
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Life Sciences 310 (2022) 121018

Available online 29 September 2022
0024-3205/© 2022 Elsevier Inc. All rights reserved.

Long-term effect of SARS-CoV-2 infection on cardiovascular outcomes and 
all-cause mortality 

Aneta Aleksova a,b,*,**, Alessandra Lucia Fluca a,b, Giulia Gagno a,b, Alessandro Pierri a,b, 
Laura Padoan c, Agnese Derin a, Rita Moretti d, Elena Aleksova Noveska e, Eros Azzalini f, 
Stefano D'Errico g, Antonio Paolo Beltrami h, Alimuddin Zumla i,j, Giuseppe Ippolito k, 
Gianfranco Sinagra a,b,1, Milijana Janjusevic a,b,1 

a Azienda Sanitaria Universitaria Giuliano Isontina, Cardiothoracovascular Department, Trieste, Italy 
b Department of Medical Surgical and Health Sciences, University of Trieste, Trieste, Italy 
c Department of Cardiology and Cardiovascular Physiopathology, Università degli Studi di Perugia, Perugia, Italy 
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A B S T R A C T   

Since the very beginning of the coronavirus disease 2019 (COVID-19) pandemic in early 2020, it was evident that 
patients with cardiovascular disease (CVD) were at an increased risk of developing severe illness, and compli
cations spanning cerebrovascular disorders, dysrhythmias, acute coronary syndrome, ischemic and non-ischemic 
heart disease, pericarditis, myocarditis, heart failure, thromboembolic disease, stroke, and death. Underlying 
these was excessive systemic inflammation and coagulopathy due to SARS-COV-2 infection, the effects of which 
also continued long-term as evidenced by post-COVID-19 cardiovascular complications. 

The acute and chronic cardiovascular effects of COVID-19 occurred even among those who were not hospi
talized and had no previous CVD or those with mild symptoms. 

This comprehensive review summarizes the current understanding of molecular mechanisms triggered by the 
SARS-CoV-2 virus on various cells that express the angiotensin-converting enzyme 2, leading to endothelial 
dysfunction, inflammation, myocarditis, impaired coagulation, myocardial infarction, arrhythmia and a multi
system inflammatory syndrome in children or Kawasaki-like disease.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) caused by the novel se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
declared a global emergency on March 11, 2020, by the World Health 
Organization [1]. As of August 11th 2022 there have been 584,065,952 
confirmed cases of COVID-19, including 6,418,958 deaths, reported to 
the WHO (Ref: https://covid19.who.int/) [2]. While a spectrum of 

clinical manifestations occur, and the majority of individuals with 
COVID-19 have mild to moderate symptoms, a small proportion develop 
severe forms of COVID-19, often accompanied by respiratory and multi- 
organ failure requiring intensive care [3]. This has held true even with 
the selection and increased prevalence of new strains, such as the Om
icron (B.1.1.529), where the lower pathogenicity is counterbalanced 
with much higher infectivity [4]. 

At the beginning of the pandemic, epidemiologic studies showed that 

* Corresponding author at: Azienda Sanitaria Universitaria Giuliano Isontina, Cardiothoracovascular Department, Trieste, Italy. 
** Corresponding author at: Department of Medical Surgical and Health Sciences, University of Trieste, Via Valdoni 7, 34129 Trieste, Italy. 

E-mail address: aaleksova@units.it (A. Aleksova).   
1 Equal contribution. 

Contents lists available at ScienceDirect 

Life Sciences 

journal homepage: www.elsevier.com/locate/lifescie 

https://doi.org/10.1016/j.lfs.2022.121018 
Received 17 August 2022; Received in revised form 19 September 2022; Accepted 27 September 2022   

https://covid19.who.int/
mailto:aaleksova@units.it
www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2022.121018
https://doi.org/10.1016/j.lfs.2022.121018
https://doi.org/10.1016/j.lfs.2022.121018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2022.121018&domain=pdf


Life Sciences 310 (2022) 121018

2

individuals of advanced age, male gender, and with preexisting illnesses 
such as cancer or cardiovascular diseases (CVD), metabolic disorders, 
diabetes, and obesity, were at higher risk of developing complications 
and severe forms of COVID-19, and were associated with unfavorable 
outcomes [5]. CVD is one of the leading causes of mortality in the world, 
whose prevalence is growing due to the aging population and the in
crease in age-related diseases such as diabetes mellitus, obesity, dysli
pidemia, and hypertension, which are risk factors for heart disease [6]. 
In addition, poor life choices such as inadequate diet and sedentary 
lifestyle coupled with stress contribute to an even greater number of 
CVD cases [6]. The reason why patients with CVD are generally prone to 
develop severe forms of infective disorders lies in the already present 
impaired endothelial function and activity, deteriorated immune 
response and platelet hyperreactivity [7,8]. Therefore, patients with 
CVD are already predisposed to develop systemic inflammation, 
impaired coagulation and thrombotic complications after SARS-CoV-2 
infection [7,8]. This finding is of utmost value, pointing out that clini
cians should pay special attention to individuals with CVD since they 
represent the group of high-risk patients. Even more intriguing are the 
findings of recent studies that have shown that both asymptomatic and 
symptomatic SARS-CoV-2 infections have a negative impact on cardio
vascular health during one-year follow-up and not only among hospi
talized individuals with severe clinical picture. In the following text we 
will discuss these two interesting studies in more details [9,10]. 

In this review, we summarise the latest knowledge regarding the 
pathophysiological effects of the SARS-CoV-2 virus on blood vessels and 
the heart, the processes and sequence of events that lead to cardiovas
cular complications during the acute phase of the COVID-19 and the 
long-lasting harmful effects and consequences long after recovery from 
SARS-CoV-2 infection. 

2. How does SARS-CoV-2 infect cells and cause renin- 
angiotensin system imbalance? 

The interaction between the SARS-CoV-2 Spike (S) protein with a 
host cell via the angiotensin-converting enzyme 2 (ACE2) is critical for 
the internalization of the viral particles. Briefly, the S protein is a trimer 
composed of 3 receptor binding subunits (S1) and 3 fusogenic stalks 
(S2). The interaction between S and ACE2 occurs at the receptor-binding 
domain of the S1 subunit. Proteolytical cleavage of the S protein by 
furin, TMPRSS2 and other proteases modify the ability of the virus to 
interact with the target cells and fuse with them [11,12]. However, 
mutations of the gene coding for the S protein have modulated infec
tivity, mode of entrance and viral tropism [4]. In line, Omicron displays 
an increased affinity for ACE2 receptor and reduced TMPRSS2 depen
dence for cell entry [13]. Indeed, mutations of the S protein decreased 
fusion-dependent entry (increasing the endocytic pathway), increased 
immune evasion, and modified the cell tropism. Indeed, in vitro Omicron 
replicates faster in bronchial cells, while Delta in cells of the lower 
respiratory tract. This is paralleled by a decreased ability of the Omicron 
to alter the lung function of animal models [4]. 

The SARS-CoV-2 S protein is responsible for reducing ACE2 expres
sion on target cells, promoting the degradation of its mRNA [14]. ACE2 
is a component of the renin-angiotensin system (RAS). In particular, 
ACE2 cuts angiotensin II (Ang II) generating the peptide Ang (1–7), 
which has antioxidant, antithrombotic, and anti-inflammatory proper
ties after binding to the membrane G-protein-coupled Mas receptor [5]. 
In addition to producing the active peptide Ang (1–7), ACE2 helps 
control the concentration of Ang II, which is a potent vasoconstrictor 
and coagulation regulator. The accumulation of Ang II is responsible for 
sustaining the inflammatory state through the release of cytokines 
(Fig. 1). However, while some contradictory findings are reported in the 
literature on Ang II levels in COVID-19 patients, either increased Ang II 
or lower Ang (1–7) levels have been associated with a more severe 
outcome [15,16]. Functionally, Ang II has been shown to promote the 
death of pulmonary artery endothelial cells in vitro, while in pigs it 

increases pulmonary pressure, increases coagulability, reduces blood 
oxygenation and pulmonary perfusion, mimicking several aspects of 
COVID-19 [17]. Therefore, through the misbalance of RAS, SARS-CoV-2 
increases the risk of cardiovascular complications by interfering with 
hemodynamic regulation and promoting both oxidative stress and an 
inflammatory state [18]. 

3. Molecular mechanisms of SARS-CoV-2-induced cardiac 
microvascular damage 

The SARS-CoV-2 virus spreads through droplets usually exhaled by 
an infected individual and the respiratory system is the first site of 
interaction with the host. The bronchial epithelium and the lungs are the 
most susceptible tissues due to their high levels of ACE2 expression [4]. 
Lung infection causes alveolar damage and an increase in microvessels 
permeability, which could potentially contribute to the presence of 
SARS-CoV-2 in the bloodstream. Since the heart receives blood from the 
lungs via the pulmonary circulation, it is likely a primary target. Several 
molecular mechanisms of tissue damage, endotheliitis, and thrombosis, 
have been proposed. 

3.1. SARS-CoV-2 triggers endotheliitis and thrombosis 

There is evidence that SARS-CoV-2 triggers the inflammation of the 
endothelium also known by the term “endotheliitis”. However, ACE2 is 
not expressed uniformly on endothelial cells (ECs). Its expression is 
higher in small epicardial cells and capillaries and decreases, or is null, 
in major coronary arteries [19]. This heterogeneity could indicate a 
different susceptibility of ECs across the coronary tree to SARS-CoV-2 
infection, shedding new light on how small vessel dysfunction is cen
tral to the pathogenesis of the virus. Intriguingly, heart failure (HF) was 
shown to increase the expression of ACE2 both in cardiomyocytes and 
fibroblast, exerting a neutral effect on ECs [20]. However, the expression 

Fig. 1. Schematic representation of the effects of SARS-CoV-2 on the renin- 
angiotensin system. SARS-CoV-2 reduces the expression of ACE2 and as a 
consequence leads to the accumulation of Ang II. Ang II promotes an inflam
matory state through the release of cytokines. ACE2, angiotensin-converting 
enzyme 2; Ang II, angiotensin II. 
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of TMPRSS2 (that conditioned SARS-CoV-2 viral entry until the emer
gence of the Omicron strain) is more heterogeneous in heart cells, and 
some authors failed to identify the protein in human hearts [20]. 

Consistently, perivascular cells (Pc) that embrace capillary ECs, 
regulating vascular permeability and stabilizing vessels, express the 
highest levels of ACE2, proved by in vivo studies [21–23]. Nonetheless, 
although in vitro data did not support the infectivity of cardiac Pc either 
[24], the presence of viral dsRNA was shown in brain Pc of patients that 
died of COVID-19 [25]. Therefore, pathogenetic mechanisms could be 
attributable to direct endothelial damage by SARS-CoV-2, although 
there are indications of an indirect inflammation-mediated mechanism, 
which is likely multifactorial [19,26]. Indeed, the S protein can directly 
damage both ECs and Pc, activating pro-inflammatory, matrix-degrad
ing pathways, increasing Pc motility and altering the cell permeability 
[21,24] via alternate receptors, such as CD147. More precisely, although 
regarded as controversial findings, S protein by engaging CD147 triggers 
extracellular signal-regulated kinase 1/2 signaling, and promotes the 
release of proinflammatory cytokines interleukin (IL)-1β, tumor necrosis 
factor α (TNF-α), IL-6, and Monocyte Chemoattractant Protein-1 [24]. 
After SARS-CoV-2 infection, the decrease in ACE2 concentration con
tributes to an increase in Ang II whose consequences are not limited to 
the impairment of vasocontractility and permeability but include the 
reduction of nitric oxide (NO), fundamental for ECs functionality, and 
the increase in reactive oxygen species (ROS) [27,28], which all together 
contribute to endothelial dysfunction [29]. Therefore, endotheliitis al
ters the microcirculation, resulting in tissue hypoxia and injury (Fig. 2) 
[30]. These ischemic events could result in the necrosis of car
diomyocytes, a hypothesis consistent with the frequent elevation of 
cardiac troponins in COVID-19 patients, possibly worsening HF [31,32], 
which explains why patients with both CVD and SARS-CoV-2 infection 
are more likely to develop the severe form of COVID-19. 

Furthermore, cytokine release and endothelial dysfunction turn ECs 
into an activated phenotype that is often coupled with a pro-coagulant 
state [33]. Activation of ECs also include the expression of tissue fac
tor, which contributes to the activation of the coagulation system, and 
the release of the von Willebrand factor for platelets binding. In patients 

with COVID-19, elevated levels of fibrinogen, von Willebrand factor, 
and D-dimer, indicate a hypercoagulative state, positively correlated 
with the severity of the disease [18,34]. Recent findings suggest that, in 
thrombi, the association between platelets and neutrophils stimulates 
the latter to form extracellular traps (NETs), which increase the ten
dency for platelet aggregation and negatively affect the prognosis of 
patients after SARS-CoV-2 infection [33,35,36]. At autopsy, the heart 
tissue of individuals who had COVID-19 exhibited vascular inflamma
tion and extensive thrombosis both in the microcirculation and in the 
coronary arteries [26,37]. 

Although severe inflammation is one of the known mechanisms of 
endothelial activation [35], Johnson et al. have recently found no evi
dence of cytokine-mediated activation, nor the expression of adhesion 
proteins such as intercellular adhesion molecule-1 (ICAM-1) and 
vascular adhesion molecule-1 (VCAM-1) in heart tissue [38]. Further
more, in an in vitro study, exposure of ECs culture from the coronary 
artery to the viral nucleocapsid protein stimulates the expression of 
ICAM-1 and VCAM-1 [39]. Therefore, further investigation is required 
to clarify this aspect. 

4. Pathogenic effects of SARS-CoV-2 infection on the heart 

SARS-CoV-2 infection is associated with an increased risk of 
myocardial injury that can lead to cardiac complications such as HF, 
arrhythmia, cardiocirculatory arrest and death (Fig. 3). 

4.1. SARS-CoV-2 and myocarditis followed by myocardial injury and 
arrhythmia 

An increase in arrhythmic complications has been described in pa
tients after recovery from acute COVID-19, and their long-term fre
quency is still under study [40]. In particular, based on current data, 
atrial arrhythmias and bradyarrhythmia are the most common in the 
acute setting of COVID-19, with an incidence of 13 % and 12.8 % 
respectively. Furthermore, the atrioventricular block has been observed 
with an incidence of 8.6 %, while ventricular arrhythmia was reported 

Fig. 2. Schematic representation of SARS-CoV-2-mediated endothelial dysfunction. An increase in cytokine production, coagulation factors, and a decrease in nitric 
oxide lead to altered microcirculation, tissue hypoxia, and injury. 
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in 5.9 % of cases, being the less predominant form [41]. Since 
arrhythmic events have been reported in patients with no previous 
clinical history [41], increased arrhythmic complications should be 
sought in sequelae of SARS-CoV-2 on the heart. Several mechanisms 
have now been proposed and myocarditis is plausible [42,43]. Although 
there is a desperate need to understand the pathological mechanisms 
triggered by the virus, the investigation is challenging due to pauci- 
symptomatic or asymptomatic cases, which leads to underestimating 
the real incidence of myocarditis [43]. Whilst the literature in this field 
has been conflicting at times, one of most comprehensive analysis to 
date has estimated a prevalence for definite/probable acute myocarditis 
(AM) of 2.4 per 1000 hospitalizations [44] that increases to 4.1 
considering also possible AM cases. 

Cardiac magnetic resonance (CMR) imaging is a potent tool for the 
detection of myocarditis as it allows the differentiation between 
ischemic and non-ischemic injury, while histological examination pro
vides more detailed information. Additional data come from a recent 
prospective study by Luetkens et al. which evaluated CMR features of 
patients with suspected acute COVID-19 myocarditis. Notably, this 
study demonstrated the presence of diffuse myocardial edema 

associated with a lower burden of late gadolinium enhancement lesions 
in patients with suspected SARS-CoV-2-induced myocarditis when 
compared to patients with acute myocarditis caused by common car
diotropic viruses [45]. 

Bräninger et al. have found that active SARS-CoV-2 replication is 
localized mainly in ECs, while its localization in cardiomyocytes is 
sporadic [46]. These results confirm that ECs are at the forefront in the 
response to the infection. Furthermore, although Bräninger et al. found 
no increase in cell infiltrates, this feature has been identified in 
numerous previous published papers [26,46]. Cell infiltrates, including 
macrophages CD68+ and lymphocytes T CD8+, are often associated 
with vessels and cardiomyocyte necrosis [47] (Fig. 4). 

Overall, the aforementioned characteristics lead to myocardial 
damage, thus inducing remodeling and fibrosis that contribute to con
duction system dysfunction as emerged at echocardiogram evaluation 
[43,48]. Furthermore, nerve inflammation, or inflammatory neuropa
thy, is involved in the degeneration of ganglia and neuronal fibers 
increasing the incidence of arrhythmic complications [47,49]. Finally, 
as for vessels and cardiomyocytes, inflammatory cell infiltration is re
ported as a cause of conduction tissue necrosis in the His-Purkinje 

Fig. 3. Cardiovascular complications due to SARS-CoV-2 infection. Schematic representation of molecular mechanisms induced by SARS-CoV-2 and the subsequent 
cardiac complications whose incidence is increased in the population after infection. 

Fig. 4. Histopathological representation of infiltrated immune response cells. (a) Early contraction band necrosis. Hypercontraction of the myofibers with myofi
brillar break and formation of cross bands (H&E 40×); (b) infiltrates of CD45+ cells (10×); (c) infiltrates of CD68+ macrophages (10×); (d) infiltrates with CD4+ T 
cells (40×). 
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system [47]. 

4.2. Myocardial injury due to SARS-CoV-2 infection 

The prevalence of myocardial injury among patients hospitalized for 
the severe form of COVID-19 is approximately 13–47 % characterized by 
the elevated concentration of cardiac troponin [50]. As above illus
trated, the exact mechanisms leading to myocardial damage associated 
with SARS-CoV-2 infection are complex and not fully understood. The 
most likely explanation proposed is that multiple deterioration pro
cesses are involved in myocardial injury. One of the proposed hypoth
eses is the previously explained endothelial dysfunction, that activate 
serial processes resulting in impaired coagulation, thrombosis and 
destabilization of atherosclerotic plaques [51]. Inflammatory molecules 
and components of oxidative stress activate inflammatory cells in pla
ques such as macrophages that produce metalloproteinases and pepti
dases that break down components of the extracellular matrix, hamper 
the integrity of the surface of the plaques and further deepen the pro- 
inflammatory state and increased production of molecules of oxidative 
stress. The latter events lead to the formation of thrombus and in some 
cases the myocardial infarction type 1 [52]. Therefore, this in one of the 
provided explanations of the complications that can occur in patient 
with coronary artery disease during acute phase of SARS-CoV-2 
infection. 

There is also a hypothesis that point out the direct influence of virus 
on cardiomyocytes. A study by Negron et al. demonstrated that S pro
tein, more specifically the S1 subunit, causes the heart damage by 
triggering the cardiomyocyte innate immune machinery interacting 
with Toll-like receptor 4 (TLR4), thus activating nuclear factor kappa B 
and represents TLR-4 alarmin [53]. In the same study, the researchers 
cloned the S1 subunit into the vector and introduced it to laboratory 
mice in order to activate the S1 subunit in cardiomyocytes. The results 
showed that S1 subunits were able to induce hypertrophic remodeling, 
cardiac dysfunction and inflammation, indicating that S1 is toxic to 
cardiac cells. [53]. Thus, these findings demonstrated that in addition to 
being directly damaging to the cardiomyocyte, S protein is also highly 
inflammatory and indirectly causes heart damage. Another study that 
pointed out the myocardial involvement in COVID-19 by Duerr et al., 
demonstrated that pericardial effusion and higher CD8/Treg/monocyte 
ratio predicted severe forms of disease and adverse outcomes [54]. 

Last, we should mention that induced pluripotent stem cells-derived 
cardiomyocytes can be productively infected by SARS-CoV-2 in vitro. 
Cardiomyocyte infection in vitro results in the perturbation of their 
transcriptome, myofibrillar fragmentation and nuclear disruption [55]. 
In this context, changes in the transcription pattern refers to the enhance 
in the inflammatory response via interferon I and significant down- 
regulation of genes encoding the structural protein in cardiomyocytes, 
which compromises cardiomyocytes' functionality and integrity [46]. 
Intriguingly, evidence of cardiomyocyte infection has also been ob
tained in vivo in hamsters. In that work, Yang et al. showed that infected 
myocytes were able to secrete the monocyte chemoattractant protein 
CCL2, recruiting these cells to the infected hearts, where they could limit 
myocyte infection [56]. On other side, a recent study by Filman et al. 
which used plasma proteomic analysis compering tissue-specific and 
cell-type-specific death signatures and ACE2 expression between 
healthy and COVID-19-infected individuals, pointed out that heart 
damage might be an indirect consequence of the COVID-19 [57]. 

Furthermore, the imbalance between increased myocardial oxygen 
demand and reduced oxygen supply during acute infection can cause 
myocardial hypoxia and ischemia followed by cardiomyocytes death, 
and in some cases result in myocardial infarction type 2 or worsening of 
cardiovascular diseases such as coronary artery disease, and congestive 
HF [58]. In addition, it is important to acknowledge that increased levels 
of cytokines due to inflammation are toxic to the heart and can lead as 
well to cardiomyocytes death [58], as well as endothelial dysfunction of 
microcirculation can cause cardiac tissue hypoxia and injury (Fig. 5). 

4.3. Cardiocirculatory arrest in SARS-CoV-2 infection 

Numerous reports from all over the world have documented an 
excess of out-of-hospital cardiac arrests (OHCA) during the COVID-19 
pandemic [59–61]. This evidence is supported by solid pathophysio
logical bases: SARS-CoV-2-related myocardial injury can result in ven
tricular dysfunction and fibrosis, thus promoting new-onset re-entrant 
arrhythmias, as well as severe hypoxia due to acute respiratory failure 
and pulmonary embolism, which increase the risk of cardiac arrest [62]. 
Furthermore, the occurrence of a COVID-19 cytokine release can evoke 
an unchecked immune response and sub-sequent multiorgan damage 
that could lead to refractory shock and cardiac arrest [63]. Finally, in a 
cohort study of 9 autopsy cases of individuals with COVID-19, 

Fig. 5. Myocardial infarction as a consequence of SARS-CoV-2 infection. Schematic representation of how SARS-CoV-2 by multiple mechanisms causes myocar
dial infarction. 
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microscopic examination demonstrated inflammatory infiltrates in 
subepicardial ganglia in all three patients deceased for ventricular 
tachyarrhythmias, therefore suggesting neuronal cell death as addi
tional trigger of arrhythmic instability [47]. 

Aside from the direct impact of virus infection, the increased inci
dence of cardiac arrests during the pandemic outbreak may be attributed 
to the strong decrement in hospital admissions for acute cardiovascular 
syndromes and critical issues in the healthcare delivery system [64]. 
Furthermore, multiple studies have recognized the prognostic power of 
SARS-CoV-2 infection in the specific setting of out-of-hospital cardiac 
arrest. Of note, a recent meta-analysis involving more than 7000 OHCA 
individuals showed lower rates of shockable rhythms and restoration of 
spontaneous circulation among patients suffering from SARS-CoV-2 
infection in comparison with uninfected patients [65]. 

4.4. SARS-CoV-2 as a systemic disease: the example of Kawasaki disease 
and Kawasaki-like illness 

COVID-19 is a systemic disease and there is growing evidence about 
post-viral immunological reactions, especially among pediatric popu
lation. During the first phases of COVID-19 pandemic, children seemed 
to be less susceptible and to contract milder forms of infection. Later, a 
growing number of children developed inflammatory systemic symp
toms that appeared weeks after the initial infection of COVID-19. This 
clinical entity, defined as multisystem inflammatory syndrome in chil
dren (MIS-C) or Kawasaki-like disease, includes prolonged fever, 
gastrointestinal symptoms, cutaneous signs, neurological alterations 
and cardiovascular manifestations such as myocarditis with ventricular 
dysfunction, coronary artery aneurysms, arrhythmias [66,67]. MIS-C is 
burdened by high possibility of morbidity, complications, and adverse 
outcomes [67], but its incidence is still not well defined [68,69]. 

MIS-C shares many characteristics of Kawasaki disease (KD), which 
is the most common form of systemic vasculitis of medium and small 
arteries among children, and the main cardiac manifestations are cor
onary aneurysm or dilatation and secondary myocardial dysfunction. 
The certain etiology of KD has not been determined yet, but viruses have 
been suspected to be a causal factor due to the seasonal epidemic trend 
of the disease [70]. Coronavirus family has been proposed as possible 
triggers and some studies reported an increase in KD cases during 
COVID-19 pandemic [71–73]. 

Several differences between KD and MIS-C have been observed. For 
example, MIS-C affects a broad age range from early childhood to late 
adolescence, determines thrombocytopenia and capillary leak syndrome 
and evolves more frequently to cardiogenic shock [74,75]. MIS-C 
pathophysiology is still not well defined, although the most accredited 
hypothesis is that there is an abnormal immune response to the virus, 
with some similarities to KD and other hyperinflammatory syndromes. 
Some authors reported that anti-spike antibodies may stimulate host 
cytokine release and inflammatory response through immune cellular 
stimulation or the formation and deposition of immune complexes into 
vascular walls [76,77]. This kind of pathophysiological mechanism and 
inflammatory activation are similar to the one observed in KD and might 
cause coronary aneurism [78,79]. For this reason, differentiating KD 
from MIS-C remains challenging in many cases. The hypothesis that MIS- 
C is linked to a post-infective immune dysregulation, rather than to the 
infection itself, is supported by the presence of positive serology with 
negative polymerase chain reaction for COVID-19 reported in many 
affected children [80]. Moreover, many authors reported an increase of 
MIS-C in many countries several weeks after the peak of COVID-19 cases 
[81,82]. The timing of these events represents a further element sug
gesting a post-viral immune response. 

Treatment for these hyperinflammatory responses is mostly sup
portive [81]. Further studies are needed in order to identify the best 
therapeutic strategy and to explore the pathophysiology and mecha
nisms for the systemic immune response caused by COVID-19. 

4.5. SARS-CoV-2 and antiphospholipid syndrome 

Recent evidence suggests a similarity between COVID-19 and ac
quired antiphospholipid syndrome (APS), due to increased risk of 
thromboembolic events in both. APS is an immune disease already 
known to be associated with infective disorders and characterized by the 
presence of antiphospholipids antibodies (aPLs) including lupus anti
coagulant [83]. A recent study has reported the detection of lupus an
ticoagulants in COVID-19 patients with prolonged activated partial 
thromboplastin time, thus suggesting that APS could be a contributor to 
thrombogenesis in COVID-19 patients [84]. In the context of infective 
diseases, acquired thrombogenesis is explained by mechanisms of mo
lecular mimicry and endothelin dysfunction. The SARS-CoV-2 infection 
could trigger the production of aPLs with two mechanisms. The first 
mechanism is molecular mimicry with S protein subunits acting as a 
phospholipid-like epitope and therefore inducing the production of 
aPLs. The second mechanism consists in the formation of a neoepitope 
due to a change in the conformation of host cells β2-glycoprotein I as a 
consequence of the oxidative stress related to COVID-19 [83]. However, 
the presence of aPLs alone is not enough to determine thrombosis and 
additional factors are needed. In the context of COVID-19, the activation 
of aPLs with consequent thrombogenesis may be linked either to endo
thelial injuries or the imbalance between oxidative stress and protective 
antioxidant pathways [83]. The fact that the presence of aPLs is not per 
se thrombogenic could explain why some studies have found no corre
lation between aPLs presence and thrombotic events which also needs 
the presence of systemic inflammation [85]. 

The finding of aPLs including lupus anticoagulants could help 
identify patients at higher risk for thrombosis and they should be 
routinely checked in COVID-19 patients [86]. Taking into consideration 
COVID-19 treatment strategies, anticoagulation and corticosteroids 
have proved to have good results. Furthermore, it needs to be clarified 
whether plasmapheresis may play a role in patients with high aPL an
tibodies titers [87]. 

4.6. Persistent post-COVID-19 asthenia 

Fatigue is one of the most common symptoms following acute 
COVID-19 [88] and it could be related to endocrine system involvement. 
In particular, although current data have shown adequate stress 
response with no evidence of adrenal insufficiency in acute COVID-19, 
the possibility of adrenal involvement at follow-up cannot be 
completely ruled out [89,90]. Indeed, persistent asthenia could be 
compared to that experienced by patients with primary and secondary 
adrenal insufficiency. The results from a recent study indicate no 
changes in cortisol levels in patients with persistent fatigue after three 
months from the infection [88]. Therefore, the reason for post-COVID- 
19 asthenia should be traced to other determinants such as the conse
quences of inflammation, poor nutritional status, respiratory compli
cations and cardiovascular damage [91]. Despite what has been 
described so far, COVID-19 could contribute to the progression of ad
renal insufficiency as reported in the case of Addison's disease, a primary 
endocrine disorder caused by the insufficient production of adrenocor
tical hormones [92]. Therefore, SARS-CoV-2 could be a trigger for this 
autoimmune disease, as in the case of other immune disorders such as 
antiphospholipid disease. Conversely, patients with Addison's disease 
are not more susceptible to the infection [93]. 

5. Development of cardiovascular complications in post-COVID- 
19 period 

Given that the pandemic has been going on for over 32 months, it is 
possible to assess the post-acute effects of COVID-19 in mid- and long- 
term follow-up and evaluate the lasting deteriorating effect of SARS- 
CoV-2 infection on cardiovascular health. 

After the acute phase of SARS-CoV-2 infection, a relevant population 
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prevalence of persistent cardiorespiratory symptoms, such as palpita
tions, non-specific chest pain, breathlessness, exercise intolerance, and 
orthostatic hypotension it have been demonstrated [94]. These hetero
geneous clinical manifestations, currently summarized with the 
acronym “PASC” (post-acute sequelae of SARS-CoV-2 infection), are 
attributed to various possible mechanisms, including persistent inflam
mation and catabolic state, reactivation of latent virus with pulmonary 
fibrotic changes, RAS dysregulation, and deep cardiovascular decondi
tioning [62]. 

Several studies have shown an increased risk of cardiovascular 
complications during the post-hospital period due to COVID-19 
[9,95,96]. In comparison with the general population not exposed to 
SARS-CoV-2 infection, patients that were hospitalized with COVID-19 
between January 1st to August 31st 2020 displayed, months after 
admission, higher rates of diabetes, respiratory disease, cardiovascular 
disease, chronic kidney and liver disease. Interestingly, this increase in 
risk is not uniquely affecting the oldest patients [95]. Negreira-Caamano 
et al. in their study showed that one-third of patients hospitalized be
tween March 10th and May 4th 2020, for COVID-19 suffered from 
various cardiovascular events such as acute coronary syndrome, cere
brovascular event, thrombosis, hospitalization for HF and death during 
the first 30 days after the discharge, while one patient in sixteen during 
the first year after hospitalization [96]. 

A large study by Xie et al. that enrolled more than eleven million 
subjects yield fascinating results taking into consideration all patients 
presenting (between March 1st 2020 and January 15th 2021) with 
COVID-19, not just hospitalized patients with critical clinical pictures 
[9]. Specifically, the risk of developing CVD following the SARS-CoV-2 
infection was assessed by comparing the clinical parameters of in
dividuals diagnosed with COVID-19 and parameters of two sets of con
trols, individuals without COVID-19 enrolled in the study 
contemporarily with the previous cohort and during 2017, respectively 
[9]. The study pointed out that individuals after SARS-CoV-2 infection 
have an increased risk of developing cardiovascular disorders such as 
dysrhythmias, pericarditis and myocarditis, angina, acute coronary 
disease, myocardial infraction, ischemic and non-ischemic cardiomy
opathy, thromboembolic disorders, HF and cardiac arrest in comparison 
with healthy controls [9]. Remarkably, an increased risk of developing 
CVD has been observed even in persons without previous diseases, 
which indicates a negative impact of SARS-CoV-2 on patients at low risk 
of cardiovascular disorders [9]. Therefore, an increased risk was 
observed among patients who were not hospitalized during acute 
infection and, as expected, the risk increased proportionally from non- 
hospitalized, hospitalized to intensive care patients in line with the 
severity of COVID-19 [9]. Another recent prospective study, including 
only patients with mild COVID-19 symptoms and without previous heart 
conditions yield similar results. After serial cardiovascular measuring, 
the data after almost a year of follow-up pointed out that 57 % of in
dividuals have persistent cardiac symptoms suggestive for post-COVID- 
19 inflammatory cardiac involvement [97]. Furthermore, study by 
Tereshchenko et al. demonstrated an increased risk of CVD events and 
poor outcomes in both asymptomatic and symptomatic patients at least 
30 days after the SARS-CoV-2 infection [10], emphasizing the impor
tance of taking into account the presence of infection as a risk factor for 
CVD development in the future assessment of the patient's physical 
health. 

It is important to point out that these studies were conducted be
tween January 1st 2020 and January 15th 2021, when the most prev
alent SARS-CoV-2 strains were the Wuhan Hu-1, followed by the Alpha 
(B.1.1.7, first identified in the UK in late December 2020) and Delta 
(B.1.617.2, first reported in India in December 2020) Variants of 
Concern (VOC) [98]. This fact should be emphasized since both trans
missibility and pathogenicity greatly vary among the different strains. 
Indeed, while Delta showed increased pathogenicity with respect to the 
Alpha VOC, both in experimental animal models and in humans, Omi
cron (B.1.1.529) VOC showed an opposite behavior [98–100]. Last, the 

vaccination campaign, which started at the end of 2020, has modified 
the natural history of COVID-19, reducing the incidence of severe clin
ical manifestations [101,102]. 

6. Conclusions 

Accumulating evidence after more than two years of the pandemic 
indicates that COVID-19 is not just the flu as some individuals initially 
claimed. Recent studies demonstrated that all patients with COVID-19 
and not only those hospitalized due to the severe form of the disease, 
weeks and months after admission displayed higher rates of respiratory 
disease, cardiovascular disease, chronic kidney and liver disease in 
comparison with the general population not exposed to SARS-CoV-2 
infection. What is even more fascinating is the fact that an increased 
rate of cardiovascular events was noted even among healthy individuals 
without previous history of CVD, with a low risk of cardiac diseases. Of 
course, as expected, patients with CVD had a higher risk of complica
tions and mortality due to the already present impaired endothelial 
function, altered immune response and platelet hyperreactivity. In 
addition, studies demonstrated that even children, who were thought 
not to be susceptible to the SARS-CoV-2 virus, in some cases developed a 
multisystem inflammatory syndrome or Kawasaki-like disease, weeks 
after the initial infection of SARS-CoV-2. Therefore, this novel data 
definitely proved that SARS-CoV-2 infection orchestrates even after a 
long-term period multiple mechanisms that lead to persistent inflam
mation, oxidative stress, endothelial dysfunction, tissue and heart 
damage. For these reasons, it has been already suggested to consider the 
presence of the previous SARS-CoV-2 infection as a high-risk factor for 
cardiovascular outcomes. 
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