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| 1. Endothelial Cell Homeostasis

The endothelium is considered a real organ, with its own defined structure capable of guaranteeing vascular
homeostasis through several functions [2l. Under physiological conditions, ECs are able to respond to a number of
hemodynamic and humoral stimuli by producing a wide range of mediators regulating vascular tone, cellular
adhesion, coagulation, smooth muscle cell proliferation, and vessel wall inflammation [l. However, despite all of

these being defense mechanisms, these functions might become dysregulated under certain circumstances 2.

To guarantee vascular homeostasis, the endothelium first needs to maintain its intact structure. There are several
molecules involved in this process and the main one is vascular endothelial-cadherin (VE-cadherin, also known as
CD144), which is a component of endothelial cell-to-cell adherent junctions and a promoter of an optimal
organization of ECs cytoskeleton [&l. Moreover, since the endothelium plays a crucial role in controlling immune
response, it regulates leucocyte migration into extravascular spaces, defending against infections and promoting
tissue repair 4. ECs show on their surface a number of adhesion molecules (e.g., E-selectin, P-selectin), whose
concentration increases in response to proinflammatory cytokines, such as interleukin (IL)-1(, IL-6, and tumor
necrosis factor-a (TNF-a). Then, the binding of the leucocytes is reinforced through other adhesion molecules,
including intercellular adhesion molecule-1 (ICAM-1, also known as CD54), vascular cell adhesion molecule-1
(VCAM-1, also known as CD106), and integrins 2!,

Another key function that the endothelium has is the prevention of thrombosis and the activation of the coagulation
cascade, which is a very complex process that involves many factors, among which the most important are
platelets and ECs themselves L. In fact, several mechanisms can provoke endothelial activation and dysfunction
through the loss of ECs structural integrity, leading to the exposure of subendothelial thrombogenic material (e.g.,
collagen, laminins, nidogens) into the bloodstream, which ultimately activates the coagulation process 8. To
prevent blood clot formation, ECs are able to balance vascular tone by producing several factors that improve
dilatation of muscular arteries. Among these, the most important are NO and prostaglandin 12 (PGl,), which

combine both antiaggregatory and vasodilator effect 4.
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ECs express on their surface a large concentration of molecules involved in the activation of anticoagulant
pathways, among which heparan sulphate promotes the anticoagulant effect of antithrombin 1l (ATIII), while
thrombomodulin (TM) stimulates protein C and protein S function [ The endothelium can also express
plasminogen activators, such as tissue-type plasminogen activator (tPA) and urokinase plasminogen activator
(UPA), which enhance the fibrinolytic processes R, Moreover, ECs can produce adhesion molecules for
platelets, such as von Willebrand factor (vWF) and P-selectin, which are exposed on ECs surface upon activation
by IL-1B and TNF-a & In turn, platelets produce vascular endothelial growth factor (VEGF), which stimulates the

production of tissue factor (TF) from ECs, thus enhancing the activation of coagulation cascade 11,

| 2. Endothelial Function Assessment

Considering its potential reversibility with targeted strategies, several clinical and laboratory methods have been

proposed to evaluate and monitor endothelial function, both in humans and in animal models.

2.1. Clinical Methods

FMD was introduced in clinical research about 20 years ago 2. In brief, it consists of the measurement of
changes in brachial artery diameter as a response to shear stress. In order to evoke this response, a pneumatic
cuff placed on the forearm is inflated to a suprasystolic pressure for 5 min. When the cuff is deflated, the increased
flow enhances the shear stress on the arterial wall, which stimulates the local production of NO, determining
vasodilatation 13, FMD is a measure of the percentage change of the brachial artery diameter after cuff deflation.
Much scientific evidence has demonstrated that FMD represents a reliable method for predicting preclinical CV risk
(14l15]  Therefore, recognizing endothelial dysfunction could help physicians in early identification of high-risk
patients, giving a more comprehensive assessment of CV risk, which may consequently contribute to better
evaluation of personalized CV prevention strategies. The recent identification of age- and sex-specific reference
values of FMD in healthy subjects has further confirmed the potential clinical utility of its assessment 18, On the
other hand, despite being a non-invasive and inexpensive method, it has been observed that in the same study
population there can be large variations of mean FMD values, depending on some technical variables (e.g.,
occlusion time, cuff position, patient preparation for examination) and the subsequent operator-dependence 17,
When identifying their reference intervals of FMD, Holder et al. highlighted the need for strict adherence to
standardized protocols (28, However, this may not be sufficient. Thus, the use of dedicated software for real-time
edge detection, wall tracking, and shear-rate monitoring has proven to significantly increase reproducibility 18
(Figure 1).
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Figure 1. Flow-mediated dilation (FMD) assessment using a Food and Drug Administration (FDA)-cleared software
for automatic edge detection (Panel (A)), wall tracking (Panel (B)), and shear-rate monitoring (Panel (C)).

Reproduced with permission from Quipu SRL, Pisa, Italy.

Other clinical methods have been proposed for clinical assessment of endothelial function. While venous occlusion
plethysmography (VOP) is largely underused because of its invasiveness, laser Doppler flowmetry (LDF) has been
used as a non-invasive clinical method for measurement of endothelium-dependent vasodilation in the skin
microcirculation 2. More recently, peripheral artery tonometry (PAT) has become a Food and Drug Administration
(FDA)-approved test for an automated assessment of endothelial function 2%, However, although less operator-
dependent and highly reproducible, these methods have the disadvantage of being more expensive to use in

routine clinical practice and, sometimes, even for research purposes 211,

2.2. Laboratory Methods

Taken together, clinical tests allow measurement of microvascular and macrovascular reactivity, which may fully or
partially reflect NO bioavailability. However, a healthy endothelium does not only display a vasodilatory phenotype,
depending mainly on NO synthesis 2. As widely discussed below, under normal circumstances, the endothelium
also has an anticoagulant phenotype, which is reflected in the constitutive expression of plasminogen activator

inhibitor-1 (PAI-1), VWF, and TF, whose soluble forms can be measured in peripheral blood (22, The endothelium is
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also responsible for control of inflammation and oxidative stress, with healthy individuals having low levels of
soluble endothelium-derived adhesion molecules or chemokines, including ICAM-1, VCAM-1, E-selectin, P-
selectin, VE-cadherin, and monocyte chemotactic protein-1 (MCP-1) 22 More recently, the levels of various
components of the glycocalyx (e.g., syndecan-1, endocan, and heparan sulfate) have been proposed as markers
of endothelial injury (23, Moreover, endothelial progenitor cells (EPCs), reflecting vascular repair capacity, are
detected in the blood of healthy individuals, with a progressive reduction with aging and various quantitative and
functional alterations in response to acute or chronic pathological stimuli 4. On the other hand, circulating
endothelial cells (CECs) and endothelial microparticles (EMPs) are usually low in healthy individuals, since they
reflect the presence of endothelial injury 221, Overall, a plethora of endothelial biomarkers have been widely used
for the identification and characterization of specific endothelial cell types and to test endothelial function both in

humans and in animal models.

| 3. Evidence of Endothelial Dysfunction in COVID-19

From the early stages of the pandemic, it has emerged that endothelial dysfunction could represent the unifying
mechanism of COVID-19. Varga et al. were among the first to perform histopathological examinations from autoptic
specimens, confirming the presence of endotheliitis in many organs and tissues, with electron microscopy also
revealing the presence of SARS-CoV-2 within ECs 28, The involvement of ECs in the kidneys, lung, heart, skin,
and even reproductive system was subsequently highlighted in multiple studies (27128 suggesting that endothelial
damage could represent an important pathogenetic mechanism of respiratory and multiorgan dysfunction 2229
with a variety of manifestations ranging from CV complications to adverse perinatal outcomes or even erectile
dysfunction [B132],

Using both clinical and laboratory methods for endothelial function assessment, mounting evidence has confirmed
the presence of endothelial dysfunction related to SARS-CoV-2 infection. Summarizing the current evidence, a
recent meta-analysis showed that several biomarkers of endothelial dysfunction, including vVWF, tPA, PAI-1, and
soluble thrombomodulin, are significantly associated with increased composite poor outcomes in patients with
COVID-19 [ Similarly, in addition to these circulatory markers of endothelial function, another meta-analysis
showed that high circulating levels of VCAM-1 and E-selectin may be associated with increased COVID-19 severity
(34 Mancuso et al. were among the first to suggest the monitoring of CECs and EPCs as candidate biomarkers of
endothelial damage in COVID-19 patients [22l. More recently, increased production of EPCs was also demonstrated

during convalescence [28],

Applying the ESC recommendations 7 a number of studies also used clinical methods to test and monitor
endothelial function in COVID-19 patients, particularly after the acute phase (2813249 As stated above, most
studies employed FMD, given its cost-effectiveness and non-invasiveness, but only a small percentage resorted to
dedicated edge-detection software. In the largest study on this topic 28, significantly lower FMD was documented
in convalescent COVID-19 patients as compared to controls, confirmed when stratifying the study population
according to age and major clinical variables. However, no significant difference was observed between cases and

controls in the subgroup analysis on females, in line with the evidence of a disproportionately worse prognosis for
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male gender 1. Similar findings were documented among six COVID-19 patients without CV risk when using PAT

for endothelial function assessment 421,
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