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The novel coronavirus infectious disease (COVID-19) has 
rapidly spread and poses a great challenge to researchers, 
both in elucidating its pathogenic mechanism and developing 
effective treatments. It has been recently proposed that 
COVID-19 is an endothelial disease. Indeed, the COVID-19 
virus binds to angiotensin-converting enzyme type 2 
(ACE2), which is expressed in endothelial cells. ACE2 could 
be implicated in the production of reactive oxygen species 
(ROS) caused by endothelial dysfunction due to viral damage. 
Consequently, oxidative stress could prime these cells to 
acquire a pro-thrombotic and pro-inflammatory phenotype, 
predisposing patients to thromboembolic and vasculitic events 
and to disseminated intravascular coagulopathy (DIC). This 
implies a pivotal role played by oxygen in the pathogenetic 
mechanism of COVID-19 disease, in that its availability would 
tune the oxidant state and consequent damage.
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The role of the endothelium in COVID-19

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
emerged at the end of 2019 as a new type of highly pathogenic 
coronavirus of still unclear biological aetiology that rapidly spread 
around the world. Now COVID-19 illness is recognised as a global 
epidemic,1 bearing an alarming mortality index and necessitating 
extensive control measures. However, due to the novelty of this 
disease in humans, and the lack of definitive clinical, instrumental 
and autoptic data, the pathogenic mechanisms of COVID-19 
disease have not been fully elucidated.

It is clear that COVID-19 is not simply an interstitial pneumonia, 
because evidence points to its being a systemic thrombotic and 
thrombo-embolic syndrome affecting both the venous and arterial 
circulations.2 Many patients display clinical manifestations of shock 
and symptoms of microcirculation dysfunction. Death often occurs 
due to thromboembolism, multiple organ failure (MOF) and sepsis 
associated with disseminated intravascular coagulation (DIC).2

The resting endothelium produces antithrombotic molecules, 
including nitric oxide (NO) and prostacyclin (PGI
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). Endothelial 
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dysfunction (ED) in COVID-193 is primarily caused by oxidative 
stress,4 a systemic condition associated with decreased NO and 
expression of prothrombotic and cell-surface adhesion molecules, 
and which plays a pivotal role in both sepsis and DIC.5 There is 
a tight relationship between ED, inflammation, reactive oxygen 
species (ROS) production and increased risk of thromboembolism. 
ROS stimulate expression of tissue factor (TF) and can also directly 
inactivate protein C, a major anticoagulant. 

Accordingly, it has recently been proposed that COVID-19 
primarily targets the endothelium.6 Clinical and preclinical 
evidence in COVID-19 patients support the hypothesis that the 
endothelium is a key target organ in the disease, leading to the 
consequent multi-organ systemic manifestations.6 The hypothesis 
of COVID-19 as an endothelial disease appears interestingly 
unifying for its systemic manifestations, as it would account for 
the involvement of the nervous system, heart, liver and kidney1 in 
COVID-19, the lung just being the most sensitive target. The virus 
primary receptor is angiotensin-converting enzyme 2 (ACE2),1 
which is expressed in the airway cells, intestinal epithelial cells, 
kidney cells, cerebral neurons and alveolar monocytes, but also in 
the endothelial cells (ECs) that line the vascular lumen; these are 
the most widespread cells in the body and play a pivotal role in 
vascular homeostasis.5 SARS-CoV-2 binding with ACE2 could cause 
over-inflammatory and pro-thrombotic disseminated events. 

COVID-19 binds to human ACE2 in the general population, with 
patients with diabetes and cardiovascular disease being at high 
risk.6  Concern has arisen regarding whether angiotensin receptor 
blockers (ARBs) and ACE inhibitors (ACEIs) increase the morbidity 
and mortality of COVID-19, as ARBs and ACEI upregulate ACE2 
expression.7 There are conflicting data on this topic: it has recently 
been suggested that the ARB could play a protective effect against 
COVID-19 pneumonia. Notably, a confounding parameter is old age, a 
strong predictor of COVID-19-related death, as elderly people are often 
treated with ARBs or ACEIs. To date there is no conclusive evidence 
for ARBs or ACEIs increasing the risk or being beneficial for COVID-19; 
therefore it is not recommended to discontinue these medications.7

The role of oxidative stress in COVID-19

Oxidative stress and an impaired antioxidant system have 
been reported to be linked to the pathogenesis and severity of 
coronavirus infections.8 Redox balance impairment may trigger 
inflammatory responses. In SARS-CoV-1 infection, the viral 3C-like 
protease (3CLpro) was demonstrated to increase ROS production in 
human HL-CZ cells, triggering a 3CLpro-induced apoptosis with the 
involvement of NF-κB signalling.9
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Possible source of oxidative stress

ROS are mainly generated as by-products of cellular aerobic 
metabolism. The mitochondrial electron transfer chain (ETC) 
complexes I and III are the major source of ROS.10 Intracellularly, 
a minor source of ROS production is the activity of cytosolic 
enzymes, including neutrophil NADPH oxidases. However, the 
ultimate source of a massive extracellular ROS production is less 
clear. The ETC and F
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-ATP synthase (ATP synthase) are expressed 

outside the mitochondrion, as suggested by the frequency 
with which these proteins are found in ectopic locations by 
proteomics.11 An extra-mitochondrial oxidative phosphorylation 
has been reported to occur in rod outer segment disks,12 myelin,13 
exosomes,14 plasma membranes of cancer cells,15 human umbilical 
vein endothelial cells (HUVECs)16 and hepatocytes.17 A cell 
surface ATP synthase was also found in lipid rafts of ECs plasma 
membranes, where it was active in ATP synthesis.18 

Thus, ROS production inside and possibly outside the endothelial 
cell, enhanced by hyperglycaemia, could cause the systemic 
damage seen in COVID-19. ED is a key determinant in cardiovascular 
disease and diabetes mellitus, which are frequent comorbidities in 
COVID-19 patients. Insulin resistance could cause abnormalities in 
virus pathogenesis, increasing mortality risk.7 Moreover, SARS-CoV-2 
may exert a direct action on the pancreatic beta cells expressing 
ACE2. Metformin has been shown to improve endothelial function.19 
A high percentage of COVID-19 deaths came from patients with 
altered glucose homeostasis, in turn related to higher expression of 
IL-6. Such higher plasma IL-6 levels in hyperglycemic patients would 
be responsible for the reduced effects of tocilizumab, which targets 
IL-6 receptors, in these patients.20 Optimal glycemic control is a good 
strategy to ameliorate outcomes in high-risk patents7 and it would 
be advisable to assess the impact of hypoglycaemic therapies on 
COVID-19 patients.7 

The answer to the question of why viral damage causes 
microvascular inflammation and thrombosis in predisposed 
individuals would be that a source of ROS (and oxidative stress) 
in the vessel lumen is the ETC in the plasma membrane of the 
ECs. The COVID-19 pathogenic mechanism would be a vascular 
luminal oxidative stress produced by the ectopic ETC in the 
plasma membrane of the ECs, impaired by viral damage. This 
would in turn prime microvascular thrombosis. A pivotal role for 
oxygen as a trigger of ROS production by the impaired ETC can be 
therefore envisaged. This would explain the primary involvement 
of those organs that are more exposed to oxygen: the lung but 
also the kidney and the nervous system. If oxygen availability to 
the impaired ectopic ETC expressed in the plasma membrane 
of the ECs plays a primary role in COVID-19 pathogenesis, 
mechanical ventilation might require a finer tuning of oxygen 
fluxes. The use of costly resources such as prolonged invasive 
ventilation would also benefit, in economic terms, from a deeper 
knowledge of the pathogenesis of the most severe disease 
complications. 
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