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Abstract

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in December 2019
marked the onset of the COVID-19 pandemic, a disease known to be primarily associated with respiratory
symptoms. However, as the pandemic unfolded, it became evident that SARS-CoV-2's impact extended
beyond the respiratory system, infiltrating other bodily tissues, including the vascular system. Moreover,
individuals with pre-existing conditions such as diabetes and hypertension were found to be more
susceptible to severe and often fatal outcomes following COVID-19 infection. Clinical observations during
the pandemic underscored the significance of the vasculature in COVID-19 pathology, revealing issues
like hypercoagulation (excessive blood clotting), cardiomyopathy (abnormal heart muscle function), heart
arrhythmias, and endothelial dysfunction (damage to the inner lining of blood vessels). In the aftermath of
COVID-19, which is often referred to as post COVID, there is evidence of systemic vascular issues. However,
the specific mechanisms behind these problems remain unclear, and the methods of treatment are not
well-defined. This commentary offers a comprehensive examination of the available literature, presenting
an analysis of the involvement of vascular issues in post-COVID situations, along with a deeper exploration
of the related mechanisms and genetic factors.
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Introduction

Since the onset of the COVID-19 pandemic, the world has changed significantly with new
challenges constantly arising (Figure 1) [1]. One of the main challenges is the increased prevalence
of a prolonged post-COVID-19 syndrome, widely known as "Post COVID", which is currently
regarded as a public health issue worldwide [2].

To date, there is no standardized definition of post-acute COVID-19 syndrome [2,3]. Although
the definition is still evolving, it can be described as a condition in which individuals experience
persistent symptoms or complications lasting beyond 30 days following SARS-COV-2 infection [2,4].

As a multi-faceted syndrome, post COVID affects a variety of different organs and presents a
wide array of symptoms. Common manifestations include dyspnea, chest pain, persistent fatigue,
loss of taste and/or smell as well as cognitive, gastrointestinal, immunological, and cardiovascular
dysfunctions [2,5].

'The incidence of Post COVID is marked with substantial heterogeneity across different studies.
This heterogeneity can be ascribed to differences in the definitions of Post COVID, the array of
symptoms considered as well as the variability in study cohorts’ compositions [2]. Reports indicate
that Post COVID may affect anywhere from approximately 30% to more than 80% of individuals
who have contracted SARS-CoV-2 [2,6].This wide range underlines the complexity of the Post
COVID condition and highlights the need for standardized research for its diagnosis and assessment.

This article is originally published by ProBiologist LLC., and is freely available at probiologists.com
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Figure 1.Timeline of COVID-19 progression and vaccine development [49-51]. The Figure shows post-COVID-19 associated challenges and highlights

the need for molecular and pathway studies.

Reducing the risk of developing Post COVID can potentially
be achieved via vaccination. However, current research has not
definitively confirmed this hypothesis since break-through infections
may still cause prolonged COVID complications in vaccinated
individuals [7,8]. Additionally, the vaccines themselves can cause
serious problems such as myocarditis [9,10]. Therefore, the effect of
vaccination on Post COVID needs to be further studied.

To better understand the aforementioned variability of
complications, the heterogeneity of affection as well as the effect
of vaccination on Post COVID, it is of paramount importance to
study its molecular underpinnings. Although the exact mechanisms
underlying Post COVID remain largely unknown, several potential
factors and pathways have been proposed based on ongoing
research including persistent viral presence, organ fibrosis, immune
dysregulation, autoimmunity, neurological effects, mitochondrial
dysfunction, and epigenetic changes [1,11-14].

In addition to these pathways, mechanisms of microvascular
pathology have been ascribed to Post COVID, especially in cases
where imaging techniques fail to correlate persistent Post COVID
symptoms such as dyspnea and fatigue with the degree of lung
damage [1,15].

The concept of latent microvascular pathology playing a
pivotal role in Post COVID is gaining traction, especially since
there is a significant association between SARS-CoV-2 infection
and endothelial as well as systemic vascular dysfunction [16-18].
Signs of vascular wall edema, hyaline thrombi, microhemorrhages,
and widespread thrombosis in small peripheral blood vessels are
frequently present alongside lung and other organ damage in patients
with severe COVID-19 [16,19,20]. A potential explanation for
such vascular damage could be the high levels of pro-inflammatory
cytokines circulating in patients with severe COVID-19 [16,21]. This
is commonly referred to as cytokine storm and is one of the leading
causes of morbidity and mortality in patients with severe COVID-19
[18,22,23]. Taken together, severe COVID-19 can manifest as a

condition characterized by excessive inflammation, increased blood
clot formation, and widespread engagement of multiple organs,
impacting the entirety of the vascular system [16,24].

Systemic vascular dysfunction is also implicated in Post COVID
[25,26]. This systemic involvement implies that Post COVID is not
solely a respiratory issue but a complex condition affecting various
bodily systems. The lack of clarity regarding the mechanisms involved
has made the treatment of Post COVID imprecise, emphasizing
the need for extensive research and a multidisciplinary approach
to addressing this syndrome [25,26]. Prioritizing the prevention of
serious vascular complications is crucial to Post COVID-19 patient
management. However, a significant challenge remains in accurately
pinpointing individuals who are at risk and would gain from close
monitoring or tailored pharmacological preventive measures.

We here provide a unifying overview of existing literature, focusing
on the role of vascular dysfunction in post-COVID conditions, along
with insights into the putative mechanisms including genetics.

Main Body
Vascular dysfunction in Post COVID

Vascular dysfunction induced by SARS-CoV-2 infections is a
result of the induction of a severe inflammatory reaction (cytokine
storm) which sets off a chain reaction involving the activation of a
coagulation cascade causing various thrombotic complications where
blood clots impede blood flow to various vital organs [22,24,27].
This intensified activation of the innate immune system coupled with
the release of substantial quantities of substances in the blood stream
triggering vascular inflammation results in increasing the severity of

COVID-19 pathology [22,24,27].

Only a limited number of studies with small cohort sizes
have examined the extended systemic vascular consequences of
COVID-19. Studies on deceased COVID-19 patients revealed
thromboembolisms in both arteries and veins, necessitating additional
research to confirm a direct connection to SARS-CoV-2 infection
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[24]. In a study involving 10 COVID-19 patients experiencing
symptoms for more than 30 days compared to controls, elevated
target-to-blood pool ratios were observed in several vascular regions,
suggesting persistent vascular inflammation [28]. In other studies,
COVID-19 patients 3—4 weeks post-infection exhibited diminished
systemic vascular function and greater arterial stiffness compared
to controls [29,30]. Three months after a COVID-19 diagnosis,
another study showed that young adults experiencing ongoing
symptoms exhibited notable decreases in peripheral macrovascular
and microvascular vasodilation when compared to healthy controls

[31].

Post-COVID-related vascular problems may indicate possible
endothelial dysfunction. Viral RNA presence is confirmed in
endothelial cells via single-cell RNA sequencing for months post-
diagnosis and is associated with vascular impairment, endothelial
cell activation and inflammation [2]. Recovered COVID-19
patients exhibit elevated circulating endothelial counts and increased
von Willebrand factor and D-dimer levels indicating sustained
endothelial activation [2]. This is confirmed by another study
which examined the 1-month impact of COVID-19 on endothelial
function by comparing 20 hospitalized COVID-19 patients with
12 controls [25]. In this study, isolated instances of stress-induced
cardiomyopathy, pulmonary embolism, and acute coronary
syndrome were detected during hospitalization and elevated
D-dimer levels were persistent one month after discharge indicating
sustained impaired endothelial function in Post COVID [25]. In
another study with 50 patients, conducted 68 days after obtaining
a positive SARS-CoV-2 test, it was found that endothelial cell
activation continued for up to 10 weeks regardless of any ongoing
acute phase response or the creation of neutrophil extracellular traps
(NETs) [32]. Instead, it was associated with increased thrombin
generation [32]. Epigenetic changes in endothelial cells could also
be induced by viruses, hypoxia, or inflammation associated with

COVID-19 and need to be further studied [2].

Vascular and endothelial dysfunction may lead to altered
heart rate and blood pressure which may explain exercise
intolerance associated with Post COVID [33-35]. In a study with
18 COVID-19 patients (9 symptomatic, 9 asymptomatic) and
9 controls, only those with previous symptomatic COVID-19
exhibited blunted heart rate and blood pressure variability associated
with poor parasympathetic nervous system and cardiovascular health
[36,37]. Autonomic pathways might be implicated [31]. Other
post-COVID-19 cardiovascular complications include chest pain,
palpitations, arrhythmia, tachycardia, and myocarditis, of which
many require further studies to confirm their persistence in post-
COVID [24,27,38-40]. Severe inflammation and/or direct viral
attack on the heart are amongst the possible mechanisms for such
complications, which may be pronounced in younger patients who

received the COVID-19 mRNA vaccine [27,37].
COVID-19-induced pulmonary hypertension

Pulmonary arterial hypertension (PAH) developed post-
COVID-19 may be a result of the infection by the SARS-CoV-2
virus [1,16,41,42]. Endothelin 1 (ET-1) plays a well-studied role
in the development of PAH causing vascular remodeling via its
proliferative, fibrotic, and prothrombotic effects [43,44]. Upon
SARS-CoV-2 infection, the upregulation of ET-1 may induce a
pulmonary vascular condition resembling PAH and thus can be
treatable with endothelin blockers like ambrisentan (selective ETAR

antagonist) or bosentan/macitentan (dual receptors blocker), which
are known to improve outcomes in PAH [45]. Additionally, high
levels of circulating ET-1 or the existence of ET-1 gene variations
may serve as crucial biomarkers for identifying individuals at risk of

developing COVID-19-induced PAH [1].
Genetics and post-COVID vascular dysfunction

In light of the previously discussed vascular complications, it is
essential to examine the clinical and genetic factors that increase the
vulnerability of post-COVID-19 patients to vascular pathologies.

In a study involving 18,818 COVID-19 patients compared
to 93,179 matched uninfected controls without prior venous
thromboembolism (VTE), SARS-CoV-2 infection was linked to an
increased VTE risk within 1 month of COVID-19 positivity [46].
However, this risk was significantly decreased among fully vaccinated
individuals even with breakthrough infections, which may address
concerns regarding vaccines and thromboembolic events that led
to hesitancy in their use [46,47]. Independent clinical risk factors
for COVID-19-associated VTE included older age, male gender,
obesity, no or partial vaccination as well as inherited thrombophilia
[46]. Among the genetic factors, factor V Leiden thrombophilia
doubled the VTE risk and inherited thrombophilia had a 2.05
hazard ratio for post-COVID-19 VTE [46]. This underscores the
potential role of factor V and consequently possibly prothrombin
proteins in post-COVID-19 VTE and supports the idea of VTE
prevention through targeted genetic screening for thrombophilia in

older infected individuals [46].

In a different study, a prospective cohort from the UK Biobank,
comprising 25,335 participants with confirmed SARS-CoV-2
infection, was used to investigate outcomes such as atrial fibrillation
(AF), coronary artery disease (CAD), ischemic stroke (ISS), and
VTE within 3 months after infection [48]. During the acute phase
of COVID-19, polygenic risk scores (PRSs) were associated with a
progressively higher risk of AF, CAD, and VTE, albeit not with ISS
[48]. There was no evidence indicating interactions between genetics
and lifestyle factors in this study, which further highlights the
importance of epigenetic studies of the vasculature post-COVID-19
[48].

Another study comprised of 27 patients 3 months post-COVID
compared to 10 controls showed that COVID-19 vessels exhibited
increased vasoconstriction and diminished vasorelaxation reflecting
the inability of the arteries to expand and contract properly [26].
This abnormal vasoconstriction was attributed to pathological Rho-
kinase activation as a consequence of increased phosphorylation
of myosin light chain, which in its phosphorylated state, exhibits
increased sensitivity to calcium ions which increases the interaction
between actin and myosin filaments, ultimately causing increased
contractions of vascular smooth muscle cells [26]. Whole
transcriptome analysis in this study revealed expected upregulation of
myosin light chain and downregulation of proteinase K (PKC) [26].
Additionally, it showed increased expression of genes like nuclear
factor erythroid-2 like 1 (NFE2L1) and glutathione peroxidase 3,
involved in regulating oxidative stress and inflammation, of the DCN
gene responsible for decorin synthesis, of the matrix gla protein gene
involved in disruptions of calcium ion balance and the extracellular
matrix (ECM) [26]. Gene ontology analysis showed that processes
such as viral replication, platelet activation, connective tissue
organization, and tissue morphogenesis were upregulated and gene
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pathway analysis identified pathways involving ECM regulation and
ECM proteoglycans, which are implicated in vascular fibrosis and

VSMC dysfunction [26].
Conclusion

In conclusion, Post COVID is a complex condition with diverse
vascular complications, highlighting the importance of molecular
research in larger cohorts over an extended period of time to
differentiate chronic disease manifestations from symptoms that
might be resolved after 3-12 months. The research must include
molecular and epi/genetic aspects, to improve diagnosis, prevention,
and management. Addressing vascular dysfunction is crucial to
mitigate post COVID's impact on affected individuals' quality of
life.
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