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Simple Summary: Recent studies associated COVID-19 with coagulation dysfunction and increased
risk of thromboembolism. Consequently, pulmonary embolism (PE) development and higher odds of
mortality were observed in this group of patients. CRP levels, which are considered a sensitive marker
of systemic inflammation, were linked to the higher rates of PE and immunologic processes associated
with atherosclerosis development and thrombus formation. Several microelements, including zinc
and copper, were shown to present anti-inflammatory and anti-oxidative characteristics. Due to these
properties, and they’re in-fluence on platelets activation and thrombus formation, zinc and copper
should be evaluated as a potential therapeutic option during COVID-19.
Abstract: To date, many studies have proved that COVID-19 increases the incidence of thrombus
formation and coagulopathies but the exact mechanism behind such a disease outcome is not well
known. In this review we collect the information and discuss the pathophysiology of thrombus
formation in patients with pulmonary embolism in the course of COVID-19 disease and the role of
zinc and copper in the process. Supplementation of zinc and copper may be beneficial for COVID-19
patients due to its anti-inflammatory and anti-oxidative properties. On the other hand, excess of those
microelements in the organism may be harmful, that is why marking the level of those micronutrients
should be done at first. We also propose further investigation of diagnostic and therapeutic options
of zinc and copper in course of COVID-19 thrombus formation to their potential in patient care, with
particular emphasis on the dosage and the duration of their misbalance.
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1. Introduction
Zinc and copper are microelements that play a significant role in fundamental physiological processes. They were also proven to be crucial for the human immune system
functioning [1,2]. Both present antiviral activities. While zinc reduces the viral replication
and improves immune cell function, copper neutralizes infectious DNA and RNA viruses
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and activates autophagy [3–5]. Zinc supplementation may also shorten the duration of
respiratory tract infections [6]. It was also suggested that zinc may affect platelets activation
and blood clotting which is an important aspect in case of COVID-19 symptoms [7,8].
COVID-19, a viral respiratory illness, has affected millions of people worldwide and
significantly increased the risk of morbidity and mortality [9,10]. The respiratory symptoms
are the main feature of the disease, but evidence showed that COVID-19 is also associated
with coagulation dysfunction which predisposes to increased risk of thromboembolism.
There are multiple reports that demonstrate increased rates of thromboembolic events
in patients with COVID-19 [11–20]. The rate of thromboembolism as a complication of
COVID-19 reported in the literature is varied. Some studies have showed that thromboembolism rates in the range of 20–30% [12,21,22] while others have claimed rates as high as
40–70% [15,23]. The presence of hypercoagulation complications been noted to correlate
with a more severe course of the disease and is associated with poor prognosis involving potentially death [24]. There are studies that prove that thromboembolism rates of COVID-19
were high and COVID-19 patients who developed thromboembolism were at a significantly
higher (74%) odds of mortality compared to those who did not [25]. Thrombosis in segmental and subsegmental pulmonary arterial vessels may lead to death even despite the
application of anticoagulants [26]. There are a lot of factors that can be associated with
higher rates of pulmonary embolism during hospitalization, for example D-dimer and
CRP levels [27]. In our opinion it is curtailed to understand the exact pathophysiological
mechanism of formation of the thrombus in patients with pulmonary embolism because it
is one of the most common complications in the course of SARS-CoV-2 disease. Additional
aspect of the influence of zinc and copper on platelet activation and thrombus formation
may be the base for further therapeutic solutions in COVID-19 treatment.
2. Relationship between Zn2+ /Cu2+ and CRP Levels and Platelet Activation
Recent studies investigated the correlation between metals and CRP, whose levels
were positively associated with copper plasma concentrations. This indicated that copper’s
higher level may enhance the genetic predisposition to increased CRP level. In this case, a
new perspective on the role of copper exposure in triggering inflammation was presented.
In addition, higher zinc plasma concentration weakened the interaction between copper and
CRP [28]. Mousavi’s systematic review and meta-analysis confirmed an inverse association
between zinc supplementation and plasma CRP concentrations [29]. Previous studies also
highlighted the significant correlation between CRP and zinc and copper levels [30,31].
Above mentioned CRP plays a role of an acute-phase inflammation biomarker and
a predictor of cardiovascular events. Once it dissociates to monomers, mCRP acquires
new proinflammatory functions including the ability to promote thrombosis [32–34]. Most
importantly, mCPR can induce platelet adhesion, activation, and thrombus formation. Due
to the CRP presence on the platelet surface and within the thrombus, the interaction between
platelets and CRP was suggested [35,36]. In addition, the use of immunohistochemical
analysis led to the discovery of CRP in atherosclerotic lesions with the presence of VSMC
and macrophages [37,38]. As CRP expression in active plaques is increased, mechanical or
spontaneous plaque rupture of the lesions could lead to platelet aggregation and thrombus
formation enhancement [35,39].
mCRP was proven to upregulate platelet P-selectin, which is responsible for platelet–
platelet and platelet–leukocyte aggregates stabilization. Furthermore, this could result in
thrombus growth promotion [35,40]. As mentioned before, mCRP is present in growing
platelet aggregation where it stimulates further platelet deposition. However, the study
showed that the platelet receptor glycoprotein IIb-IIIa (GPIIb-IIIa) blockage prevents the
pCRP dissociation to mCRP. Thus, a reduction in platelet deposition at the arterial wall was
obtained [36].
It was also indicated that mCRP enhanced platelet procoagulant activity which was
expressed as an increased fraction of annexin V-positive platelets [41]. Annexin V alone is
an important marker for platelet activation as it binds to the plasma membrane and actin-
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However,
zinc
anti-inflammatory and anti-oxidative properties could plausibly improve clinical outcomes
in patients with COVID-19 infection [49–51]. In addition, zinc plays an important role
in wound healing as it regulates cell membrane repair, tissue re-epithelialization, angiogenesis, and other phases of this process [52]. However, zinc is also considered a platelet
agonist and was proven to induce ROS production in platelets. Thus, zinc pharmacological manipulation could allow to moderate oxidative stress and influence thrombus
formation [53].
Patient difficulties with diagnosed COVID-19 infection are largely related to respiration, requiring mechanical ventilation support. Peripheral lung ground-glass opacities
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have been observed on CT scan which meet criteria for acute respiratory distress syndrome
ARDS [54,55]. In addition to the characteristic symptoms of COVID-19 vascular lesions are
closely associated with the disease. Moreover, many patients have elevated d-dimer levels
and interestingly skin lesions that suggest thrombotic microangiopathy [56]. Disseminated
intravascular coagulation and large vessel thrombosis have been associated with multiple
organ failure, including during COVID-19. In addition to elevated d-dimers we can demonstrate a reflection of cardiovascular involvement by increasing the release of highly sensitive
troponin and natriuretic peptides which are diagnostically important (particularly when
we see an increase level) along with associated cytokines such as interleukin-6 (Il-6) [56].
In addition, a study based on optical coherence tomography angiography (OCTA)
has recently been published that showed disruption of micro vessels within the retina [57].
Another study conducted by Jidigam et al. aimed at postmortem analysis of the fundus
demonstrated vascular anomalies consistent with ocular vein obstruction and reduced
capillary density [58].
The above reports suggest a close association between mortality, elevated d-dimer
values and prothrombotic syndrome. Vascular complications also occur in other organs as
mentioned above. A detailed analysis of currently available data, medical, laboratory and
imaging reports on COVID-19 confirms that not all symptoms and diagnostic test results
can be associated with impaired lung ventilation. The pathological process begins in the
lungs with impaired perfusion, but then spreads to other organs with severe disease. The
virus causes microvascular damage causing microthrombotic lesions in lung capillaries
and organs leading to microthrombosis and embolism [59]. The above evidence clearly
indicates that early thromboprophylaxis, systematic monitoring of laboratory parameters,
performing imaging studies (CT) and early pharmacological (anticoagulant) treatment can
improve the patient’s condition and prevent potential vascular complications.
4. Oxidative Stress and Inflammation
Oxidative stress can be defined as an imbalance between the intensity of oxidative
processes that induce the formation of reactive oxygen species (ROS) and the antioxidant
defense system [60]. ROS can cause oxidation of fats, protein, DNA and consequently
contribute to tissue damage. Toxic products formed by oxidation have a cytostatic effect
on the cell, causing damage to cell membranes and leading the cell to death by apoptosis
and necrosis [61]. During normal, physiological cellulat fynctions, ROS are needed to
maintain normal, efficient bilogical functioning. However, the role of ROS is closley
coordinated through redox regulation, redox sensing, and redox signaling. Under disturbed
physiological conditions, oxidative stress occurs due to uncontrolled ROS production, in
which redox signaling is impaired and contributes to damage at the molecular level [62].
On the other hand, the state of normal cellular equilibrium is ensured by antioxidant
enzymes such as superoxide dismutase, catalase, S-glutathione transferase, and other
substances such as glutathione, vitamin E, C and A [60]. The above-mentioned compounds
are responsible for removing excess ROS from cells and thus translate into the maintenance
of normal homeostasis.
Oxidative stress begins with excessive production of ROS by the body and an imbalance of antioxidants [63]. This condition is associated with an imbalance of redox
homeostasis in the body. As mentioned earlier, ROS can cause damage at the molecular
level by reacting with nucleic acids, proteins, carbohydrates, and lipids. Every organism
in contact with oxygen during evolution has developed defense metabolic mechanisms to
protect their integrity against free radicals, such as [60,64]:
-

Reactions involving compounds that quench excited molecules (carotenoids, vitamin E)
Non-enzymatic mechanisms—uric acid, bilirubin, glutathione, pyruvate, ubiquinone
(coenzyme Q), transferrin, polyamides, transition metal ions, metalloproteins
Enzymatic mechanisms: superoxide dismutase (SOD)—catalyzes the superoxide
anion radical dismutation reaction, catalase (CT)—catalyzes the hydrogen peroxide
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-

-

dismutation reaction, glutathione peroxidase (GPx), ceruloplasmin, glutathione Stransferase (GST), secretory phospholipase group A2 (sPLA2 )
Heat shock proteins (Hsps)—a large family of molecular chaperones that can be
divided into two groups: first—small, ATP-independent Hsps with molecular weights
from 8 to 28 dKA e.g., ubiquitin, and second—large, ATP-dependent Hsps with
molecular weights from 40 to 105 kDA; a group of proteins whose expression increases
when cells are exposed to stress factors (e.g., osmotic stress, heavy metals).
It is well known that viral infections can alter the redox system increasing oxidant
species and reducing antioxidant molecules. Varga et al. reported that there is a link
between ROS, endothelial damage, and inflammation, and this above mechanism also
occurs during the course of COVID-19 [47].

4.1. The Role of Zn2+ /Cu2+ in the Development of Oxidative Stress
Copper and zinc are trace elements that play an important role in many vital functions
and metabolic processes of the human body. In venous vessels Zn2+ /Cu2+ are involved
in the formation of oxygen free radicals, catalysts of the Haber-Weis reaction described in
1876 [65]. Copper-containing proteins are involved in oxygen transport, electron transport,
and catalyze oxidation and reduction reactions. In addition, if the levels are too high, they
can contribute to an increased incidence of DNA mutations [66]. On the other hand, zinc
has a role in regulating glutathione peroxidase and metallothionein expression, a cofactor
role for superoxide dismutase. Additionally, zinc competes with copper and iron in the cell
membrane by inhibiting the enzyme NADPH oxidase, which is associated with a reduction
in chronic inflammation [67,68]. This enzyme promotes the conversion of two peroxide
radicals to hydrogen peroxide and molecular oxygen, reducing the toxicity of ROS because
it converts a highly reactive species to a less harmful one [67]. Therefore, it is important
to maintain optimal zinc concentrations which are essential for the proper functioning of
antioxidant defenses.
Another known antioxidant activity of zinc is its effect on the expression of glutamatecysteine ligase. This has a two-pronged effect: direct—(via glutathione) and indirect (as a
cofactor of glutathione peroxidase) [69]. Additionally, it is a potent inducer of metallothionein where under physiological conditions it connects while under oxidative stress it is
released from its complex with metallothionein and is redistributed in cells to ultimately
exert antioxidant effects [70]. The last proposed mechanisms it that zinc binds to sulfhydryl
groups in proteins while simultaneously protecting them [69]. This is another option for
how zinc plays an antioxidant role while helping to inhibit the production of ROS.
4.2. Vascular Complications and Their Relationship with CRP Levels
C-reactive protein (CRP) is an acute phase protein that belongs to the family of calciumdependent ligand-binding plasma proteins [71]. It is considered an exquisitely sensitive
marker of systemic inflammation, tissue injury and infection as its blood concentration
increases rapidly in these conditions [72]. The circulating pentameric form of CRP (pCRP)
consists of five identical non-glycosylated globular subunits of 206 amino acid residues.
Because of its structure, it is classified as a member of the pentraxin family [72,73].
The synthesis process that takes place in the liver is regulated by proinflammatory
cytokines including main inducer interleukin (IL)-6 and may be enhanced by IL-1β, and
tumour necrosis factor (TNF) [74,75]. What is worth mentioning, vascular smooth muscle
cells (VSCM) infection or trauma may contribute to (IL)-6 release in response to atherosclerosis [76]. Extrahepatic CRP synthesis was also reported in other tissues such as adipose
tissue in response to inflammatory cytokines which suggests a correlation between obesity
and vascular inflammation [77]. Moreover, CRP presents different functions compared to
pCRP when it dissociates to monomers. Likely, previously mentioned dissociation into
mCRP is crucial for the inflammatory processes associated with atherogenesis [32]. mCRP
was also shown to have prothrombotic properties such as platelet activation or thrombus
formation [35,78].
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CRP is not only considered an important predictor of future cardiovascular events but
also, it was indicated that it may participate in atherogenesis and cardiovascular disease
progression. In addition, CRP elevated concentrations were associated with increased risk
of venous thromboembolism (VTE) that comprises PE [79]. Several studies also showed a
link between atherosclerosis and VTE suggesting that the first mentioned may play a role
in thrombus formation in PE patients [80–82].
Importantly, it has been associated with the immunologic process that gives rise to
vascular remodelling and plaque deposition [33,34]. Regarding atherogenesis, growing
and unstable atherosclerotic plaque is crucial for inducing ischemic events as it leads to
thrombus formation [83]. Thus, CRP may contribute to this process by activating the
complement system, inducing apoptosis, activating vascular cells, and taking part in
leukocyte recruitment, lipid accumulation and platelet aggregation [84].
It has been shown that CRP activates inflammatory cells which results in monocyte adhesion and transmigration into the vessel wall. In addition, by binding the phosphocholine
of oxidized low-density lipoprotein (LDL), CRP promotes macrophages uptake of LDL to
form foam cells and develop inflammation [85,86]. Furthermore, pCRP induces monocyte
polarization to M1 and phenotype conversion, which leads to monocyte recruitment to
adipose tissue and atherosclerotic lesions [87].
CRP may also affect plaque stability by activating nuclear factor κB (NF-κB). This
could increase endothelial cell adhesion molecules expression including vascular cellular
adhesion molecule-1 (VCAM-1), vascular E-selectin and monocyte chemoattractant peptide
(MCP-1) [88,89]. The loss of pentameric symmetry and rearrangement into mCRP may
result in peroxynitrite-mediated activation of NF-κB and activator protein-1 (AP-1) which
leads to increased expression of IL-8 and CD11b/CD18 adhesion molecules on human
neutrophils. This correlation shows a link between mCRP bioactivity and enhanced inflammatory response due to increased neutrophil adhesion to the activated endothelial
cells [90,91].
Moreover, it has been shown that CRP is directly involved in the mechanisms of
atherosclerotic plaque remodelling and destabilization because of its ability to upregulate
metalloproteinases (MMP) 1, 2, and 9 expressions [92,93]. In addition, CRP was also
suggested to take part in the neovascularization of intima in vulnerable plaques which
could contribute to its destabilization and progression of atherosclerosis [94]. Interestingly,
CRP is proven to enhance vascular endothelial growth factor-A (VEGF-A) expression and
to increase the activity of MMP-2 which may contribute to angiogenesis promotion in
inflammatory conditions [95].
In addition, CRP induces endothelial dysfunction by inhibiting endothelial nitric oxide
synthase, increasing production of the endothelin-1, which is a potent endothelium-derived
constrictor and by altering renin-angiotensin system activation. Above mentioned CRP
actions lead to vasoreactivity impairment [96,97].
5. The Role of Inflammation in Relation to COVID-19 and Potential Complications
The SARS-CoV-2 virus is transmitted by airborne droplet, contact and faecal-oral
route [98]. The course of SARS-CoV-2 infection was first described by Wang et al. who
also reported the characteristics of the infection manifested as abnormalities in laboratory
results and clinical symptoms [99]. Virions suspended in the form of an aerosol usually
survive up to 3 h in an environment with an average temperature of 21–23 ◦ C, on the
surface of texture e.g., paper around 24 h, and up to 72 h on the surface of object which
are made of plastic or stainless steel [100]. Primary viral replication is believed to take
place in the musical epithelium of the upper respiratory tract and downstream in the
lower respiratory tract and gastrointestinal mucosa, leading to mild viraemia [101,102]. If
infection occurs, the incubation period is 2 to 14 days (average incubation period 4–5 days)
before the first clinical symptoms appear. Symptoms appeared in approximately 97% of
patients within day 11 [103,104]. Infection and disease can be divided into 3 consecutive
phases: first—asymptomatic phase, with or without the possibility of virus identification;
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i.e., macrophages and monocytes in response to infection release cytokines and stimulate
the immune response to produce T and B lympgocytes [109]. In most cases the process of
activating the local immune response is sufficient and leads to the disappearance of the
disease process. However, when any immune disorders develop, secondary complications
including serious pneumonia may occur. Higher plasma levels including Il-2, Il-7, Il-10,
granulocyte colony-stimulating factor (G-CSF), interferon gamma inducible protein-10
(IP-10), monocyte chemoattractant protein-1 (MCP1), macrophage inflammatory protein 1α
(MIP1α) and tumor necrosis factor (TNF) were found in patients who had severe COVID-19
disease and thus required intensive hospital care [9,110]. In addition to local damage
the cytokine storm also has far-reaching effects thought the body. Elevated TNF levels
may contribute to septic shock and thus to multiple organ failure. This can result in
myocardial damage and circulatory failure in some patients—especially those over the
age of 60 with comorbidities [109,111]. The transition between the innate and adaptive
immune response is critical to the clinical progression of SARS-CoV-2 infection. At the
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turning
point in the patient prognosis by the additional hypoxemia or hemodynamic collapse,
which lead to intensive care unit (ICU) admission and mechanical ventilation [117]. Current
recommendations recommend prophylactic anticoagulant therapy for all patients admitted
to the hospital with severe course of COVID-19 [118]. Unfortunately, despite the applied
anticoagulant prophylaxis the risk of PE is still high.
6. Therapeutic Modifications of Zn2+ /Cu2 Levels in Relation to Pulmonary Embolism
and Patients with COVID-19
Zinc (Zn2+ ) is an microelement mandatory for support a variety of fundamental physiological processes. Proper functioning of the immune system also depends on the level of
zinc in the body [1]. Zinc deficiency is a common condition in elderly people and those
with chronic diseases, due to low zinc intake or malabsorption. Those two groups are
also in increased risk for severe COVID-19 outcomes [119]. Zinc demonstrates antiviral
activity by equalizing immune responses and reducing the ability of viruses to multiply or
by improving immune cell function that counteract viral infections [1,3]. Moreover, zinc
supplementation remarkably shorten the course of respiratory tract infections caused by
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viruses [6]. Studies in vitro results indicate that low zinc levels favor viral expansion in
SARS-CoV-2 infected cells [120,121]. Zinc supplementations enhance cytotoxicity when
used in vitro [122]. On the other hand, long-term zinc supplementation can cause copper
deficiency with subsequent reversible hematologic defects and potentially irreversible neurologic manifestations [123,124]. Moreover, zinc deficiency can be the cause of more tissue
damage, such as damage seen in lungs during pulmonary embolism where it decreases the
action of pulmonary surfactant [125–127].
It was proved that zinc is involved in blood clotting which is important in conjunction
with pulmonary embolism during SARS-CoV-2. When the level of zinc in blood is faulty,
the blood clots can be formed. Additionally, the work of heparins also depends on zinc
level. Moreover, clots formed in the presence of zinc are less stiff than those formed in
its absence, are resistant to perturbation by mechanical forces and are more porous [8].
Another potential zinc related therapeutic plan affects the expression of ACE2 receptors,
which are essential to SARS-CoV-2 infection for the entrance of target cells [128]. ACE2 is
expressed on type 2 pneumocytes and requires zinc to work properly. In conclusion, zinc
generate thrombolytic processes during COVID-19, fibrin degradation, blood flow, ROS
generation and reperfusion after thrombolysis [129].
Zinc supplementation may be additional procedure during the treatment for COVID19 patients to lower the recovery time or even reduce mortality [130]. However, there are
also studies that indicate that zinc supplementation did not have any beneficial impact
on the course of COVID-19 evaluated as survival to hospital discharge and in-hospital
mortality [131]. That is why further investigation is required.
Copper (Cu2+ ) is a crutial microelement for the function of the human immune system [2]. Cu is involved in the functions of immune system [132]. Cu has the potent capacity
to neutralize infectious single- or double-stranded DNA and RNA viruses [4].
Cu deficiency is rare and usually only happens in seriously ill people receiving parenteral nutrition that lacks Cu [133]. Cu deficiency symptoms in human include deficiencies
in white blood cells, bone and connective tissue abnormalities, and immune reactions [132].
There is study on mice fed the Cu-deficient, compared with Cu-supplemented diet. Cudeficient diet was found to have significantly increased activated partial thromboplastin
time and prothrombin time [134]. While high copper levels can be poisonous the Cu levels
must be maintained optimally.
Based on available data, we hypothesize that the high level of copper in plasma
improve functioning of immune system and could be used in preventic and therapeutic
procedures in COVID-19 patients [135]. Another beneficial aspect of copper is the activation
of the antioxidant defensive system [136] which leads to the protection against oxidative
cellular injury [137]. Additionally, the antipathogenic effect of copper is the activation of
autophagy to maintain the cell’s antiviral effect [5]. The understanding of copper dosage
opens up new perspectives to therapeutic copper administration in people infected with
SARS-CoV-2. However, toxicity of copper should not be forgotten so the estimation of
copper dose and the duration of copper misbalance are also very important aspects.
7. Conclusions
According to the currently available literature, it was suggested that COVID-19 is
closely connected with abnormal coagulation and can lead to thromboembolism and PE
in consequence. Factors such as CRP levels can be linked to higher rates of pulmonary
embolism during hospitalization. Interestingly, CRP has been also associated with the immunologic process that gives rise to vascular remodeling and plaque deposition which are
crucial for atherosclerosis development and thrombus formation. Due to zinc and copper
anti-inflammatory and anti-oxidative properties, their supplementation could plausibly
improve clinical outcomes in patients with COVID-19 infection. On the other hand, it was
indicated that copper’s higher level may enhance the genetic predisposition to increased
CRP level, suggesting that copper exposure plays a role in triggering inflammation. In
addition, higher zinc plasma concentration weakened the interaction between copper and
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CRP. Another curtail aspect is that copper and zinc are being absorbed from the small intestine and high doses of zinc administration can result in copper deficiency so appropriate
dosage is fundamental. In the course of therapy, the possible level of zinc and copper in
the serum should be checked first, as these parameters are not routinely determined in patients with COVID-19. Knowing concentrations of those microelements in serum, it is only
possible to introduce the proper supplementation of zinc ana copper. Supplementation in
patients with deficits in copper or zinc may positively influence COVID-19 disease course,
as both increase the survival rate, immune response, antioxidative defense systems and
antiviral properties.
Author Contributions: Conceptualization, M.S., A.M.-G., A.G., E.R.-B. and Z.C.; investigation, M.S.,
A.M.-G., A.G., Z.C., E.R.-B., J.B. and K.S.-P.; writing—original draft preparation, A.M.-G., A.G. and
Z.C.; writing—review and editing, M.S., A.M.-G., A.G., Z.C., K.S.-P. and J.B.; visualization, A.M.-G.;
supervision, R.M. and M.R.; project administration, M.R. and R.M. All authors have read and agreed
to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.

14.
15.

Gammoh, N.Z.; Rink, L. Zinc in Infection and Inflammation. Nutrients 2017, 9, 624. [CrossRef] [PubMed]
Linder, M.C.; Hazegh-Azam, M. Copper biochemistry and molecular biology. Am. J. Clin. Nutr. 1996, 63, 797S–811S. [CrossRef]
[PubMed]
A Read, S.; Obeid, S.; Ahlenstiel, C.; Ahlenstiel, G. The Role of Zinc in Antiviral Immunity. Adv. Nutr. Int. Rev. J. 2019, 10, 696–710.
[CrossRef] [PubMed]
O’Connor, J.; Hannigan, B.; Strain, J.; Bonham, M. The immune system as a physiological indicator ofmarginal copper status? Br.
J. Nutr. 2002, 87, 393–403. [CrossRef]
Zischka, H.; Kroemer, G. Copper—A novel stimulator of autophagy. Cell Stress 2020, 4, 92–94. [CrossRef]
Johnstone, J.; Roth, D.E.; Guyatt, G.; Loeb, M. Zinc for the treatment of the common cold: A systematic review and meta-analysis
of randomized controlled trials. Can. Med. Assoc. J. 2012, 184, E551–E561. [CrossRef]
Taylor, K.A.; Pugh, N. The contribution of zinc to platelet behaviour during haemostasis and thrombosis. Metallomics 2016, 8,
144–155. [CrossRef]
Henderson, S.J.; Xia, J.; Wu, H.; Stafford, A.R.; Leslie, B.A.; Fredenburgh, J.C.; Weitz, D.A.; Weitz, J.I. Zinc promotes clot stability
by accelerating clot formation and modifying fibrin structure. Thromb. Haemost. 2016, 115, 533–542. [CrossRef]
Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
World Health Organization. Coronavirus Disease (COVID-19) Situation Reports. 2020. Available online: https://www.who.int/
emergencies/diseases/novel-coronavirus-2019/situation-reports (accessed on 13 July 2020).
Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.-D.; Sacco, C.; Bertuzzi, A.; et al.
Venous and arterial thromboembolic complications in COVID-19 patients admitted to an academic hospital in Milan, Italy. Thromb.
Res. 2020, 191, 9–14. [CrossRef]
Cui, S.; Chen, S.; Li, X.; Liu, S.; Wang, F. Prevalence of venous thromboembolism in patients with severe novel coronavirus
pneumonia. J. Thromb. Haemost. 2020, 18, 1421–1424. [CrossRef] [PubMed]
Klok, F.A.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.A.M.P.J.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb.
Res. 2020, 191, 145–147. [CrossRef] [PubMed]
Tavazzi, G.; Civardi, L.; Caneva, L.; Mongodi, S.; Mojoli, F. Thrombotic events in SARS-CoV-2 patients: An urgent call for
ultrasound screening. Intensive Care Med. 2020, 46, 1121–1123. [CrossRef]
Helms, J.; Tacquard, C.; Severac, F.; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.;
Gandet, F.F.; et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort study.
Intensive Care Med. 2020, 46, 1089–1098. [CrossRef]

Biology 2022, 11, 752

16.

17.

18.
19.
20.
21.
22.

23.

24.
25.
26.

27.

28.
29.

30.

31.

32.
33.

34.

35.
36.
37.
38.

11 of 15

Poissy, J.; Goutay, J.; Caplan, M.; Parmentier-Decrucq, E.; Duburcq, T.; Lassalle, F.; Jeanpierre, E.; Rauch, A.; Labreuche, J.;
Susen, S.; et al. Pulmonary Embolism in Patients with COVID-19: Awareness of an increased prevalence. Circulation 2020, 142,
184–186. [CrossRef] [PubMed]
Léonard-Lorant, I.; Delabranche, X.; Séverac, F.; Helms, J.; Pauzet, C.; Collange, O.; Schneider, F.; Labani, A.; Bilbault, P.;
Molière, S.; et al. Acute Pulmonary Embolism in Patients with COVID-19 at CT Angiography and Relationship to d-Dimer Levels.
Radiology 2020, 296, E189–E191. [CrossRef]
Grillet, F.; Behr, J.; Calame, P.; Aubry, S.; Delabrousse, E. Acute Pulmonary Embolism Associated with COVID-19 Pneumonia
Detected with Pulmonary CT Angiography. Radiology 2020, 296, E186–E188. [CrossRef] [PubMed]
Avila, J.; Long, B.; Holladay, D.; Gottlieb, M. Thrombotic complications of COVID-19. Am. J. Emerg. Med. 2020, 39, 213–218.
[CrossRef]
Shibeeb, S.; Ahmad, M.N. Thrombotic and Hypercoagulability Complications of COVID-19: An Update. J. Blood Med. 2021, 12,
785–793. [CrossRef]
Hippensteel, J.A.; Burnham, E.L.; Jolley, S.E. Prevalence of venous thromboembolism in critically ill patients with COVID-19. Br.
J. Haematol. 2020, 190, e134–e137. [CrossRef]
Middeldorp, S.; Coppens, M.; Van Haaps, T.F.; Foppen, M.; Vlaar, A.P.; Müller, M.C.A.; Bouman, C.C.S.; Beenen, L.F.M.;
Kootte, R.S.; Heijmans, J.; et al. Incidence of venous thromboembolism in hospitalized patients with COVID-19. J. Thromb.
Haemost. 2020, 18, 1995–2002. [CrossRef] [PubMed]
Klok, F.A.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill
ICU patients with COVID-19: An updated analysis. Thromb. Res. 2020, 191, 148–150. [CrossRef] [PubMed]
Tang, N.; Li, D.; Wang, X.; Sun, Z. Abnormal Coagulation parameters are associated with poor prognosis in patients with novel
coronavirus pneumonia. J. Thromb. Haemost. 2020, 18, 844–847. [CrossRef] [PubMed]
Malas, M.B.; Naazie, I.N.; Elsayed, N.; Mathlouthi, A.; Marmor, R.; Clary, B. Thromboembolism risk of COVID-19 is high and
associated with a higher risk of mortality: A systematic review and meta-analysis. eClinicalMedicine 2020, 29, 100639. [CrossRef]
Lax, S.F.; Skok, K.; Zechner, P.; Kessler, H.H.; Kaufmann, N.; Koelblinger, C.; Vander, K.; Bargfrieder, U.; Trauner, M. Pulmonary
Arterial Thrombosis in COVID-19 with Fatal Outcome: Results from a Prospective, Single-Center, Clinicopathologic Case Series.
Ann. Intern. Med. 2020, 173, 350–361. [CrossRef]
García-Ortega, A.; Oscullo, G.; Calvillo, P.; López-Reyes, R.; Méndez, R.; Gómez-Olivas, J.D.; Bekki, A.; Fonfría, C.;
Trilles-Olaso, L.; Zaldívar, E.; et al. Incidence, risk factors, and thrombotic load of pulmonary embolism in patients hospitalized
for COVID-19 infection. J. Infect. 2021, 82, 261–269. [CrossRef]
Yuan, Y.; Long, P.; Liu, K.; Xiao, Y.; He, S.; Li, J.; Mo, T.; Liu, Y.; Yu, Y.; Wang, H.; et al. Multiple plasma metals, genetic risk and
serum C-reactive protein: A metal-metal and gene-metal interaction study. Redox Biol. 2019, 29, 101404. [CrossRef]
Mousavi, S.M.; Djafarian, K.; Mojtahed, A.; Varkaneh, H.K.; Shab-Bidar, S. The effect of zinc supplementation on plasma C-reactive
protein concentrations: A systematic review and meta-analysis of randomized controlled trials. Eur. J. Pharmacol. 2018, 834, 10–16.
[CrossRef]
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