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Abstract: Zinc, an indispensable micronutrient for human health, might play an important role
in the development of atherosclerosis. Zinc could be involved in the atherogenic process through
interaction with atherogenic cells, such as endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), and immune cells. In addition, zinc also exerts important positive or negative functions
in various atherosclerosis-related risk factors, including lipid metabolism, glucose metabolism, and
blood pressure. Currently, evidence focusing on the relationship between zinc status and atherogenic
risk factors has been well established, while the direct interaction between zinc and atherosclerosis
has not been fully understood. In this review, we aimed to summarize the association between
zinc and atherosclerosis and explore current findings on how zinc and zinc homeostasis-associated
proteins act in the atherogenic processes.

Keywords: zinc; atherosclerosis; zinc homeostasis-associated proteins; endothelial cells; vascular
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1. Introduction

Zinc, an abundant micronutrient, plays a vital role in numerous biochemical pathways
in cells and is indispensable to all creatures. Following iron, zinc is the second most
abundant transition metal ion in all living organisms [1]. The human adult body contains
approximately 1.4–2.3 g of zinc [2]. Zinc is also a broadly distributed metal ion in the human
body, with approximately 85% of zinc concentration found in muscle and bones, 11% in
skin and liver, and the remaining 4% in other tissues [3]. The distribution and homeostasis
of zinc in the body are highly regulated by various zinc homeostasis-associated proteins,
including Zn transporters (ZnT), Zrt- and Irt-like proteins (ZIP), and metallothioneins
(MTs). Zinc conducts multiple crucial biological functions in organisms. Firstly, zinc
is a redox-neutral metal ion and can stably bind to practically 10% of the total human
proteome and still maintain its structural integrity [4]. Secondly, zinc is required in the
catalysis and co-catalysis of more than 300 enzymes, which control various metabolic
cellular processes [5]. Thirdly, zinc, being “the calcium of the 21st century”, functions as a
signaling mediator and targets multiple enzymes involved in cellular signaling, such as
kinases and phosphatases [6,7].

Considering the critical biological roles that zinc plays in human health, even a minor
zinc deficiency could be disastrous. Multiple abnormalities can cause zinc deficiency,
including inadequate intake, decreased absorption, and increased loss. Zinc deficiency is
estimated to affect nearly two billion people worldwide, with the estimated prevalence
of suboptimal zinc status ranging from 4% to 73% in different countries [8]. Severe zinc
deficiency is associated with profound consequences, such as growth retardation and
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death [7]. Studies estimate that zinc deficiency may be associated with a 4% morbidity
and mortality rate of children in developing countries. Even marginal zinc deficiency
can cause a variety of pathological conditions, especially age-related pathologies, such as
atherosclerosis [7].

Atherosclerosis is a pathological condition characterized by atherosclerotic plaque
formation in the vascular intima of large and medium-sized arteries. Given the popularity
of the western lifestyle, the worldwide prevalence of atherosclerosis is gradually increasing
and might develop into an epidemic in the future [9]. Atherosclerosis is the principal cause
of cardiovascular diseases (CVDs), including coronary artery disease (CAD), stroke, and
peripheral arterial disease. Among adults aged ≥ 20 years in the US, 37.4% of men and
35.9% of women have some form of CVDs, and the estimated prevalence of CVDs in the
US adult population could reach 43.9% by 2030 [10]. The identification of risk factors for
atherosclerosis and CVDs is crucial for its prevention and treatment. Recent evidence
suggests that zinc deficiency plays a vital role in the development of atherosclerosis [11].

In this review, we aim to summarize the current findings on the association between
zinc and atherosclerosis and investigate the potential effect of zinc and zinc homeostasis-
associated proteins in atherogenic processes. Since zinc homeostasis-associated proteins
are critical for the physiology and homeostasis of zinc, we first provide a summary of zinc
homeostasis-associated proteins and their functions.

2. Zinc-Related Proteins

As previously mentioned, zinc plays a crucial role as a structural, catalytic, and
regulatory component of many metabolic processes; therefore, it is necessary to clarify the
mechanism of zinc homeostasis. In the human body, serum zinc takes up only 0.1% of total
zinc, the majority of which is bound to proteins, such as albumin and α2-macroglobulin,
with only a small fraction existing as free ions [12,13]. The distribution of cellular zinc
is the cytoplasm (50%), nucleus (30–40%), and cell membrane (10%) [13]. Cellular zinc
is stored in compartmentalized regions, such as organelles and vesicles, or bound to
metalloproteins/metalloenzymes and MTs. Consequently, the concentration of cytosolic
free zinc is likewise considerably low, ranging between picomolar and nanomolar [14,15].
Through the release or combination of zinc within proteins and organelles, organisms can
cope with transient changes in zinc fluctuation and maintain zinc concentration at a stable
level. The four pools of cellular zinc [16] are as follows: (1) zinc that is tightly conjugated to
metalloproteins/metalloenzymes as a structural component or cofactor; (2) zinc that binds
to MTs with low affinity, which executes the functions as both receptor and donor of zinc
in case of zinc perturbation; (3) zinc that is stored in organelles and vesicles and serves as
zinc provider through zinc transporters; (4) cytosolic-free zinc that participates in signaling
transduction [17]. The last three pools act as labile zinc pools and play a key role when zinc
status fluctuates.

The underlying mechanisms of cellular zinc homeostasis maintenance are known as
“zinc buffering” and “zinc muffling” [18]. Buffering is realized by cytosolic zinc-binding
proteins to obtain consistent levels of free zinc ions in a way that is similar to proton
buffering [19,20]. In parallel, the muffling mechanism is instrumental in the instance of
transient changes with higher zinc loads in the cytosol and functions by mobilizing the
zinc-binding proteins and zinc transporters to move zinc ions into sequestrated subcellu-
lar compartments or out of cells [18]. When cellular zinc concentration fluctuates, metal
response element-binding transcription factor-1 (MTF-1) can regulate the transcription of
MTs and several ZnT transporters [21,22]. The mutual interaction between zinc concentra-
tion and transcription factors contributes to the maintenance of cellular zinc homeostasis
(see Figure 1). MTs and the zinc transporter family play a pivotal role in not only controlling
cellular zinc homeostasis but also the progression of cardiovascular diseases.



Biomolecules 2022, 12, 1358 3 of 25
Biomolecules 2022, 12, 1358 3 of 28 
 

 
Figure 1. The localization of zinc transporters Zrt-, Irt-like proteins (ZIP, red arrow), Zn transporters 
(ZnT, blue arrow), metallothioneins (MTs), and metal response element-binding transcription fac-
tor-1 (MTF-1) in the cell. 

2.1. ZnT/ZIP 
Since the concentration of labile zinc ion is exceptionally low, subtle changes in labile 

zinc can cause tremendous alternation in cell function. The distribution of zinc in eukary-
otic cells is characterized by compartmentalization and is rigorously controlled by mem-
brane zinc transporters, which restricts the availability of zinc ions and provides better 
buffering ability toward zinc loads [19]. Distinct from iron, more than 30 proteins are in-
volved in the storage and transportation of zinc rather than ferritin alone, which attributes 
to the deficiency in humoral mediators of zinc status [13]. In humans, 10 members of the 
ZnT/solute carrier 30A (SLC30A) family were recognized to function in zinc efflux from 
the cytosol to extracellular space or intracellular organelles, whereas 14 members of the 
ZIP/solute carrier 39A (SLC39A) family function in mobilizing zinc in a converse way [23]. 
ZnTs and ZIPs are responsible for the development of atherosclerosis. 

ZnT transporters are zinc-proton antiporters residing in the inner membrane of sub-
cellular compartments, except for ZnT-1, which is located in the plasma membrane [24]. 
When zinc ion conjugates with the metal-binding sites of ZnT protein, it triggers structural 
changes in the protein and causes conformational transformation, extruding zinc out of 
the cytosol [13]. ZnT-1 and ZnT-4 have a potential association with CVDs due to their 
participation in vascular physiology [25]. ZIP transporters, in contrast, are mainly local-
ized to the plasma membrane [26,27] and possibly work as a co-transporter with protons 
as well [28]. Twenty-four ZIP transporters and twelve MTs are recognized within human 
heart muscle tissues [29,30], indicating the connection between ZIP proteins and CVDs. A 
sophisticated interaction exists between ZnTs, ZIPs, and MTs by regulating gene expres-
sion reciprocally in response to zinc homeostasis [31]. The function of zinc transporters 
may be regulated by protein phosphorylation and may thus be linked to many diseases 
[32]. 

2.2. MTs 
MTs are low molecular metal-binding proteins that have selective binding capacity 

to zinc, cadmium, and copper ions [33]. Human MTs have 11 functional isoforms, which 
are divided into four subgroups, MT-1 to MT-4 [16]. MT-1 and MT-2 are ubiquitously 
expressed in many organs and tissues and are engaged in zinc homeostasis, while MT-3 

Figure 1. The localization of zinc transporters Zrt-, Irt-like proteins (ZIP, red arrow), Zn transporters
(ZnT, blue arrow), metallothioneins (MTs), and metal response element-binding transcription factor-1
(MTF-1) in the cell.

2.1. ZnT/ZIP

Since the concentration of labile zinc ion is exceptionally low, subtle changes in labile
zinc can cause tremendous alternation in cell function. The distribution of zinc in eukaryotic
cells is characterized by compartmentalization and is rigorously controlled by membrane
zinc transporters, which restricts the availability of zinc ions and provides better buffering
ability toward zinc loads [19]. Distinct from iron, more than 30 proteins are involved
in the storage and transportation of zinc rather than ferritin alone, which attributes to
the deficiency in humoral mediators of zinc status [13]. In humans, 10 members of the
ZnT/solute carrier 30A (SLC30A) family were recognized to function in zinc efflux from
the cytosol to extracellular space or intracellular organelles, whereas 14 members of the
ZIP/solute carrier 39A (SLC39A) family function in mobilizing zinc in a converse way [23].
ZnTs and ZIPs are responsible for the development of atherosclerosis.

ZnT transporters are zinc-proton antiporters residing in the inner membrane of sub-
cellular compartments, except for ZnT-1, which is located in the plasma membrane [24].
When zinc ion conjugates with the metal-binding sites of ZnT protein, it triggers structural
changes in the protein and causes conformational transformation, extruding zinc out of
the cytosol [13]. ZnT-1 and ZnT-4 have a potential association with CVDs due to their
participation in vascular physiology [25]. ZIP transporters, in contrast, are mainly localized
to the plasma membrane [26,27] and possibly work as a co-transporter with protons as
well [28]. Twenty-four ZIP transporters and twelve MTs are recognized within human
heart muscle tissues [29,30], indicating the connection between ZIP proteins and CVDs. A
sophisticated interaction exists between ZnTs, ZIPs, and MTs by regulating gene expression
reciprocally in response to zinc homeostasis [31]. The function of zinc transporters may be
regulated by protein phosphorylation and may thus be linked to many diseases [32].

2.2. MTs

MTs are low molecular metal-binding proteins that have selective binding capacity to
zinc, cadmium, and copper ions [33]. Human MTs have 11 functional isoforms, which are
divided into four subgroups, MT-1 to MT-4 [16]. MT-1 and MT-2 are ubiquitously expressed
in many organs and tissues and are engaged in zinc homeostasis, while MT-3 and MT-4
are cell-specific. Each molecule of MTs has up to seven ion-binding sites, attributing to its
distinct affinity to zinc and other divalent metals [34].
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MTs function is crucial for stabilizing the fluctuation of intracellular zinc concentration.
Thioneins are translated in the ribosome and chelate with cytosolicfree zinc ion, synthesiz-
ing metallothioneins to lower zinc concentration. Conversely, when cellular zinc level is
insufficient to maintain MT protein, it rapidly proteolyzes and releases conjugated zinc to
keep intracellular zinc concentration stable [35,36]. MT is a potent electrophilic scavenger
and cytoprotective agent [37,38] and plays a critical role in immune protection and signal
transduction [39,40]. Experiments show that cytokines can either up or down-regulate the
expression of MTs, and MTs, in turn, affect the production of cytokines [41–43]. In addition,
MTs overexpression exerts a positive effect on alleviating diabetes and diabetic cardiovas-
cular complications through attenuating oxidative stress [11,44,45], whereas another study
indicated a negative correlation between MT-1 overexpression and insulin secretion [46].

2.3. Zinc Finger Proteins

Zinc finger proteins (ZFPs) are the most abundant proteins in human genome [47],
which, as the name suggests, are characterized by their zinc finger motifs. Many ZFPs
function as transcription factors by binding to specific DNA sequences. The most famous
ZFPs in atherosclerosis might be the Krüppel-like factor (KLF) family. KLF2 and KLF4 are
assumed to play a central role in maintaining endothelial cell homeostasis and vascular
health. Multiple studies have confirmed the atheroprotective effect of KLF2 and KLF4
through inhibition of inflammatory response [48–52]. The activator of KLF2 presented
anti-inflammatory effects and attenuated the adhesion of monocytes to endothelial cells,
which could be a promising therapeutic strategy for atherosclerosis [53]. Other ZFPs, such
as KLF14, zinc finger E-box binding homeobox 1 (ZEB1), and early growth response gene-1
(Egr-1), also participate in the regulation of atherogenesis [54–56].

3. Zinc and Atherogenic Cells

Zinc plays a direct role in atherosclerosis through the interaction with atherogenic
cells, such as endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and immune
cells. This process is primarily realized by the regulation of cellular functional molecules.
Here, we elaborate on the direct interaction between zinc and proatherogenic cells.

3.1. Zinc and Vascular Cells

Atherosclerosis is the most common cause of CVDs, which are characterized by lesions
to the arterial wall, subsequent subendothelial plaque formation, and vessel occlusion. It
is an artery-centered disease that eventually results in multiple organ damage. Vascular
cells, including ECs and VSMCs, are major contributors to the initiation, development, and
progression of atherogenic process.

3.1.1. Zinc and ECs

ECs are the innermost vascular layer and function as a barrier between the bloodstream
and the vascular walls. Endothelial cell dysfunction (ECD) is a crucial link in the atherogenic
process. Early speculation on the role of ECD in atherosclerosis was referred to as the
“Response-to-Injury Hypothesis”, which focused on the loss of integrity in the intima of
the arterial wall. However, careful examination of the fatty streak lesions in diet-induced
animal models indicated no sign of intimal injury or platelet adhesion [57]. With the
expansion of understanding of ECD, accumulating evidence suggests that the changes
of hemodynamic forces in athero-susceptible regions induce differential gene expression,
alternation in cell types, and focal ECD [58]. Unidirectional, high laminar shear stress
can upregulate the expression of anti-inflammatory, antioxidative, and antithrombotic
genes, such as KLF2, KLF4, and nuclear factor (erythroid-derived 2)–like 2 (NRF2), while
in contrast, low shear stress exerts proatherogenic functions by initiating multiple vascular
events, including focal permeation, ROS generation, NF-κB activity, and expression of
receptors of adhesion molecules, and cytokines that recruit leukocytes [57,59,60]. A former
study indicated the upregulation of MTs and ZnT under low shear stress and an increase in
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free zinc under high shear stress in human umbilical vein endothelial cells (HUVECs) [61].
The dysfunction of ECs results in focal permeation under an intact endothelium and
the trapping of circulating lipoproteins in the subendothelial space, thereby initiating
the complex atherogenic process [62]. ECD also plays a role in the complications of
atherosclerosis, such as vascular occlusion and plaque rapture, through the chronic lesion
towards the endothelium [63]. Recent studies suggested that zinc is essential for the proper
functioning of ECs through different pathways, as mentioned below [64].

Firstly, zinc regulates the synthesis of nitric oxide (NO) in ECs. NO, an endothelium-
derived vasodilator, is synthesized via endothelial NO synthase (eNOS). The eNOS-derived
NO critically influences the function of ECs and exerts multiple anti-atherosclerotic effects,
such as vasodilation, suppression of VSMCs proliferation, and inhibition of leucocyte
adhesion, platelet adhesion, and platelet aggregation [65]. The decreased availability of
NO, resulting from the reduced expression or activity of eNOS, is actively involved in the
atherogenic process [66]. The eNOS is catalytically inactive in its monomeric form and only
exerts catalytic function as dimeric eNOS. The dimerization of eNOS is mediated by zinc,
located at the dimer interface [25]. N,N,N,N-Tetrakis (2-pyridylmethyl)-ethylenediamine
(TPEN), a zinc chelator, was shown to convert eNOS dimers into monomers in ECs [67].
This finding indirectly suggests that zinc is critical for the dimerization of eNOS. Studies
found that dietary zinc deficiency during the fetal life, lactation, and postnatal life of rats
reduced the expression and activity of Enos [68]. Zhuang et al. [69] further found that
zinc supplementation effectively enhances intracellular NO production by elevating the
expression and enzymatic activity of eNOS. NO participates in regulating the homeostasis
of intracellular zinc in ECs. MTs, proteins functioning as buffer for intracellular-free
zinc, release zinc when stimulated by NO, thereby increasing labile zinc level in ECs [25].
This may create a positive feedback loop since the released zinc could then promote the
dimerization and activation of eNOS and amplify the anti-atherosclerotic effect of NO.
Except for being synthesized by eNOS, NO in ECs can also be produced by inducible
NOS (iNOS). Unlike eNOS, iNOS is only expressed under pro-inflammatory conditions.
Evidence suggests that iNOS is detrimental in diseases because of its capability of producing
excessive NO in response to inflammatory signals [70,71]. Miyoshi et al. [72] indicated that
genetic deficiency of iNOS in ApoE-deficient mice reduced the formation of atherosclerotic
lesions. Cortese-Krott et al. [73] have shown that zinc down-regulates the expression and
activity of iNOS in ECs, and, therefore, limits the undesirable influence of the high levels of
iNOS-derived NO.

Secondly, atherosclerosis is considered a chronic inflammatory disorder, while zinc
exhibits anti-inflammatory effects in ECs. Faced with varieties of stimuli, ECs express
multiple cytokines, chemokines, and cell adhesion molecules, recruiting leukocytes and
facilitating their migration to the neointimal space of the vascular wall. Activated ECs could
trigger chemokine secretion and recruit the circulating monocytes to the vascular wall,
known as monocyte-EC interaction, which is a key event in the formation of atherosclerotic
lesions [74]. ZEB is a key member of the zinc finger-homeodomain family. Studies indicated
that the overexpression of ZEB1 could decrease the expression of C-X-C motif chemokine
ligand 1 (CXCL1), which was a chemoattractant that promoted the monocyte–ECs inter-
action [75]. These results suggested that ZEB1 inhibits the monocyte–ECs interaction,
thereby preventing the aggravation of atherosclerosis. Vascular cell adhesion molecule-1
(VCAM-1), an important cell adhesion molecule, triggers monocytes’ attachment to ECs
and promotes the development of atherosclerotic plaques. Zinc deficiency increases the
production of VCAM-1 and intercellular adhesion molecules (ICAM-1), thereby promoting
inflammation [76]. Zinc additionally affects the expression of multiple pro-inflammatory
cytokines in ECs. Zinc deficiency could exacerbate chronic inflammation in ECs by permit-
ting the expression of inflammatory genes [73]. A recent systematic review indicated that
zinc status was inversely associated with the development of endothelial inflammation or
atherosclerosis [76]. Multiple signaling pathways of various inflammatory cytokines con-
verge with the release of nuclear transcription factor kappa B (NF-κB) [77]. Atherosclerosis
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is a chronic inflammatory disease of the arterial wall, and the activation of NF-κB has been
shown to be involved in all stages of the development of atherosclerosis through mediating
downstream canonical and non-canonical signaling pathways [78,79]. Previous studies
indicated that zinc deficiency upregulates the activity of NF-κB [80], while zinc supplemen-
tation suppresses its activity in ECs [69]. KLF family is another important category of zinc
finger transcription factors. Studies indicated that KLF2, KLF4, and KLF11 all conferred
important anti-inflammatory actions in ECs by inhibiting the activation of NF-κB [81]. The
transactivation activity of peroxisome proliferator-activated receptor (PPAR), the inhibitor
of NF-κB signaling, also requires adequate zinc. Zinc deficiency down-regulates the ex-
pression of PPARα and PPARγ in cultured ECs [82,83], which then upregulates the DNA
binding activity of NF-κB. A20, a protein act as a general inhibitor of NF-κB activation.
A positive association between zinc levels and A20 protein concentration was reported
in human ECs [84]. This finding suggests that zinc could also suppress the generation of
NF-κB-regulated inflammatory cytokines by inducing A20.

Thirdly, oxidative stress contributes to the development and progression of atheroscle-
rosis, while zinc exhibits anti-oxidative actions in ECs. Oxidative stress is the result of the
imbalance between reactive oxygen species (ROS) generation and the antioxidant system
of the body [85]. In cultured ECs, zinc deficiency increases oxidative stress, while subse-
quent zinc supplementation blocks this effect [80,82]. Further studies indicated that zinc
deficiency could significantly aggravate oxidative stress by increasing the level of ROS and
decreasing antioxidants in the lung and kidneys of mice [86,87]. A recent meta-analysis
indicated that zinc supplementation significantly decreases the total antioxidant capacity,
as well as malondialdehyde, which is an important metabolite of lipid peroxide [88,89].
Zinc is not redox-active under physiological conditions. Thus, the anti-oxidative action
of zinc is realized through indirect mechanisms, such as participation in the synthesis of
antioxidative enzymes or working as their catalyzers [90]. Zago et al. [91] found that the
effect of zinc in protecting the cell membrane from lipid oxidation may be realized by
competition with other redox-active metals for negative charges in the lipid bilayer.

Finally, ECs apoptosis impaired the barrier function of the endothelium and enables
the infiltration of circulating leukocytes and lipoproteins in the vascular wall, initiating
the atherogenic process [92]. Tricot et al. [93] noted that the turnover and apoptosis of
ECs increased in the endothelium of human atherosclerotic plaques. These observations
highlighted the important role of the apoptotic cell death of ECs in the development
of atherosclerosis. Therefore, suppressing the apoptosis of ECs may be an attractive
approach for realizing anti-atherosclerotic effects. ZEB1 could inhibit the apoptosis and
senescence of ECs via reducing p21 protein, protecting ECs from oxidative stress-induced
dysfunction [94]. Thambiayya et al. [95] found that the decrease in zinc level may contribute
to the lipopolysaccharide (LPS)-induced apoptosis. These authors further discovered that
the increase in intracellular labile zinc conducts essential functions in the resistance to LPS-
induced apoptosis mediated by ZIP-14 or NO [96]. Caspases are pivotal enzymes in the
apoptotic pathways, and studies indicate that zinc inhibits caspases [97]. Compared with
control cultures, ECs with zinc-deficient cultures were associated with the upregulation of
caspase-3 and increased cytokine- or lipid-induced apoptotic cell death [98]. These authors
further clarified that subsequent zinc supplementation significantly blocks the activation
of caspase-3. Likewise, Fanzo et al. [99] found that the activity of caspase-3 in human
aortic ECs was inversely associated with the zinc level in the culture media. Zinc can
also inhibit other apoptotic regulators beyond caspase-3, such as caspase-6, caspase-9, and
calcium-magnesium-dependent endonuclease [100,101].

3.1.2. Zinc and VSMCs

VSMC is a type of smooth muscle cell that is in the media layer of elastic arteries and
is responsible for arterial contraction and the production of extracellular matrix (ECM)
proteins. VSMCs are the main contributor to atherosclerotic plaque composition. Studies
suggest that 30–70% of the plaque cells express VSMC-specific molecules in murine models
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of atherosclerosis [102–104]. The historical view of VSMCs in atherosclerosis typically as-
sumes that VSMCs play an entirely beneficial role in advanced plaques by generating ECM
to form the fibrous cap, which stabilizes the vulnerable plaques, preventing them from
rupturing. However, genetic lineage tracing studies reveal a more comprehensive and inte-
gral perspective on VSMCs function in atherogenesis [102–105]. During the progression of
atherosclerosis, VSMCs undergo de-dedifferentiation and “phenotypic switching” [104,106],
which, specifically, refers to the transformation from a contractile phenotype to a prolifera-
tive phenotype, which is considered an essential part of the development of atherosclerosis,
as well as the development of endothelial damage and lipid deposition [107]. VSMCs in the
plaque exhibit a co-expression of both VSMC- and macrophage-specific biomarkers, and
the concomitant macrophage properties, such as secreting pro-inflammatory molecules and
inducing the migration of inflammatory cells [104,106]. These findings indicate a potential
dual role of VSMCs in atherogenesis, and zinc might influence the progress by regulating
the function of transcription factors containing zinc-finger structures, such as KLF4 and
ZEB1 [55,81,108].

Zinc is associated with VSMC apoptosis and proliferation according to studies con-
ducted by Keith Allen-Redpath et al. [109] and Ethel H. Alcantara et al. [110]. VSMCs
from marginally zinc deficient diet rats present with an increased apoptotic effect in the
carotid artery and aorta, which is not observed in the endothelial cell layer. The underly-
ing mechanism of interchange to the apoptotic phenotype could be related to increased
expression and dephosphorylation of Bcl-2-associated death promoter protein (BAD) (a
member of the pro-apoptotic Bcl-2 family), and the decreased activation of the pro-survival
extracellular signal-regulated kinase 1/2 (ERK1/2) pathway, which maintains the phos-
phorylation of BAD. An in vitro study indicates that the apoptotic effect induced by zinc
deficiency is potentially mediated by a type of humoral factor since the VSMCs incubated
by plasma from zinc-deficient rats also show increased apoptosis [109]. Ou et al. [111]
confirmed this hypothesis and demonstrated that zinc not only regulated gene expression
directly but also affected the bioactivity of a low-molecular-weight humoral factor. This
factor is potentially associated with immune functionality due to the responsive actions of
cytokine pathways, but the derivation of this factor has not yet been confirmed. Another
study indicates that chronic zinc deprivation can accelerate the proliferation of VSMCs
via decreased mitogen-activated protein kinase/c-Jun N-terminal kinase (MAPK/JNK)
signaling pathway (apoptotic) activation [110]. Zinc may also play a role in preventing
VSMC calcification [112]. Kuzan et al. [113] used the Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) to determine the content of microelements in the human
aorta, however, the correlation between serum zinc and the severity of atherosclerosis
was not observed. Zinc could play a role in vasodilation, via cofunction with calcium. In
conclusion, further research is required to establish a correlation between zinc, VSMCs, and
atherogenesis.

3.2. Zinc and Immune Cells

Atherosclerosis is known as a chronic inflammatory condition of the arterial walls
initiated by the deposition of subendothelial lipids. The immune reaction is recognized
as a pivotal part of the atherosclerotic mechanism [114]. During the atherogenic pro-
cess, oxidized low-density lipoprotein (oxLDL) accumulates in the intima and is engulfed
by macrophages which later transform into an inflammatory phenotype and turn into
foam cells [115–117]. The initiation of innate immunity has an early onset and depends
mostly on macrophages with the upregulation of adhesive molecules and proinflammatory
cytokines, whereas adaptive immunity has a later onset and a dual effect on atherogene-
sis [118]. T lymphocytes facilitate the progression of atherosclerosis, but T helper 2 cells
(Th2) and regulatory T cells (Treg) can dampen the process through the production of
transforming growth factor (TGF)-β and interleukin (IL)-10 [114,119]. B lymphocytes have
conflicting functions, since B1 cells perform an atheroprotective effect, while B2 cells are
pro-atherogenic [116,119]. Zinc, an important trace element, is crucial to the function of
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immune cells. In the acute phase of inflammation, zinc undergoes a transient redistribution
from serum to organs, especially the liver, which is mediated by the increased expression
of ZIP-14 and up-regulation of MT in liver cells. This transient redistribution leads to
temporary hypozincemia and upregulation of IL-1β, tumor necrosis factor (TNF)-α, S100
calcium-binding protein A8 (S100A8), and matrix metalloproteinase-8(MMP-8) [120]. Long
before plasma zinc concentration changes, immune cells have the ability to respond to zinc
deficiency early on [121]. The potential mechanism of how zinc influences the immune
cells and the progress of atherosclerosis is explained below.

3.2.1. Zinc, Macrophage, and Cytokines

OxLDL is characterized by the properties of damage-associated molecule patterns
(DAMPs) and can interact with scavenger receptors or toll-like receptors, triggering an
inflammatory response [116,117,122]. Circulating myeloid-derived monocytes migrate
and relocate in the intima to differentiate into macrophages with a pro-inflammatory
phenotype. Zinc affects the phagocytosis and inflammatory function of macrophages
through a series of regulatory actions [123] and acts as an intracellular second messenger
in signaling pathways [124]. Dubben et al. [125] found that zinc has a specific negative
impact on monocyte differentiation, which is not observed in granulocytes. Zinc chelator
TPEN can promote monocyte differentiation through augmentation of cyclic adenosine
monophosphate (cAMP) production, which is formerly decreased by an inhibitive function
of zinc ion on the cAMP-synthesizing enzyme adenylate cyclase. Another study indicates
that zinc is the intermediary between monocyte adhesion to the vascular endothelium [126].
The excessive accumulation of cholesterol in macrophages activates the inflammasome
NOD-like receptor thermal protein domain associated protein 3 (NLRP3), a protein that
cleaves IL-1β precursor into its active form and enhances the expression of cytokines [116].
Zinc supplementation can reduce NLRP3 inflammasome activation [127], whereas TPEN
inversely activates NLRP3 and improves the levels of pro-inflammatory cytokines, such as
IL-1β and IL-6 in macrophages [128].

Inflammatory macrophages facilitate the progression of atherosclerosis and cause
expansion of the lesion, leading to plaque morphological changes, eventually resulting
in plaque rupture and acute lumenal thrombosis via the release of pro-inflammatory
cytokines [122]. Zinc deficiency influences the generation of cytokines, and cytokines, in
turn, affect zinc distribution. IL-6 and IL-1β are the major pro-inflammatory cytokines
that innate immune cells secrete [124]. A meta-analysis conducted by Faghfouri et al. [129]
indicated that zinc supplementation can decrease IL-6 levels, and another former study
shows that IL-6 induces low zinc ion availability by modulating MT gene expression [130].

3.2.2. Zinc and Lymphocytes

Along with macrophage and dendritic cell accumulation, adaptive immunity joins
to exert a deleterious influence on plaque formation. Studies confirmed that the absence
of T cells and B cells, which were induced by recombination-activating genes (RAGs)
deficit, demonstrated alleviated atherosclerosis in Apoe–/– or Ldlr–/– mice [131]. T cells play
a predominant role in disease progression and constitute 10% of total plaque cells, 70% of
which are CD4+ T cells, with B cells only occasionally found in plaque [119]. Atherosclerosis
is known as a Th1 disease, as Th1 cells are the major producer of proatherogenic cytokines,
such as interferon (IFN)-γ, IL-2, IL-3, and TNF. Zinc deficiency in the experimental human
model results in imbalanced Th1/Th2 function. The products of Th1 cells, such as IL-2
and IFN-γ, decline under zinc deficit while Th2 cell products (such as IL-4, IL-6, and IL-10)
remain unaffected [132,133].

Zinc contributes to T cell regulation in two ways: the signaling pathway initiated by T
cell receptor (TCR) or by cytokine stimulation [124]. In the TCR activation-mediated signal-
ing pathway, the CD3 subunits of the TCR complex are phosphorylated by lymphocyte-
specific protein-tyrosine kinase (LCK) and promote the assembly of the immunological
synapse, leading to the activation of the downstream signaling cascade [134]. Zinc facil-



Biomolecules 2022, 12, 1358 9 of 25

itates the process by regulating the activity of LCK in multiple ways and plays a vital
role in T cell development and activation [135,136]. After the TCR trigger, certain zinc
transporters, such as ZIP-6 and ZIP-8, are up-regulated and induce a rise in cellular zinc
concentration, which is directly involved in T cell activation [137,138]. On the other hand,
the cytokine-mediated signaling pathway is regulated by IL-2, and according to Faghfouri
et al., zinc can increase IL-2 levels [129]. IL-2 stimulation can induce T cell proliferation
and development through three different signaling pathways: Janus kinase 1/3 (JAK1/3)-
signal transducer and activator of transcription 5 (STAT5), ERK1/2, and phosphoinositide 3-
kinase (PI3K)/protein kinase B (Akt) [124]. The interaction between zinc and immune cells
in atherogenesis has not been directly confirmed through animal model studies. Further
research should be conducted in this regard.

4. Role of Zinc in Risk Factors of Atherosclerosis

In addition to the direct role of zinc in atherosclerosis, zinc furthermore exerts impor-
tant positive or negative functions via various risk factors of the atherogenic process, such
as lipid metabolism, glucose metabolism, and blood pressure.

4.1. Role of Zinc in Lipid Metabolism

In humans, adipose tissue is the main lipid repository and the interaction between
zinc and adipose tissue is critical in lipid metabolism. Olechnowicz et al. [90] previously
proposed that zinc may regulate lipid metabolism by interfering with leptin production.
However, other studies found no significant association between zinc supplementation
and overall serum leptin [139,140]. A recent study proposed that zinc could induce lipol-
ysis by activating the zinc/MTF-1/PPARα and calcium/calmodulin-dependent protein
kinase kinase-β (CaMKKβ)/adenosine 5′-monophosphate-act protein kinase (AMPK) path-
way, which further induce autophagy-mediated lipophagy [141]. Zinc-α2-glycoprotein
(ZAG), an adipokine, plays a critical role in lipid metabolism, including reducing fatty
acid synthesis, mobilizing lipids, and stimulating lipolysis [142]. The expression of ZAG
was significantly reduced in the liver and adipose tissue of the obese population [143]. A
zinc-binding site exists in the structure of ZAG [144], which suggests that the effect of zinc
on lipid metabolism may be mediated by ZAG. In addition, zinc prevents the oxidation of
LDL, stopping the main mechanism of atherogenesis [145].

High zinc levels increase hepatocyte activity and improve hepatic lipid metabolism in
rats, while zinc deficiency impairs hepatic lipid metabolism [146]. Zinc deficiency in the
prenatal and postnatal life of Wistar rats was shown to increase hypertriglyceridemia and
adipocyte hypertrophy and adequate dietary zinc in postweaning growth could partially
reverse this change [147]. Zinc supplementation could reverse abnormal lipid metabolism
and elevated liver enzymes (such as aspartate aminotransferase and alanine transaminase)
found in high-fat diet (HFD)-fed rabbits [148]. In lipid profiles, dietary zinc supplementa-
tion significantly reduced cholesterol and cholesterol oxidation products in rat serum [149].
In humans, obesity and being overweight were associated with decreased serum zinc
levels [150]. Zinc deficiency or marginal zinc deficiency was associated with lower lipid pro-
files in healthy individuals [151]. However, the effects of zinc on specific lipid-conjugated
molecules remain contradictory. A cross-sectional study on 7597 United States adults
found that zinc intake was inversely associated with the ratio of total cholesterol (TC) to
high-density lipoprotein (HDL) cholesterol [152]. However, Yary et al. [153] noticed an
inverse relationship between serum zinc level and HDL cholesterol in middle-aged and
older eastern Finnish men. In a meta-analysis, Khazdouz et al. [154] indicated that zinc
supplementation could significantly decrease the plasma level of triglyceride, TC, and very-
low-density lipoprotein (VLDL). Recently, Saykally et al. [155] noticed that the reduced
amount of ZEB1 could increase adiposity during early weight gain in female TCF8+/-
mice fed with HFD. Sterol regulatory element-binding protein 2 (SREBP-2), a master tran-
scriptional regulator of cholesterol biosynthetic genes and LDL receptor genes, is highly
involved in foam cell formation and atherogenesis [156]. Overexpression of ZEB1 could in-
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hibit the endogenous expression of SREBP-2, thereby regulating the metabolism of cellular
cholesterol [157]. Evidence also suggested that ZEB1 can regulate the expression of ATP-
binding cassette transporter A1 (ABCA1) to reduce lipid accumulation in macrophages [55].
KLF2 is another important zinc finger transcription factor involved in macrophage form
cell formation. Atkins et al. [52] noted that hemizygous deficiency of KLF2 increased
diet-induced atherosclerosis in ApoE-deficient mice, indicating its atheroprotective role.

4.2. Role of Zinc in Glucose Metabolism

Zinc performs critical functions in insulin secretion and regulation of glucose
metabolism. Zinc deficiency was associated with decreased insulin secretion from pancre-
atic β cells [158]. Filios et al. [159] indicated that knockdown of ZEB1 could significantly
increase the apoptosis of pancreatic β cells. Zinc is believed to modulate the effects of in-
sulin through different mechanisms [158,160]. Furthermore, serum zinc level was inversely
associated with insulin resistance [161]. Several zinc homeostasis-associated proteins ex-
pressed in adipocytes, including ZnT-7, ZIP-13, and ZIP-14, can influence adipogenesis and
the function of adipocytes, thereby participating in insulin resistance [158,162]. Apart from
the indirect regulation of glucose metabolism via insulin regulation, zinc also directly regu-
lates glucose metabolism. Studies have shown that zinc plays a vital role in the inhibition of
gluconeogenesis, as well as the stimulation of glucose uptake and glycogen synthesis [163].
Moreover, it should be noted that a complex correlation exists between zinc, insulin, and
diabetes. Diabetes can affect zinc homeostasis, by increasing the urinary loss of zinc and
decreasing the total bodily zinc level [164].

Sisnande et al. [165] found that zinc restriction in male Swiss mice was associated with
smaller pancreatic islets, mediated by increased apoptosis. Zinc supplementation could
enhance the function of pancreatic β cells in HFD-fed mice, thereby improving glucose
homeostasis [166]. Zinc supplementation in mice with HFD-induced liver injury could
reduce glucose production and lipid deposition and promote glucose absorption [167].
These findings suggested that high zinc levels may alleviate the abnormal metabolism
of glucose and lipid induced by HFD. In prediabetic populations, zinc supplementation
significantly improved pancreatic β-cell function and decreased fasting blood glucose (FBG),
2 h postprandial glucose levels in oral glucose tolerance test, and insulin resistance [168]. A
recent meta-analysis of randomized controlled trials (RCTs) focusing on the effects of zinc
supplementation on cardiometabolic risk factors also indicated that zinc supplementation
significantly decreases FBG and hemoglobin A1c (HbA1c) levels [154]. However, the
association between serum zinc and type 2 diabetes mellitus (T2DM) remains controversial,
with an inverse association [169], positive association [170,171], and no association [172]
found in different studies. Fernández-Cao et al. [173] carried out a meta-analysis and found
that slightly elevated dietary zinc intake may prevent the development of T2DM, while the
elevation of serum zinc level might increase the risk of T2DM. Future studies focusing on
the role of dietary or serum zinc levels in T2DM pathophysiology are warranted.

4.3. Role of Zinc in the Regulation of Blood Pressure

Zinc may regulate blood pressure (BP) through different mechanisms. Firstly, copper-
zinc superoxide dismutase (Cu/Zn-SOD) conducts an important function in regulating
hypertension by influencing oxidative stress. Studies have demonstrated that both excessive
and insufficient zinc intake inhibits the activity of Cu/Zn-SOD [174,175]. Secondly, zinc
may regulate BP by regulating the renin-angiotensin-aldosterone system (RAAS). Zinc
is an active component of the angiotensin-converting enzyme (ACE), and its deficiency
decreases serum ACE activity [176]. During critical development periods of Wistar rats, zinc
deficiency was associated with morphological renal alterations and long-term/permanent
changes in the renal RAAS system [177]. Thirdly, renal Na+-Cl- cotransporter (NCC) is
a zinc-regulated transporter, and zinc deficiency could upregulate NCC expression and
renal Na+ transport, contributing to an increase in BP [178]. In addition, NO is a key
molecule involved in the tonic relaxation of systemic vasculature and BP regulation [179].
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As previously described, zinc deficiency decreases the expression and activity of NOS in
the vascular and renal system, leading to a decrease in NO activity [180]. Finally, zinc may
also regulate BP by influencing intracellular calcium homeostasis [181].

Zinc may regulate BP in a bidirectional way. Some animal studies found that zinc
restriction was associated with higher systolic BP (SBP) [147], while others indicated that
excessive zinc intake also significantly elevated SBP, presumably through superoxide-
induced oxidative stress [182]. The results from human studies focused on the relationship
between zinc and hypertension are also inconsistent. A recent meta-analysis on 9 RCTs
with 544 patients found that zinc supplementation significantly reduces the SBP but has
no significant effect on diastolic BP (DBP) [183]. Several clinical trials and population-
based studies found that zinc deficiency is associated with prehypertension in apparently
healthy subjects [184], and zinc supplementation is beneficial for BP regulation [168,185].
Other studies found no association between zinc supplementation or serum zinc level and
SBP [186–189]. All these findings suggested that both a lack and excess of zinc intake may
have an adverse effect on elevated BP, indicating a U-type or J-type relationship between
zinc and hypertension. Additional high-quality clinical trials focusing on the effects of zinc
intake on blood pressure are warranted for further evidence.

5. Zinc and Atherosclerosis: Animal and Human Studies
5.1. Animal Studies

Animal studies found that zinc deficiency was associated with increased plasma
concentration of triacyl glycerides and cholesterol and a higher lipoprotein-cholesterol
distribution toward the non-HDL fraction [190,191]. ApoE knock-out (AEKO) mice with
suboptimal dietary zinc intake were associated with raised proatherogenic lipoprotein
levels and developed more aortic plaques than mice consuming adequate zinc [192]. In
atherogenic mouse models, zinc supplementation suppressed the abnormal plasma lipid
profile and the proinflammatory events in atherosclerosis [190]. Studies also found that
dietary zinc supplementation significantly reduced total cholesterol accumulation in the
aorta and inhibit the development of aortic atherogenesis in HFD-fed New Zealand rab-
bits [193–196]. A recent study conducted by Cheng et al. [197] suggests the role of zinc
influx in monocyte adhesion and recruitment. Ex vivo and AEKO mice model experiments
confirmed ZIP8 overexpression and increased zinc influx in monocyte adhesion to aortas
and nascent atherosclerosis lesions, which potentially promote the inflammatory response
towards arterial walls. Ren et al. [194] further found that zinc levels in aortic atheromatous
lesions of zinc-supplied rabbits were not significantly different from that in control rabbits.
However, zinc supplementation was associated with significantly lower iron lesion levels.
Based on these findings, they proposed that the antiatherogenic effect of zinc may be
mediated by inhibiting iron-catalyzed free radical reactions. Several studies indicate the
anti-apoptosis function of zinc in VSMCs [109] and the detrimental effect of zinc deficiency
on vascular health [198] (see Table 1). A variety of zinc finger proteins also exhibit sig-
nificant influence in the pathogenesis of atherosclerosis by regulating the transcription
process. Sayin et al. [199] found that zinc finger protein 148 (ZFP148) deficiency exerted
an atheroprotective effect by increasing the activity of p53 and inhibiting the proliferation
of macrophages in AEKO mice. KLF14, like other transcription factors in the KLF family,
shows an anti-atherosclerotic effect in ApoE−/− mice by promoting cholesterol efflux and
inhibiting inflammatory response [200]. In addition, POZ/BTB and AT-hook-containing
zinc finger protein 1 (PATZ1) and Juxtaposed with another zinc finger gene 1 (JAZF1) also
play a protective role in atherosclerosis [201,202].
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Table 1. Animal and human studies that report the effects of zin on atherosclerosis.

Author, Year Subjects N Study Design Intervention Outcome
Animal studies

Reiterer et al.
2005 [190]

LDL receptor
knock-out
(LDL-R-/-) mice,
5 wk

11 (ZD)
11 (Z)
11 (ZS)

/

ZD: AIN-93 diets with 0 µmol
Zn/g diet for 4 wk;
Z: AIN-93 diets with 0.45 µmol
Zn/g diet for 4 wk;
ZS: AIN-93 diets with 1.529 µmol
Zn/g diet for 4 wk

Zinc deficiency was associated with:

- Higher mRNA expression of the
antioxidant enzyme glutathione
reductase, VCAM-1, and PPARγ;

- Higher DNA binding activity of NF-κB
in liver tissues;

- Lower DNA binding activity of PPARγ.

Zinc supplementation was associated with:

- Reduced TG, total plasma cholesterol,
and VLDL and HDL fractions of free
cholesterol.

Shen et al.
2007 [191]

LDL receptor
knock-out
(LDL-R-/-) male
mice, 5 wk

2 (ZD)
2 (Z) /

ZD: low-fat (LF) diet with
0.4 mg/kg of zinc for 21 d, and then
high-fat (HF) diet with 0.4 mg/kg
of zinc for 1 wk;
Z: low-fat (LF) diet with 33.1 mg/kg
of zinc for 21 d, and then high-fat
(HF) diet with 33.1 mg/kg of zinc
for 1 wk

Zinc deficiency was associated with:

- Higher total plasma cholesterol, total
plasma fatty acids, and non-HDL
fraction (VLDL, IDL, LDL);

- Inhibited PPARγ transactivation activity
induced by rosiglitazone.

Beattie et al.
2012 [192]

ApoE knock-out
(AEKO) mice, 5 wk

24 (ZD)
12 (Z) /

ZD: high saturated fat (21% w/w)
and high cholesterol (0.15%)
semi-synthetic diets containing
suboptimal zinc (3 or 8 mg/kg)
for 25 wk;
Z: high saturated fat (21% w/w) and
high cholesterol (0.15%)
semi-synthetic diets containing
adequate zinc (35 mg/kg) for 25 wk

Zinc deficiency was associated with:

- Higher plaque area;
- Elevated cytokine IL-1β, IL-6 and

sVCAM-1;
- Elevated total protein and cholesterol level;
- Increased intramural calcium and

phosphorous deposits
(atheromatous plaque).

Alissa et al.
2004 [193]

Male New Zealand
White rabbits,
6–10 wk

8 (ZS)
8 (C) /

ZS: diet containing 0.25–1% (w/w)
cholesterol plus zinc as its sulfate at
0.5% (w/w) for 12 wk;
C: diet containing 0.25–1% (w/w)
cholesterol for 12 wk

Zinc supplementation was associated with:

- No significant difference in weight gain,
integrated serum cholesterol levels,
erythrocyte superoxide dismutase,
hepatic enzyme activity;

- Reduction in aortic atherogenesis lesion.

Ren et al.
2006 [194]

Male New Zealand
white rabbits,/

6 (ZS)
6 (C) /

ZS: zinc-supplemented diet
SF03-017 (modified guinea pig and
rabbit + 1% cholesterol + 1000 ppm
(1 g/kg) zinc as zinc carbonate)
for 8 wk;
C: high-cholesterol diet (HCD)
SF00- 221 (modified guinea pig and
rabbit + 1% cholesterol) for 8 wk

Zinc supplementation was associated with:

- No significant difference in total
cholesterol, triglyceride, and LDL;

- Lower HDL;
- Decreased lesion areas from sections of aorta;
- Decreased Fe lesion levels.

Abdelhalim
et al. 2013 [195]

Male New Zealand
white rabbits, 12
wk

5 (ZS)
5 (C) /

ZS: zinc-supplemented
high-cholesterol diet: NOR Purina
Certified Rabbit Chow no. 5321
with 1.0% cholesterol plus 1.0%
olive oil (100 g/day), with 350 ppm
zinc for 12 wk;
C: high-cholesterol diet: NOR
Purina Certified Rabbit Chow no.
5321 with 1.0% cholesterol plus
1.0% olive oil (100 g/day) for 12 wk.

Zinc supplementation was associated with:

- Delayed or retarded progression of
atherosclerosis.

Jenner et al.
2007 [196]

Male New Zealand
white rabbits,/

5 (ZS)
6 (C) /

ZS: zinc-supplemented high
cholesterol diet [GPR + 1%
cholesterol + 1000 ppm (1 g/kg of
diet) zinc as zinc carbonate] for 8 wk;
C: High cholesterol diet [GPR + 1%
cholesterol] for 8 wk.

Zinc supplementation was associated with:

- No significant effect on levels of LDL or
plasma triglyceride;

- Lower total arterial wall cholesterol levels;
- Decreased average lesion

cross-sectional areas;
- Decreased total F2-isoprostanes in

plasma and arterial wall atherosclerosis;
- Decreased cholesterol oxidation

products in complete arterial wall.

Beattie et al.
2008 [198]

Sprague–Dawley
rats, 100 g, 4 wk

Study 1:
9(MZD)
9(MZA)
Study 2:
10(AZD)
10(APF)
10(AZA)

/

AIN-76 diet that contained 35, 6 or,
1 mg Zn/kg;
MZD: 6 mg zinc/kg for 43 days;
MZA: 35 mg zinc/kg for 43 days;
AZD: 1 mg zinc/kg for 39 days;
APF: 35 mg zinc/kg for 39 days,
pair-fed with AZD group;
AZA: 35 mg zinc/kg for 39 days.

Zinc deficiency was associated with:

- Aorta cell structure, fatty acid
metabolism, and carbohydrate
metabolism;

- Changes in smooth muscle contractility,
insulin resistance, and perturbation of
key Zn-dependent transcription factors;

- Detriment to the maintenance of
vascular health.
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Table 1. Cont.

Author, Year Subjects N Study Design Intervention Outcome
Human studies
Yang et al.
2010 [203]

Middle-aged and
elderly Korean
populations, 40–89 y

4564 Cross-sectional
analyses / - Zinc intake was inversely related to

subclinical atherosclerosis.

Masley et al.
2015 [204]

Population
attending an
executive
evaluation
program, 23–65 y

592
Prospective
cross-sectional
analysis

/
- Lower intake of zinc was associated

with higher mean carotid intima
media thickness.

Chen et al.
2020 [205]

Noninstitutionalized
civilian US
populations, ≥40 y

1764
(AAC)
771
(noAAC)

Cross-sectional
analyses /

- Patients with severe AAC had a lower
intake of dietary zinc;

- A higher intake of dietary zinc was
associated with lower odds of having
severe AAC;

- A higher serum zinc level was
associated with higher supplemental
zinc intake but not with dietary or total
zinc intake;

- Those with severe AAC had a higher
intake of supplemental and total zinc.

Dziedzic et al.
2022 [206]

Patients with a
history of previous
MI who were
treated with
coronary
Angioplasty, 37–95 y

133 Cross-sectional
analyses /

- No significant statistical differences in
zinc levels between groups with
different severity of CAD;

- A negative correlation was identified
between zinc content in the hair and
serum TG concentration.

Giannoglou
et al. 2010 [207]

Underwent
diagnostic coronary
angiography for
evaluating
chest pain.
CAD: 66 ± 43 y;
control: 61 ± 51 y

40 (CAD)
32
(control)

A pilot study /

- No significant difference in serum
zinc level;

- CAD was significantly associated with
higher urinary zinc and lower serum
zinc/24-h urine zinc ratio;

- Angiographic indices were positively
associated with higher urinary zinc and
negatively associated with serum
zinc/24-h urine zinc ratio.

Milton et al.
2018 [208]

Mid-age Australian
women, 50–61 y 9264

Large
longitudinal
study

/
- Dietary zinc intake was associated with

a higher CVD incidence in women
aged ≥ 50 years.

Mattern et al.
2021 [209]

Black and White
participants, ≥45 y 2944

Population-
based
prospective
longitudinal
study

/

- Serum zinc levels were inversely
associated with the incidence of
ischemic stroke after adjustment for
potential confounders.

Gao et al.
2021 [210]

Multi-ethnic
participants, 45–84 y 6814

Prospective
population-
based
observational
cohort study

/

- Higher dietary zinc intake was
significantly associated with a lower risk
of CAC progression for women and men;

- This association was found in higher
dietary zinc intake from other sources,
but not from red meat.

de Oliveira
Otto et al.
2012 [211]

Adults free of
clinical
CVD from six U.S.
communities,
45–84 y

6814
Prospective
population-
based study

/

- Zinc derived from red meat sources was
associated with greater risk of incident
metabolic syndrome;

- Zinc from red meat, but not zinc from
other sources, was associated with the
risk of CVD.

Jung et al.
2013 [212]

Populations from
multi-rural Korean
communities, ≥40 y

5532 Cross-sectional
analysis /

- Phytate: zinc molar ratio was positively
related to subclinical atherosclerosis risk
in men, but not in women.

Alissa et al.
2006 [213]

Saudi male subjects
with established
CVD, 55.6 ± 12.1 y
age-matched
controls,
55.0 ± 11.6 y

130 (CVD)
130
(control)

Population-
based
study

/

- Urinary zinc was significantly lower in
patients with CVD;

- Serum zinc was negatively associated
with atherosclerosis.

Qazmooz et al.
2021 [214]

Patients with
atherosclerosis and
age, sex-matched
healthy controls

120
(atheroscle-
rosis)
58
(control)

Machine
learning studies /

- Serum zinc decreased from controls to
patients with atherosclerosis, then to
atherosclerotic patients with
unstable angina.
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Table 1. Cont.

Author, Year Subjects N Study Design Intervention Outcome

Lee et al.
2005 [215]

Postmenopausal
women, 55–69 y 34,492 Population-

based study /

- In the total sample, dietary zinc intake
was not associated with the risk of
CVD mortality;

- Among alcohol drinkers who consumed
≥10 g alcohol per day, dietary zinc
showed an inverse association with
CVD mortality.

Eshak et al.
2018 [216]

Middle-aged
residents in 45
Japanese
communities,
≥40 y

58,646

Population-
based
prospective
cohort study

/

- Populations with higher zinc intake
were less likely to be hypertensives but
more likely to be diabetics;

- Dietary zinc intake was inversely
associated with mortality from CHD in
men but not women.

Shi et al.
2018 [217]

Based on a
subsample of the
Chinese national
nutrition and
health survey
representing
Jiangsu province,
≥20 y

2832

Population-
based
prospective
cohort study

/

- Zinc intake is positively related to
all-cause mortality and there was no
significant association between relative
zinc intake and CVD mortality.

Bao et al.
2010 [218]

40 healthy elderly,
56–83 y

20(ZS)
20(C) RCT

ZS: 45 mg zinc/d as gluconate
for 6 mo;
C: placebo for 6 mo

- Zinc supplementation increased plasma
zinc concentration and decreased the
concentrations of plasma hsCRP, IL-6,
MCP-1, VCAM-1, sPLA, and
MDA+HAE;

- Zinc supplementation decreased the
generation of TNF-α, IL-1β, VCAM-1,
MDA+HAE, activation of NF-κB, and
increased anti-inflammatory proteins
A20 and PPAR-α in human monocytic
leukemia THP-1 cells and human aortic
endothelial cells.

Costarelli et al.
2010 [219]

Overweight/obese
individuals (BMI
≥25 kg/m2),
43 ± 5 y

100
(Group 1)
123
(Group 2)

Clinical trial

Group 1: low-zinc dietary intake
(<7 mg/day
for females and <9.5 for males);
Group 2: normal-zinc dietary intake
(≥7 mg/day for females and ≥9.5
for males)

- Zinc deficiency group presents higher
inflammatory markers (A2M and
CRP) and

- lipid assets (total and LDL cholesterol,
triglycerides);

- Zinc deficiency group shows decreased
zinc homeostasis genes (SLC30A1,
MT-1A, and MTF-1) and up-regulated
inflammatory genes (IL6, IL1-α, IL1-β,
and A2M).

Seet et al.
2011 [220]

Male T2DM
patients, ≥21 y

20(ZS)
20(C) RCT

ZS: 240 mg zinc/day as gluconate
for 3 mo;
C: 2 tablets of placebo (99%
microcrystalline cellulose, 1%
magnesium stearate) for 3 mo

- Oral zinc supplementation did not exert
change in markers of oxidative damage
and vascular function.

Abbreviations: A2M: alpha 2-macroglobulin; AAC: abdominal aortic calcification; APF: pair-fed control group
for acute zinc deficiency; AZA: zinc adequate control group for acute zinc deficiency; AZD: acute zinc deficiency;
C: without zinc supplementation; CAC: coronary artery calcium; CAD: coronary artery disease; CHD: coronary
heart disease; CVD: cardiovascular diseases; HDL: high-density lipoprotein; hsCRP: high-sensitivity C-reactive
protein; IDL: intermediate density lipoprotein; IL: interleukin; MCP-1: macrophage chemo-attractant protein
1; MDA+HAE: malondialdehyde and hydroxyalkenals; MT: metallothionein; MTF-1: metal response element-
binding transcription factor-1; MZA: zinc adequate control group for marginal zinc deficiency; MZD: marginal
zinc deficiency; NF-κB: nuclear transcription factor kappa B; PF: pair-fed control group; PPAR: peroxisome
proliferator-activated receptor; TG: triacylglycerides; TNF-α: tumor necrosis factor α; SLC30A: solute carrier
30A; sPLA: secretory phospholipase A2; VCAM-1: vascular cell adhesion molecule-1; VLDL: very low-density
lipoprotein; Z: adequate zinc; ZD: zinc deficiency; ZS: zinc supplementation.

5.2. Human Studies

Epidemiological studies of zinc deficiency and atherosclerosis are scarce and most
human studies are cohort studies and RCTs. Several studies focusing on zinc and vascular
physiology indicated an inverse relationship between dietary zinc intake and carotid
intima-media thickness [203,204] or aortic calcification [205]. A recent study conducted by
Dziedzic et al. [206] measured the zinc level of hair samples from 133 CAD patients that
were evaluated by angiography. A lower level of zinc was detected in the hair of patients
with T2DM and high serum TG concentration. However, there are no significant statistical
differences among groups with varying severity of CAD, which is in contrast with many
other studies.
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A pilot study found an association between the low ratio of serum zinc to 24 h urine
zinc and severe coronary atherosclerosis in angiography [207]. The incidence of cardio-
vascular disease-related events was reported to be influenced by the level of both dietary
zinc intake [208] and serum zinc [209]. A systematic review found that a lower incidence
of CVDs was associated with higher serum zinc, but not higher dietary zinc intake [221].
The difference in the conclusions of these studies might be partially explained by the
difference in sources of dietary zinc. Higher dietary zinc intake could elevate the level
of serum zinc, however, a poor correlation exists between the level of serum zinc and
zinc intake, since zinc intake from various sources varies greatly in its bioavailability
and metabolism [222,223]. Coronary artery calcium progression is considered an impor-
tant marker of subclinical coronary atherosclerosis. In clinical CVDs-free populations,
Gao et al. [210] found an association between a lower risk of coronary artery calcium
progression and higher dietary zinc intake from non-red meat sources. De Oliveira
Otto et al. [211] reported a positive association between higher dietary zinc intake from
red meat sources and the risk of CVDs. Considering the inconsistency between dietary
zinc intake and serum zinc, it may be beneficial to investigate how zinc bioavailability
is associated with atherosclerosis. Phytate/zinc molar ratio is inversely associated with
zinc bioavailability. Jung et al. [212] found that the molar ratio of phytate to zinc was posi-
tively associated with the risk of atherosclerosis in women aged ≤ 65. This finding might
suggest an inverse relationship between zinc bioavailability and the risk of subclinical
atherosclerosis.

Zinc deficiency has been recognized to function negatively in atherogenesis. Com-
pared with healthy controls, patients with established atherosclerosis were associated
with a significantly lower serum zinc level, which further decreases in patients with
unstable angina [213,214]. Zinc supplementation was shown to be a promising treat-
ment in patients with severely symptomatic and inoperable atherosclerotic disease [224].
Lee et al. [215] found that among alcohol drinkers who consumed ≥ 10 g of alcohol
per day, CVD-associated mortality was inversely associated with dietary zinc intake. A
prospective study on healthy Japanese men and women without CVDs found that higher
dietary zinc intake was inversely associated with CVD-associated mortality in men but
not women [216]. However, a ten-year follow-up study in Jiangsu province reported no
significant relationship between relative zinc intake and CVD-associated mortality [217].
RCTs have been conducted to verify the positive effects of zinc. Bao et al. [218] found that
increased plasma zinc level is associated with decreased plasma high-sensitivity C-reactive
protein (hsCRP), IL-6, VCAM-1, secretory phospholipase A2 (sPLA), malondialdehyde,
and hydroxyalkenals (MDA+HAE). Furthermore, zinc supplementation decreased the
production of TNF-α, IL-1β, VCAM-1, and MDA+HAE, as well as the activation of NF-κB,
while an increase in anti-inflammatory proteins A20 and PPAR-α were found in human
monocytic leukemia THP-1 cells and human aortic endothelial cells. Costarelli et al. [219]
confirmed these findings about inflammatory molecules via a zinc deficit clinical trial on
overweight/obese adults. Results indicated that the zinc deficit group presented higher
inflammatory markers, such as α 2-macroglobulin (A2M) and CRP, and lipid assets, such as
TC, LDL, and triglycerides, in parallel with decreased zinc homeostasis genes (SLC30A-1,
MT-1A, and MTF-1) and up-regulated inflammatory genes (IL-6, IL-1α, IL-1β, and A2M).
However, a later study by Seet et al. [220] indicated that oral zinc supplementation did
not exert change in markers of oxidative damage and vascular function. More RCTs are
required for further understanding and instruction of zinc supplementation and patient
benefits (see Table 1).

6. Limitations and Future Perspectives

Zinc is an indispensable micronutrient involved in multiple biological processes in
organisms. Due to the lack of functional reserve for zinc, human zinc homeostasis primarily
relies on daily dietary intake. The recommended dose of zinc intake is 11 mg/d and
8 mg/d for men and women, respectively, and should not exceed 40 mg/d [225]. Zinc
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deficiency is more commonly found in the elderly [226] and vegetarians [227] and usually
progresses in a chronic and latent way, of which the manifestation is hard to connect with
zinc homeostasis directly, much different from that of iron and iodine. The absence of a
reliable and specific biomarker for the indication of in vivo zinc levels also restricts further
study of zinc in clinical trials. The most adopted measurements for the estimation of adult
zinc status at present are dietary zinc intake and plasma/serum zinc concentration [228].
Other indicators include hair, urinary, and blood cell zinc. However, none of them are
able to represent an overall and long-term status of body zinc and zinc-binding proteins.
Since zinc has an extensive and profound influence on cardiovascular physiology and cell
metabolism, it is necessary to seek novel zinc status biomarkers that are less influenced by
individual variability or develop an innovative technology to measure cellular zinc levels
in clinical trials.

All in all, the animal studies and epidemical research have indicated the potential
negative role of zinc deficiency in atherosclerosis. However, specific pathways or inter-
action patterns between zinc and plaque formation or atherosclerotic progression remain
unclear. In this review, we aim to investigate the underlying mechanism of how zinc
affects atherogenesis progress through a review of the role that zinc plays in proatherogenic
cells, such as ECs, VSMCs, and immune cells, as well as the risk factors, such as lipid
metabolism, glucose metabolism, and blood pressure. Most evidence prompts a positive
role of zinc in multiple physiologic processes, such as NO generation, anti-inflammation,
anti-oxidation, and anti-apoptosis, while paradoxical effects are also indicated in immune
cells. More research is required in this field, especially those that directly reveal the effect
of zinc on atherosclerosis models, such as in vitro studies with atherosclerosis-specific
stimuli, assays on plaque composition and morphological changes in animal models, or
evaluation of plaque and stenosis degree in atherosclerosis patients. Therefore, further
studies are needed to better elucidate the role of zinc in atherosclerosis. Taken together, zinc
participates in the regulation of multiple cellular processes and may exert a pivotal role
in atherogenesis and disease progression. Zinc supplementation is a potential adjunctive
therapy for atherosclerosis and its complications. Further efforts should be expended
on a comprehensive understanding of zinc and atherosclerosis and optimal prophylactic
administration for the targeted populations.
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4. Valko, M.; Jomova, K.; Rhodes, C.J.; Kuča, K.; Musílek, K. Redox- and non-redox-metal-induced formation of free radicals and

their role in human disease. Arch. Toxicol. 2016, 90, 1–37. [CrossRef]
5. Mocchegiani, E.; Muzzioli, M.; Giacconi, R. Zinc and immunoresistance to infection in aging: New biological tools. Trends

Pharmacol. Sci. 2000, 21, 205–208. [CrossRef]

http://doi.org/10.1007/s00204-020-02702-9
http://www.ncbi.nlm.nih.gov/pubmed/32394086
http://doi.org/10.1007/s00204-005-0009-5
http://doi.org/10.1093/jn/130.5.1360S
http://doi.org/10.1007/s00204-015-1579-5
http://doi.org/10.1016/S0165-6147(00)01476-0


Biomolecules 2022, 12, 1358 17 of 25

6. Choi, S.; Cui, C.; Luo, Y.; Kim, S.; Ko, J.; Huo, X.; Ma, J.; Fu, L.; Souza, R.F.; Korichneva, I.; et al. Selective inhibitory effects of zinc
on cell proliferation in esophageal squamous cell carcinoma through Orai1. FASEB J. 2017, 32, 404–416. [CrossRef]

7. Pan, Z.; Choi, S.; Ouadid-Ahidouch, H.; Yang, J.-M.; Beattie, J.H.; Korichneva, I. Zinc transporters and dysregulated channels in
cancers. Front. Biosci. 2017, 22, 623–643. [CrossRef]

8. Prasad, A.S. Discovery of human zinc deficiency: 50 years later. J. Trace Elements Med. Biol. 2012, 26, 66–69. [CrossRef]
9. Bonow, R.O.; Smaha, L.A.; Smith, S.C.; Mensah, G.; Lenfant, C. World Heart Day. Circulation 2002, 106, 1602–1605. [CrossRef]
10. Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; de Ferranti, S.D.; Floyd, J.; Fornage, M.; Gillespie, C.

Heart Disease and Stroke Statistics-2017 Update: A Report From the American Heart Association. Circulation 2017, 135, e146–e603.
[CrossRef]

11. Choi, S.; Liu, X.; Pan, Z. Zinc deficiency and cellular oxidative stress: Prognostic implications in cardiovascular diseases. Acta
Pharmacol. Sin. 2018, 39, 1120–1132. [CrossRef] [PubMed]

12. Lu, J.; Stewart, A.J.; Sadler, P.J.; Pinheiro, T.J.; Blindauer, C.A. Albumin as a zinc carrier: Properties of its high-affinity zinc-binding
site. Biochem. Soc. Trans. 2008, 36, 1317–1321. [CrossRef] [PubMed]

13. Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The Physiological, Biochemical, and Molecular Roles of Zinc Transporters in
Zinc Homeostasis and Metabolism. Physiol. Rev. 2015, 95, 749–784. [CrossRef] [PubMed]

14. Outten, C.E.; O’Halloran, T.V. Femtomolar sensitivity of metalloregulatory proteins controlling zinc homeostasis. Science 2001,
292, 2488–2492. [CrossRef] [PubMed]

15. Vinkenborg, J.L.; Nicolson, T.J.; Bellomo, E.A.; Koay, M.S.; Rutter, G.A.; Merkx, M. Genetically encoded FRET sensors to monitor
intracellular Zn2+ homeostasis. Nat. Methods 2009, 6, 737–740. [CrossRef]

16. Kimura, T.; Kambe, T. The Functions of Metallothionein and ZIP and ZnT Transporters: An Overview and Perspective. Int. J. Mol.
Sci. 2016, 17, 336. [CrossRef]

17. Kambe, T.; Taylor, K.M.; Fu, D. Zinc transporters and their functional integration in mammalian cells. J. Biol. Chem. 2021, 296,
100320. [CrossRef]

18. Colvin, R.A.; Holmes, W.R.; Fontaine, C.P.; Maret, W. Cytosolic zinc buffering and muffling: Their role in intracellular zinc
homeostasis. Metallomics 2010, 2, 306–317. [CrossRef]

19. Maret, W. Zinc Biochemistry: From a Single Zinc Enzyme to a Key Element of Life. Adv. Nutr. Int. Rev. J. 2013, 4, 82–91. [CrossRef]
20. Krezel, A.; Maret, W. Zinc-buffering capacity of a eukaryotic cell at physiological pZn. JBIC J. Biol. Inorg. Chem. 2006, 11,

1049–1062. [CrossRef]
21. Laity, J.H.; Andrews, G.K. Understanding the mechanisms of zinc-sensing by metal-response element binding transcription

factor-1 (MTF-1). Arch. Biochem. Biophys. 2007, 463, 201–210. [CrossRef] [PubMed]
22. Jia, R.; Song, Z.; Lin, J.; Li, Z.; Shan, G.; Huang, C. Gawky modulates MTF-1-mediated transcription activation and metal

discrimination. Nucleic Acids Res. 2021, 49, 6296–6314. [CrossRef] [PubMed]
23. Baltaci, A.K.; Yuce, K. Zinc Transporter Proteins. Neurochem. Res. 2017, 43, 517–530. [CrossRef]
24. Huang, L.; Tepaamorndech, S. The SLC30 family of zinc transporters—A review of current understanding of their biological and

pathophysiological roles. Mol. Asp. Med. 2013, 34, 548–560. [CrossRef]
25. Zalewski, P.D.; Beltrame, J.F.; Wawer, A.A.; Abdo, A.I.; Murgia, C. Roles for endothelial zinc homeostasis in vascular physiology

and coronary artery disease. Crit. Rev. Food Sci. Nutr. 2018, 59, 3511–3525. [CrossRef] [PubMed]
26. Takagishi, T.; Hara, T.; Fukada, T. Recent Advances in the Role of SLC39A/ZIP Zinc Transporters In Vivo. Int. J. Mol. Sci. 2017, 18, 2708.

[CrossRef]
27. Bowers, K.; Srai, S.K.S. The trafficking of metal ion transporters of the Zrt- and Irt-like protein family. Traffic 2018, 19, 813–822.

[CrossRef]
28. Hoch, E.; Levy, M.; Hershfinkel, M.; Sekler, I. Elucidating the H+ Coupled Zn2+ Transport Mechanism of ZIP4; Implications in

Acrodermatitis Enteropathica. Int. J. Mol. Sci. 2020, 21, 734. [CrossRef]
29. Fagerberg, L.; Hallström, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson,

A.; Edlund, K.; et al. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and
antibody-based proteomics. Mol. Cell. Proteom. 2014, 13, 397–406. [CrossRef]

30. Thul, P.J.; Åkesson, L.; Wiking, M.; Mahdessian, D.; Geladaki, A.; Ait Blal, H.; Alm, T.; Asplund, A.; Björk, L.; Breckels, L.M.; et al.
A subcellular map of the human proteome. Science 2017, 356, eaal3321. [CrossRef]

31. Nagamatsu, S.; Nishito, Y.; Yuasa, H.; Yamamoto, N.; Komori, T.; Suzuki, T.; Yasui, H.; Kambe, T. Sophisticated expression
responses of ZNT1 and MT in response to changes in the expression of ZIPs. Sci. Rep. 2022, 12, 7334. [CrossRef] [PubMed]

32. Thingholm, T.E.; Rönnstrand, L.; Rosenberg, P.A. Why and how to investigate the role of protein phosphorylation in ZIP and ZnT
zinc transporter activity and regulation. Experientia 2020, 77, 3085–3102. [CrossRef] [PubMed]

33. Karin, M. Metallothioneins: Proteins in search of function. Cell 1985, 41, 9–10. [CrossRef]
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