular endothelium, with reference to increas-
ing environmental threats. It integrates knowledge from molecular biology, environmental
toxicology, and preventive cardiology, emphasizing the importance of an interdisciplinary
approach to cardiovascular risk assessment.

Future research directions should include several key areas. First, the long-term
impact of low-level heavy metal exposure on endothelial function should be evaluated,
considering the roles of epigenetics and the microbiome. Clinical studies assessing the
efficacy of trace element supplementation in reversing early endothelial changes are also
essential. Another goal should be identifying biomarkers of environmental toxicity at the
cellular level and strategies to eliminate exposure from daily life.

In summary, proper endothelial function is a major determinant of cardiovascular
health. Both trace element deficiencies and exposure to toxic heavy metals significantly
affect its function. Environmental and nutritional prevention, along with research on the
mechanisms of action of these substances, can form the foundation for effective strategies
to reduce cardiovascular morbidity in the 21st century.

Author Contributions: Conceptualization, A.D.-D., M.D. and K.N.-B.; data curation, A.D.-D., M.D,,
A.Z.,K.O., CLM. and G.AM,; writing—original draft preparation, A.D.-D., M.D., A.Z. and K.O;
writing—review and editing, K.N.-B., E.G.-S., C.L.M. and G.A.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41 22 of 26

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Xin, X.; Shentu, J.; Zhang, T.; Yang, X.; Baligar, V.C.; He, Z. Sources, Indicators, and Assessment of Soil Contamination by
Potentially Toxic Metals. Sustainability 2022, 14, 15878. [CrossRef]

2. Xiao, W,; Zhang, Y.; Chen, X; Sha, A.; Xiong, Z.; Luo, Y.; Peng, L.; Zou, L.; Zhao, C.; Li, Q. The Easily Overlooked Effect of Global
Warming: Diffusion of Heavy Metals. Toxics 2024, 12, 400. [CrossRef]

3. Zhang, J. Biomarkers of endothelial activation and dysfunction in cardiovascular diseases. Rev. Cardiovasc. Med. 2022, 23, 73.
[CrossRef]

4. Kitala, K.; Tanski, D.; Godlewski, J.; Krajewska-Wlodarczyk, M.; Gromadziriski, L.; Majewski, M. Copper and Zinc Particles as
Regulators of Cardiovascular System Function—A Review. Nutrients 2023, 15, 3040. [CrossRef]

5.  Shalihat, A.; Hasanah, A.N.; Mutakin; Lesmana, R.; Budiman, A.; Gozali, D. The role of selenium in cell survival and its correlation
with protective effects against cardiovascular disease: A literature review. Biomed. Pharmacother. 2021, 134, 111125. [CrossRef]
[PubMed]

6.  van Strijp, L.; Van Rooy, M.; Serem, J.; Basson, C.; Oberholzer, H. Investigating the effect of the heavy metals cadmium, chromium
and lead, alone and in combination on an endothelial cell line. Ultrastruct. Pathol. 2023, 47, 205-218. [CrossRef] [PubMed]

7.  Saxena, V. Water Quality, Air Pollution, and Climate Change: Investigating the Environmental Impacts of Industrialization and
Urbanization. Water Air Soil Pollut. 2025, 236, 73. [CrossRef]

8. Joshi, A.; Kaur, S.; Taneja, S.K.; Mandal, R. Review Article on Molecular Mechanism of Regulation of Hypertension by Macro-
elements (Na, K, Ca and Mg), Micro-elements/Trace Metals (Zn and Cu) and Toxic Elements (Pb and As). Biol. Trace Element Res.
2023, 202, 1477-1502. [CrossRef]

9. Rajpoot, A.; Aggarwal, T.; Sharma, V. Unraveling the enigma of cardiac damage caused by lead: Understanding the intricate
relationship between oxidative stress and other multifactorial mechanisms. Toxicology 2024, 509, 153984. [CrossRef]

10. Russell-Hallinan, A.; Watson, C.J.; O’'Dwyer, D.; Grieve, D.J.; O'Neill, K.M. Epigenetic Regulation of Endothelial Cell Function by
Nucleic Acid Methylation in Cardiac Homeostasis and Disease. Cardiovasc. Drugs Ther. 2020, 35, 1025-1044. [CrossRef]

11.  Trimm, E.; Red-Horse, K. Vascular endothelial cell development and diversity. Nat. Rev. Cardiol. 2022, 20, 197-210. [CrossRef]

12.  Tsuji-Tamura, K.; Ogawa, M. Morphology regulation in vascular endothelial cells. Inflamm. Regen. 2018, 38, 25. [CrossRef]
[PubMed]

13.  Augustin, H.G.; Koh, G.Y. A systems view of the vascular endothelium in health and disease. Cell 2024, 187, 4833-4858. [CrossRef]
[PubMed]

14. Przysinda, A.; Feng, W.; Li, G. Diversity of Organism-Wide and Organ-Specific Endothelial Cells. Curr. Cardiol. Rep. 2020, 22, 19.
[CrossRef]

15. Moore, K.H.; Murphy, H.A.; George, E.M. The glycocalyx: A central regulator of vascular function. Am. J. Physiol. Integr. Comp.
Physiol. 2021, 320, R508-R518. [CrossRef]

16. Mucka, S.; Miodoniska, M.; Jakubiak, G.K ; Starzak, M.; Cieélar, G.; Stanek, A. Endothelial Function Assessment by Flow-Mediated
Dilation Method: A Valuable Tool in the Evaluation of the Cardiovascular System. Int. J. Environ. Res. Public Health 2022, 19,
11242. [CrossRef]

17. Pluta, W.; Lubkowska, A.; Dudziriska, W. Vascular Endothelium in Health and Disease: Structure, Function, Assessment and Role
in Metabolic Disorders. Vasc. Health Risk Manag. 2025, 21, 729-747. [CrossRef]

18. [Little, PJ.; Askew, C.D.; Xu, S.; Kamato, D. Endothelial Dysfunction and Cardiovascular Disease: History and Analysis of the
Clinical Utility of the Relationship. Biomedicines 2021, 9, 699. [CrossRef]

19. Wang, X.; He, B. Endothelial dysfunction: Molecular mechanisms and clinical implications. Medcomm 2024, 5, e651. [CrossRef]
[PubMed]

20. Boughaleb, H.; Lobysheva, I.; Zotti, F.D.; Balligand, J.-L.; Montiel, V. Biological Assessment of the NO-Dependent Endothelial
Function. Molecules 2022, 27, 7921. [CrossRef]

21. Alexander, Y.; Osto, E.; Schmidt-Truckséss, A.; Shechter, M.; Trifunovic, D.; Duncker, D.J.; Aboyans, V.; Back, M.; Badimon, L.;

Cosentino, F; et al. Endothelial function in cardiovascular medicine: A consensus paper of the European Society of Cardiology
Working Groups on Atherosclerosis and Vascular Biology, Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology
and Microcirculation, and Thrombosis. Cardiovasc. Res. 2021, 117, 29-42. [CrossRef]

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.3390/su142315878
https://doi.org/10.3390/toxics12060400
https://doi.org/10.31083/j.rcm2302073
https://doi.org/10.3390/nu15133040
https://doi.org/10.1016/j.biopha.2020.111125
https://www.ncbi.nlm.nih.gov/pubmed/33341057
https://doi.org/10.1080/01913123.2023.2189986
https://www.ncbi.nlm.nih.gov/pubmed/36906858
https://doi.org/10.1007/s11270-024-07702-4
https://doi.org/10.1007/s12011-023-03784-z
https://doi.org/10.1016/j.tox.2024.153984
https://doi.org/10.1007/s10557-020-07019-4
https://doi.org/10.1038/s41569-022-00770-1
https://doi.org/10.1186/s41232-018-0083-8
https://www.ncbi.nlm.nih.gov/pubmed/30214642
https://doi.org/10.1016/j.cell.2024.07.012
https://www.ncbi.nlm.nih.gov/pubmed/39241746
https://doi.org/10.1007/s11886-020-1275-9
https://doi.org/10.1152/ajpregu.00340.2020
https://doi.org/10.3390/ijerph191811242
https://doi.org/10.2147/VHRM.S519426
https://doi.org/10.3390/biomedicines9060699
https://doi.org/10.1002/mco2.651
https://www.ncbi.nlm.nih.gov/pubmed/39040847
https://doi.org/10.3390/molecules27227921
https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41 23 of 26

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and reactive oxygen species in
endothelial dysfunction associated with cardiovascular and metabolic diseases. Vasc. Pharmacol. 2018, 100, 1-19. [CrossRef]
[PubMed]

Naderi-Meshkin, H.; Setyaningsih, W.A.W. Endothelial Cell Dysfunction: Onset, Progression, and Consequences. Front. Biosci.
2024, 29, 223. [CrossRef] [PubMed]

Scioli, M.G.; Storti, G.; D’amico, F.; Guzman, R.R.; Centofanti, F.; Doldo, E.; Miranda, E.M.C.; Orlandi, A. Oxidative Stress and
New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential Diagnostic Biomarkers and Therapeutic Targets. J. Clin.
Med. 2020, 9, 1995. [CrossRef] [PubMed] [PubMed Central]

Sher, L.D.; Geddie, H.V.; Olivier, L.; Cairns, M.; Truter, N.; Beselaar, L.; Essop, M.F. Chronic stress and endothelial dysfunction:
Mechanisms, experimental challenges, and the way ahead. Am. J. Physiol. Circ. Physiol. 2020, 319, H488-H506. [CrossRef]
[PubMed]

Ambrosino, P; Bachetti, T.; D’anna, S.E.; Galloway, B.; Bianco, A.; D’agnano, V.; Papa, A.; Motta, A.; Perrotta, F.; Maniscalco, M.
Mechanisms and Clinical Implications of Endothelial Dysfunction in Arterial Hypertension. J. Cardiovasc. Dev. Dis. 2022, 9, 136.
[CrossRef]

Hara, T.; Yoshigai, E.; Ohashi, T.; Fukada, T. Zinc in Cardiovascular Functions and Diseases: Epidemiology and Molecular
Mechanisms for Therapeutic Development. Int. J. Mol. Sci. 2023, 24, 7152. [CrossRef]

Knez, M.; Glibetic, M. Zinc as a Biomarker of Cardiovascular Health. Front. Nutr. 2021, 8, 686078. [CrossRef]

Shen, T.; Zhao, Q.; Luo, Y.; Wang, T. Investigating the Role of Zinc in Atherosclerosis: A Review. Biomolecules 2022, 12, 1358.
[CrossRef]

Tamura, Y. The Role of Zinc Homeostasis in the Prevention of Diabetes Mellitus and Cardiovascular Diseases. |. Atheroscler.
Thromb. 2021, 28, 1109-1122. [CrossRef] [PubMed]

Barchielli, G.; Capperucci, A.; Tanini, D. The Role of Selenium in Pathologies: An Updated Review. Antioxidants 2022, 11, 251.
[CrossRef]

Leszto, K.; Biskup, L.; Korona, K.; Marcinkowska, W.; Mozdzan, M.; Wegiel, A.; Mlynarska, E.; Rysz, J.; Franczyk, B. Selenium as a
Modulator of Redox Reactions in the Prevention and Treatment of Cardiovascular Diseases. Antioxidants 2024, 13, 688. [CrossRef]
Shimada, B.K.; Alfulaij, N.; Seale, L.A. The Impact of Selenium Deficiency on Cardiovascular Function. Int. J. Mol. Sci. 2021, 22,
10713. [CrossRef]

Fatih Dogan, M. Vascular System: Role of Selenium in Vascular Diseases; IntechOpen: London, UK, 2023. [CrossRef]

Chen, X,; Cai, Q.; Liang, R.; Zhang, D.; Liu, X.; Zhang, M.; Xiong, Y.; Xu, M.; Liu, Q.; Li, P; et al. Copper homeostasis and
copper-induced cell death in the pathogenesis of cardiovascular disease and therapeutic strategies. Cell Death Dis. 2023, 14, 105.
[CrossRef]

Wang, Y.-M.; Feng, L.-S.; Xu, A.; Ma, X.-H.; Zhang, M.-T.; Zhang, J. Copper ions: The invisible killer of cardiovascular disease
(Review). Mol. Med. Rep. 2024, 30, 210. [CrossRef]

Chen, L.; Min, J.; Wang, F. Copper homeostasis and cuproptosis in health and disease. Signal Transduct. Target. Ther. 2022, 7, 378.
[CrossRef]

Liu, Y;; Miao, ]. An Emerging Role of Defective Copper Metabolism in Heart Disease. Nutrients 2022, 14, 700. [CrossRef] [PubMed]
Wang, D.; Tian, Z.; Zhang, P.; Zhen, L.; Meng, Q.; Sun, B.; Xu, X,; Jia, T.; Li, S. The molecular mechanisms of cuproptosis and its
relevance to cardiovascular disease. Biomed. Pharmacother. 2023, 163, 114830. [CrossRef] [PubMed]

AlShanableh, Z.; Ray, E.C. Magnesium in hypertension: Mechanisms and clinical implications. Front. Physiol. 2024, 15, 1363975.
[CrossRef] [PubMed]

Fritzen, R.; Davies, A.; Veenhuizen, M.; Campbell, M.; Pitt, S.J.; Ajjan, R.A.; Stewart, A.J. Magnesium Deficiency and Car-
diometabolic Disease. Nutrients 2023, 15, 2355. [CrossRef]

Panta, R.; Regmi, S. Role of Magnesium, Effects of Hypomagnesemia, and Benefits of Magnesium Supplements in Cardiovascular
and Chronic Kidney Diseases. Cureus 2024, 16, e64404. [CrossRef]

Alharran, A.M.; Alzayed, M.M,; Jamilian, P.; Prabahar, K.; Kamal, A.H.; Alotaibi, M.N.; Elshaer, O.E.; Alhatm, M.; Masmoum,
M.D.; Herndndez-Wolters, B.; et al. Impact of Magnesium Supplementation on Blood Pressure: An Umbrella Meta-Analysis of
Randomized Controlled Trials. Curr. Ther. Res. 2024, 101, 100755. [CrossRef] [PubMed]

Banjanin, N.; Belojevic, G. Relationship of dietary magnesium intake and serum magnesium with hypertension: A review. Magnes.
Res. 2021, 34, 166-171. [CrossRef]

Kumar, V,; S, H.; Huligowda, L.K.D.; Umesh, M.; Chakraborty, P.; Thazeem, B.; Singh, A.P. Environmental Pollutants as Emerging
Concerns for Cardiac Diseases: A Review on Their Impacts on Cardiac Health. Biomedicines 2025, 13, 241. [CrossRef] [PubMed]
Adetunji, A.G.; Obeng-Gyasi, E. Investigating the Interplay of Toxic Metals and Essential Elements in Cardiovascular Disease. J.
Xenobiotics 2025, 15, 68. [CrossRef]

Lamas, G.A.; Bhatnagar, A.; Jones, M.R.; Mann, K.K,; Nasir, K.; Tellez-Plaza, M.; Ujueta, F.; Navas-Acien, A.; the American Heart
Association Council on Epidemiology and Prevention; Council on Cardiovascular and Stroke Nursing; et al. Contaminant Metals

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.1016/j.vph.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28579545
https://doi.org/10.31083/j.fbl2906223
https://www.ncbi.nlm.nih.gov/pubmed/38940049
https://doi.org/10.3390/jcm9061995
https://www.ncbi.nlm.nih.gov/pubmed/32630452
https://pmc.ncbi.nlm.nih.gov/articles/PMC7355625
https://doi.org/10.1152/ajpheart.00244.2020
https://www.ncbi.nlm.nih.gov/pubmed/32618516
https://doi.org/10.3390/jcdd9050136
https://doi.org/10.3390/ijms24087152
https://doi.org/10.3389/fnut.2021.686078
https://doi.org/10.3390/biom12101358
https://doi.org/10.5551/jat.RV17057
https://www.ncbi.nlm.nih.gov/pubmed/34148917
https://doi.org/10.3390/antiox11020251
https://doi.org/10.3390/antiox13060688
https://doi.org/10.3390/ijms221910713
https://doi.org/10.5772/intechopen.111679
https://doi.org/10.1038/s41419-023-05639-w
https://doi.org/10.3892/mmr.2024.13334
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.3390/nu14030700
https://www.ncbi.nlm.nih.gov/pubmed/35277059
https://doi.org/10.1016/j.biopha.2023.114830
https://www.ncbi.nlm.nih.gov/pubmed/37150036
https://doi.org/10.3389/fphys.2024.1363975
https://www.ncbi.nlm.nih.gov/pubmed/38665599
https://doi.org/10.3390/nu15102355
https://doi.org/10.7759/cureus.64404
https://doi.org/10.1016/j.curtheres.2024.100755
https://www.ncbi.nlm.nih.gov/pubmed/39280209
https://doi.org/10.1684/mrh.2021.0492
https://doi.org/10.3390/biomedicines13010241
https://www.ncbi.nlm.nih.gov/pubmed/39857824
https://doi.org/10.3390/jox15030068
https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41 24 of 26

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

as Cardiovascular Risk Factors: A Scientific Statement from the American Heart Association. |. Am. Heart Assoc. 2023, 12, €029852.
[CrossRef]

Ozarde, Y.; Purandare, D.; Deshmukh, S.; Gadhave, R. Heavy metals and cardiovascular health: Uncovering links and health
challenges. J. Trace Elements Med. Biol. 2025, 89, 127648. [CrossRef]

Nucera, S.; Serra, M.; Caminiti, R.; Ruga, S.; Passacatini, L.C.; Macri, R.; Scarano, E.; Maiuolo, J.; Bulotta, R.; Mollace, R.; et al.
Non-essential heavy metal effects in cardiovascular diseases: An overview of systematic reviews. Front. Cardiovasc. Med. 2024, 11,
1332339. [CrossRef]

Jomova, K.; Alomar, S.Y.; Nepovimova, E.; Kuca, K.; Valko, M. Heavy metals: Toxicity and human health effects. Arch. Toxicol.
2024, 99, 153-209. [CrossRef] [PubMed]

Haidar, Z.; Fatema, K,; Shoily, S.S.; Sajib, A.A. Disease-associated metabolic pathways affected by heavy metals and metalloid.
Toxicol. Rep. 2023, 10, 554-570. [CrossRef]

Nguyen, H.D.; Oh, H.; Hoang, N.H.M.; Kim, M.-S. Association between heavy metals, high-sensitivity C-reaction protein and
10-year risk of cardiovascular diseases among adult Korean population. Sci. Rep. 2021, 11, 14664. [CrossRef] [PubMed]
Koyama, H.; Kamogashira, T.; Yamasoba, T. Heavy Metal Exposure: Molecular Pathways, Clinical Implications, and Protective
Strategies. Antioxidants 2024, 13, 76. [CrossRef]

Jimenez, M.T.B.; Hahad, O.; Kuntic, M.; Daiber, A.; Miinzel, T. Noise, Air, and Heavy Metal Pollution as Risk Factors for
Endothelial Dysfunction. Eur. Cardiol. Rev. 2023, 18, €09. [CrossRef] [PubMed]

Hu, X.E,; Loan, A.; Chan, H.M. Re-thinking the link between exposure to mercury and blood pressure. Arch. Toxicol. 2025, 99,
481-512. [CrossRef]

Vassallo, D.V,; Wiggers, G.A.; Padilha, A.S.; Simdes, M.R. Endothelium: A Target for Harmful Actions of Metals. Curr. Hypertens.
Rev. 2021, 16, 201-209. [CrossRef]

Liu, S.; Tsui, M.T.-K; Lee, E.; Fowler, J.; Jia, Z. Uptake, efflux, and toxicity of inorganic and methyl mercury in the endothelial
cells (EA hy926). Sci. Rep. 2020, 10, 9023. [CrossRef]

Fowler, J.; Tsui, M.T.-K,; Chavez, |.; Khan, S.; Ahmed, H.; Smith, L.; Jia, Z. Methyl mercury triggers endothelial leukocyte adhesion
and increases expression of cell adhesion molecules and chemokines. Exp. Biol. Med. 2021, 246, 2522-2532. [CrossRef]
Notariale, R.; Infantino, R.; Palazzo, E.; Manna, C. Erythrocytes as a Model for Heavy Metal-Related Vascular Dysfunction: The
Protective Effect of Dietary Components. Int. ]. Mol. Sci. 2021, 22, 6604. [CrossRef]

Neisi, A.; Nasab, FK.; Sepahvand, A.; Falahi, B.; Taherian, M.; Farhadi, A.; Asban, P; Pour, N.T.; Farhadi, M.; Dargahi, A.
Exposure to Mercury in the Air and its Effect on Cardiovascular Diseases (CVD): A Systematic Review. Iran. ]. Public Health 2024,
53, 1033-1046. [CrossRef]

Fatima, G.; Fedacko, J.; Dhole, P.; Raza, A.M. Heavy Metal Exposure and its Health Implications: A Comprehensive Examination.
Preprints 2025. [CrossRef]

Wang, C.; Su, J.; Li, J.; Wei, W,; Yuan, Z.; Chen, R.; Wei, W.; Huang, Y.; Ye, L.; Liang, H.; et al. Blood Lead Mediates the Relationship
between Biological Aging and Hypertension: Based on the NHANES Database. Nutrients 2024, 16, 2144. [CrossRef]

Habeeb, E.; Aldosari, S.; Saghir, S.A.; Cheema, M.; Momenah, T.; Husain, K.; Omidi, Y.; Rizvi, S.A.; Akram, M.; Ansari, R.A.
Role of environmental toxicants in the development of hypertensive and cardiovascular diseases. Toxicol. Rep. 2022, 9, 521-533.
[CrossRef]

Pan, Z.; Gong, T.; Liang, P. Heavy Metal Exposure and Cardiovascular Disease. Circ. Res. 2024, 134, 1160-1178. [CrossRef]
[PubMed]

Patwa, ].; Flora, S.J.5. Heavy Metal-Induced Cerebral Small Vessel Disease: Insights into Molecular Mechanisms and Possible
Reversal Strategies. Int. ]. Mol. Sci. 2020, 21, 3862. [CrossRef] [PubMed]

Trachtenberg, I.; Dmytrukha, N.; Kozlov, K. Cardio-vasotoxic effect of heavy metal compounds and their nanoparticles (review).
Ukr. J. Occup. Health 2022, 2022, 237-252. [CrossRef]

Tobwala, S.; Wang, H.-].; Carey, ].W.; Banks, W.A_; Ercal, N. Effects of Lead and Cadmium on Brain Endothelial Cell Survival,
Monolayer Permeability, and Crucial Oxidative Stress Markers in an in Vitro Model of the Blood-Brain Barrier. Toxics 2014, 2,
258-275. [CrossRef]

Cuomo, D.; Foster, M.].; Threadgill, D. Systemic review of genetic and epigenetic factors underlying differential toxicity to
environmental lead (Pb) exposure. Environ. Sci. Pollut. Res. 2022, 29, 35583-35598. [CrossRef]

Harshitha, P.; Bose, K.; Dsouza, H.S. Influence of lead-induced toxicity on the inflammatory cytokines. Toxicology 2024, 503,
153771. [CrossRef]

Lee, C.-K.; Wu, C,; Lin, C.-Y.; Huang, P-C.; Sung, F-C.; Su, T.-C. Positive Association between Endothelium-Platelet Microparticles
and Urinary Concentration of Lead and Cadmium in Adolescents and Young Adults. Nutrients 2021, 13, 2913. [CrossRef]

Yang, A.; Lo, K.; Zheng, T; Yang, J.; Bai, Y.; Feng, Y.; Cheng, N.; Liu, S. Environmental heavy metals and cardiovascular diseases:
Status and future direction. Chronic Dis. Transl. Med. 2020, 6, 251-259. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.1161/JAHA.123.029852
https://doi.org/10.1016/j.jtemb.2025.127648
https://doi.org/10.3389/fcvm.2024.1332339
https://doi.org/10.1007/s00204-024-03903-2
https://www.ncbi.nlm.nih.gov/pubmed/39567405
https://doi.org/10.1016/j.toxrep.2023.04.010
https://doi.org/10.1038/s41598-021-94158-9
https://www.ncbi.nlm.nih.gov/pubmed/34282223
https://doi.org/10.3390/antiox13010076
https://doi.org/10.15420/ecr.2022.41
https://www.ncbi.nlm.nih.gov/pubmed/37377448
https://doi.org/10.1007/s00204-024-03919-8
https://doi.org/10.2174/1573402115666190115153759
https://doi.org/10.1038/s41598-020-66444-5
https://doi.org/10.1177/15353702211033812
https://doi.org/10.3390/ijms22126604
https://doi.org/10.18502/ijph.v53i5.15583
https://doi.org/10.20944/preprints202412.0606.v1
https://doi.org/10.3390/nu16132144
https://doi.org/10.1016/j.toxrep.2022.03.019
https://doi.org/10.1161/CIRCRESAHA.123.323617
https://www.ncbi.nlm.nih.gov/pubmed/38662861
https://doi.org/10.3390/ijms21113862
https://www.ncbi.nlm.nih.gov/pubmed/32485831
https://doi.org/10.33573/ujoh2022.03.237
https://doi.org/10.3390/toxics2020258
https://doi.org/10.1007/s11356-022-19333-5
https://doi.org/10.1016/j.tox.2024.153771
https://doi.org/10.3390/nu13092913
https://doi.org/10.1016/j.cdtm.2020.02.005
https://www.ncbi.nlm.nih.gov/pubmed/33336170
https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41 25 of 26

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Liang, H.; Yue, R.; Zhou, C; Liu, M.; Yu, X,; Lu, S.; Zeng, J.; Yu, Z.; Zhou, Z.; Hu, H. Cadmium exposure induces endothelial
dysfunction via disturbing lipid metabolism in human microvascular endothelial cells. |. Appl. Toxicol. 2020, 41, 775-788.
[CrossRef] [PubMed]

Al-Naemi, H.A,; Das, S.C. Cadmium-induced endothelial dysfunction mediated by asymmetric dimethylarginine. Environ. Sci.
Pollut. Res. 2020, 27, 16246-16253. [CrossRef] [PubMed]

Vamsi, N.M.; Kumar, ].P.; Ramadevi, K.; Swathi, P. Cadmium Toxicity: Unveiling the Threat to Human Health. Indian ]. Pharm.
Sci. 2024, 86, 1601-1610. [CrossRef]

Rasin, P.; Ashwathi, A.V.; Basheer, S.M.; Haribabu, J.; Santibanez, ].F,; Garrote, C.A.; Arulraj, A.; Mangalaraja, R.V. Exposure to
Cadmium and its Impacts on Human Health: A Short Review. |. Hazard. Mater. Adv. 2025, 17, 100608. [CrossRef]

Chen, H.; Zou, Y,; Leng, X.; Huang, F; Huang, R.; Wijayabahu, A.; Chen, X.; Xu, Y. Associations of blood lead, cadmium, and
mercury with resistant hypertension among adults in NHANES, 1999-2018. Environ. Health Prev. Med. 2023, 28, 66. [CrossRef]
Wang, X.; Starodubtseva, M.N.; Kapron, C.M.; Liu, J. Cadmium, von Willebrand factor and vascular aging. npj Aging 2023, 9, 11.
[CrossRef]

Zeiher, A.M.; Drexler, H.; Wollschldger, H.; Just, H. Modulation of coronary vasomotor tone in humans. Progressive endothelial
dysfunction with different early stages of coronary atherosclerosis. Circulation 1991, 83, 391-401. [CrossRef]

Perrelli, M.; Wu, R.; Liu, D.J.; Lucchini, R.G.; DEL Bosque-plata, L.; Vergare, M.].; Akhter, M.P; Ott, ].; Gragnoli, C. Heavy metals
as risk factors for human diseases—A Bayesian network approach. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 9275-9310. [CrossRef]
Sun, H.-J.; Wu, Z.-Y.; Nie, X.-W,; Bian, ]J.-S. Role of Endothelial Dysfunction in Cardiovascular Diseases: The Link Between
Inflammation and Hydrogen Sulfide. Front. Pharmacol. 2020, 10, 1568. [CrossRef]

Dabravolski, S.A.; Sukhorukov, V.N.; Melnichenko, A.A.; Khotina, V.A.; Orekhov, A.N. The Role of Selenium in Atherosclerosis
Development, Progression, Prevention and Treatment. Biomedicines 2023, 11, 2010. [CrossRef]

Harari, F; Barregard, L.; C)stling, G.; Sallsten, G.; Hedblad, B.; Forsgard, N.; Borné, Y.; Fagerberg, B.; Engstrom, G. Blood Lead
Levels and Risk of Atherosclerosis in the Carotid Artery: Results from a Swedish Cohort. Environ. Health Perspect. 2019, 127,
127002. [CrossRef]

Wang, X.; Karvonen-Gutierrez, C.A.; Herman, W.H.; Mukherjee, B.; Harlow, S.D.; Park, SK. Urinary Heavy Metals and
Longitudinal Changes in Blood Pressure in Midlife Women: The Study of Women'’s Health Across the Nation. Hypertension 2021,
78, 543-551. [CrossRef] [PubMed]

Kwaifa, L K.; Bahari, H.; Yong, Y.K.; Noor, S.M. Endothelial Dysfunction in Obesity-Induced Inflammation: Molecular Mechanisms
and Clinical Implications. Biomolecules 2020, 10, 291. [CrossRef] [PubMed]

Rashid, S.K.; Alhosin, M. The role of zinc deficiency in endothelial dysfunction. Eur. |. Cell Sci. 2019, 1, 22-25. [CrossRef]
Bashandy, S.AE.; El-Seidy, A.M.A.; Ibrahim, FA.A.; Abdelrahman, S.S.; Moussa, S.A.A.; ElBaset, M.A. Zinc nanoparticles
ameliorated obesity-induced cardiovascular disease: Role of metabolic syndrome and iron overload. Sci. Rep. 2023, 13, 16010,
Correction in Sci. Rep. 2024, 14, 3746. [CrossRef]

Bizerea-Moga, T.O.; Pitulice, L.; Bizerea-Spiridon, O.; Moga, T.V. Exploring the Link between Oxidative Stress, Selenium Levels,
and Obesity in Youth. Int. . Mol. Sci. 2024, 25, 7276. [CrossRef]

Wang, X.; Mukherjee, B.; Park, S.K. Associations of cumulative exposure to heavy metal mixtures with obesity and its comorbidities
among U.S. adults in NHANES 2003-2014. Environ. Int. 2018, 121, 683-694. [CrossRef]

Yang, D.-R.; Wang, M.-Y.; Zhang, C.-L.; Wang, Y. Endothelial dysfunction in vascular complications of diabetes: A comprehensive
review of mechanisms and implications. Front. Endocrinol. 2024, 15, 1359255. [CrossRef] [PubMed]

Eroglu, B.; Eichelmann, F; Kuxhausf, O.; Kipp, A.P,; Schwerdtle, T.; Haase, H.; Schomburg, L.; Schulze, M.B. Trace elements and
risk of diabetes-related vascular complications: Results from the EPIC-Potsdam cohort study. Cardiovasc. Diabetol. 2025, 24, 302.
[CrossRef]

Navas-Acien, A; Silbergeld, E.K.; Pastor-Barriuso, R.; Guallar, E. Arsenic exposure and prevalence of type 2 diabetes in US adults.
JAMA 2008, 300, 814-822. [CrossRef]

Mendez, M.A.; Gonzalez-Horta, C.; Sdnchez-Ramirez, B.; Ballinas-Casarrubias, L.; Cerén, R.H.; Morales, D.V.; Baeza Terrazas,
F.A.; Ishida, M.C.; Gutiérrez-Torres, D.S.; Saunders, R.J.; et al. Chronic Exposure to Arsenic and Markers of Cardiometabolic Risk:
A Cross-Sectional Study in Chihuahua, Mexico. Environ. Health Perspect. 2016, 124, 104-111. [CrossRef]

Liu, P; Liu, J.; Wu, Y; Xi, W.; Wei, Y,; Yuan, Z.; Zhuo, X. Zinc supplementation protects against diabetic endothelial dysfunction
via GTP cyclohydrolase 1 restoration. Biochem. Biophys. Res. Commun. 2020, 521, 1049-1054. [CrossRef]

Zhuang, Y.; Wang, Y.; Sun, P;; Ke, J.; Chen, F. Association between blood lead, cadmium, selenium levels and hyperlipidemia: A
population-based study. PLoS ONE 2024, 19, e0306573. [CrossRef] [PubMed]

Asgary, S.; Movahedian, A.; Keshvari, M.; Taleghani, M.; Sahebkar, A.; Sarrafzadegan, N. Serum levels of lead, mercury and
cadmium in relation to coronary artery disease in the elderly: A cross-sectional study. Chemosphere 2017, 180, 540-544. [CrossRef]

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.1002/jat.4115
https://www.ncbi.nlm.nih.gov/pubmed/33205412
https://doi.org/10.1007/s11356-020-08116-5
https://www.ncbi.nlm.nih.gov/pubmed/32124290
https://doi.org/10.36468/pharmaceutical-sciences.1427
https://doi.org/10.1016/j.hazadv.2025.100608
https://doi.org/10.1265/ehpm.23-00151
https://doi.org/10.1038/s41514-023-00107-3
https://doi.org/10.1161/01.CIR.83.2.391
https://doi.org/10.26355/eurrev_202212_30681
https://doi.org/10.3389/fphar.2019.01568
https://doi.org/10.3390/biomedicines11072010
https://doi.org/10.1289/EHP5057
https://doi.org/10.1161/HYPERTENSIONAHA.121.17295
https://www.ncbi.nlm.nih.gov/pubmed/34148361
https://doi.org/10.3390/biom10020291
https://www.ncbi.nlm.nih.gov/pubmed/32069832
https://doi.org/10.34154/2019-EJCS-0101-22-25/euraass
https://doi.org/10.1038/s41598-023-42550-y
https://doi.org/10.3390/ijms25137276
https://doi.org/10.1016/j.envint.2018.09.035
https://doi.org/10.3389/fendo.2024.1359255
https://www.ncbi.nlm.nih.gov/pubmed/38645427
https://doi.org/10.1186/s12933-025-02861-y
https://doi.org/10.1001/jama.300.7.814
https://doi.org/10.1289/ehp.1408742
https://doi.org/10.1016/j.bbrc.2019.11.046
https://doi.org/10.1371/journal.pone.0306573
https://www.ncbi.nlm.nih.gov/pubmed/39146272
https://doi.org/10.1016/j.chemosphere.2017.03.069
https://doi.org/10.3390/cimb48010041

Curr. Issues Mol. Biol. 2026, 48, 41 26 of 26

96.

97.

98.

99.

100.

101.

102.

103.

104.

Yin, T.; Zhu, X,; Xu, D.; Lin, H.; Lu, X,; Tang, Y.; Shi, M.; Yao, W.; Zhou, Y.; Zhang, H.; et al. The Association Between Dietary
Antioxidant Micronutrients and Cardiovascular Disease in Adults in the United States: A Cross-Sectional Study. Front. Nutr.
2022, 8, 799095. [CrossRef]

Flores-Mateo, G.; Navas-Acien, A.; Pastor-Barriuso, R.; Guallar, E. Selenium and coronary heart disease: A meta-analysis. Am. J.
Clin. Nutr. 2006, 84, 762-773. [CrossRef]

Raygan, F.; Behnejad, M.; Ostadmohammadi, V.; Bahmani, F.; Mansournia, M.A.; Karamali, F.; Asemi, Z. Selenium supplemen-
tation lowers insulin resistance and markers of cardio-metabolic risk in patients with congestive heart failure: A randomised,
double-blind, placebo-controlled trial. Br. J. Nutr. 2018, 120, 33—40. [CrossRef]

An, P; Wan, S;; Luo, Y,; Luo, J.; Zhang, X.; Zhou, S.; Xu, T.; He, J.; Mechanick, ].I.; Wu, W.-C.; et al. Micronutrient Supplementation
to Reduce Cardiovascular Risk. J. Am. Coll. Cardiol. 2022, 80, 2269-2285. [CrossRef] [PubMed]

Kumar, V.; Rout, C; Singh, J.; Saharan, Y.; Goyat, R.; Umar, A.; Akbar, S.; Baskoutas, S. A review on the clean-up technologies for
heavy metal ions contaminated soil samples. Heliyon 2023, 9, e15472. [CrossRef] [PubMed]

Li, H.; Fagerberg, B.; Sallsten, G.; Borné, Y.; Hedblad, B.; Engstrom, G.; Barregard, L.; Andersson, E.M. Smoking-induced risk of
future cardiovascular disease is partly mediated by cadmium in tobacco: Malmo Diet and Cancer Cohort Study. Environ. Health
2019, 18, 56. [CrossRef]

Anchidin-Norocel, L.; Iatcu, O.C.; Lobiuc, A.; Covasa, M. Heavy Metal-Gut Microbiota Interactions: Probiotics Modulation and
Biosensors Detection. Biosensors 2025, 15, 188. [CrossRef] [PubMed] [PubMed Central]

Barone, M.; D’AMico, F; Brigidi, P,; Turroni, S. Gut microbiome-micronutrient interaction: The key to controlling the bioavailabil-
ity of minerals and vitamins? BioFactors 2022, 48, 307-314. [CrossRef] [PubMed] [PubMed Central]

Chatterjee, A.; Sahu, S.; Kumari, D.; Banerjee, A K.; Kumar, S.B.; Panpatil, V. The Impact of the Circadian Rhythms on Micronutri-
ent Absorption. Indian J. Biol. Sci. 2022, 28, 17-35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/cimb48010041


https://doi.org/10.3389/fnut.2021.799095
https://doi.org/10.1093/ajcn/84.4.762
https://doi.org/10.1017/S0007114518001253
https://doi.org/10.1016/j.jacc.2022.09.048
https://www.ncbi.nlm.nih.gov/pubmed/36480969
https://doi.org/10.1016/j.heliyon.2023.e15472
https://www.ncbi.nlm.nih.gov/pubmed/37180942
https://doi.org/10.1186/s12940-019-0495-1
https://doi.org/10.3390/bios15030188
https://www.ncbi.nlm.nih.gov/pubmed/40136985
https://pmc.ncbi.nlm.nih.gov/articles/PMC11940129
https://doi.org/10.1002/biof.1835
https://www.ncbi.nlm.nih.gov/pubmed/35294077
https://pmc.ncbi.nlm.nih.gov/articles/PMC9311823
https://doi.org/10.62424/IJBS.2022.28.01.02
https://doi.org/10.3390/cimb48010041

	Introduction 
	The Vascular Endothelium 
	The Role of the Endothelium in the Life Cycle of the Vascular System 
	Organ-Specific Heterogeneity 
	Surface Structures and Intercellular Junctions 
	Functions of the Vascular Endothelium 
	Endothelial Dysfunction 

	The Role of Trace Elements and Heavy Metals 
	Trace Elements 
	Zinc 
	Selenium 
	Copper 
	Magnesium 

	Heavy Metals 

	Consequences of Endothelial Dysfunction 
	Cardiovascular Disease Development 
	Atherosclerosis 
	Hypertension 
	Obesity 
	Diabetes 
	Hyperlipidemia 

	Preventive Strategies 

	Conclusions 
	References

