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Endothelial dysfunction in COVID-19: an overview of
evidence, biomarkers, mechanisms and potential therapies
Suo-wen Xu 1, Iqra Ilyas1 and Jian-ping Weng 1

The fight against coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 infection is still raging. However, the pathophysiology
of acute and post-acute manifestations of COVID-19 (long COVID-19) is understudied. Endothelial cells are sentinels lining the
innermost layer of blood vessel that gatekeep micro- and macro-vascular health by sensing pathogen/danger signals and secreting
vasoactive molecules. SARS-CoV-2 infection primarily affects the pulmonary system, but accumulating evidence suggests that it also
affects the pan-vasculature in the extrapulmonary systems by directly (via virus infection) or indirectly (via cytokine storm), causing
endothelial dysfunction (endotheliitis, endothelialitis and endotheliopathy) and multi-organ injury. Mounting evidence suggests
that SARS-CoV-2 infection leads to multiple instances of endothelial dysfunction, including reduced nitric oxide (NO) bioavailability,
oxidative stress, endothelial injury, glycocalyx/barrier disruption, hyperpermeability, inflammation/leukocyte adhesion, senescence,
endothelial-to-mesenchymal transition (EndoMT), hypercoagulability, thrombosis and many others. Thus, COVID-19 is deemed as a
(micro)vascular and endothelial disease. Of translational relevance, several candidate drugs which are endothelial protective have
been shown to improve clinical manifestations of COVID-19 patients. The purpose of this review is to provide a latest summary of
biomarkers associated with endothelial cell activation in COVID-19 and offer mechanistic insights into the molecular basis of
endothelial activation/dysfunction in macro- and micro-vasculature of COVID-19 patients. We envisage further development of
cellular models and suitable animal models mimicking endothelial dysfunction aspect of COVID-19 being able to accelerate the
discovery of new drugs targeting endothelial dysfunction in pan-vasculature from COVID-19 patients.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2
infection represents an ongoing public health burden leading to
extensive morbidity and mortality worldwide [1]. SARS-CoV-2
targets the pulmonary system, as well as the extrapulmonary
system [2]. COVID-19 can manifest with myocardial injury
(ischemic heart disease, arrhythmias and cardiomyopathies),
arterial stiffness, liver injury and kidney injury [3].
The vascular endothelium, the innermost layer of blood vessels,

provides a dynamic interface between the circulating blood and
various tissues/organs and thereby maintaining tissue home-
ostasis. Physiological functions of the endothelium include fine
control of vascular tone, tissue hemostasis, barrier integrity,
inflammation, oxidative stress, vascular permeability, and struc-
tural and functional integrity [4]. A number of viral species, such as
dengue, ebola and cytomegalovirus can infect endothelial cells
(ECs) and cause endothelial dysfunction [5]. To date, growing
evidence supports endothelial dysfunction as a unified key
mechanism in the pathogenesis of COVID-19 [6, 7]. Thus, the
endothelium is regarded as the Achilles’ heel in COVID-19 patients
[8]. Histopathological observations demonstrate that COVID-19 is a
(micro)vascular and endothelial disease in which endothelial
dysfunction plays a fundamental role [4, 6, 9–11]. Direct or

indirect mechanism after SARS-CoV-2 infection and the conse-
quent endotheliitis/endotheliopathy incites multiple instances of
endothelial dysfunction, including altered vascular tone, oxidative
stress, inflammation/leukocyte adhesion, endothelial mesenchy-
mal transition (EndoMT), mitochondria dysfunction, virus-induced
senescence, cytokine storm, and coagulopathy [12, 13]. Taken
together, the concerted actions of above factors lead to
dysfunctional status of the vascular endothelium (endothelial
dysfunction) (Fig. 1) [14].
In light of the important contribution of endothelial dysfunction

to COVID-19 and its sequelae, we overviewed, in this article, the
pivotal role and mechanistic basis of endothelial dysfunction in
COVID-19 and its multi-organ complications and markers of
endothelial activation. We also present emerging therapeutic
agents and therapeutic targets which are directed at reducing
the consequence of endothelial dysfunction/endotheliitis/
endotheliopathy.

ENDOTHELIAL FUNCTION AND DYSFUNCTION
The endothelium, the widely-distributed organ of the human
body, is essential for maintaining tissue homeostasis by producing
a variety of vasoactive molecules. These vasoactive molecules
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tightly control the fine balance between vasodilatory and
vasoconstrictory, pro-proliferative and anti-proliferative, pro-
thrombotic and anti-thrombotic, pro-oxidant and antioxidant,
fibrinolytic and anti-fibrinolytic, and pro-inflammatory and anti-
inflammatory responses (Fig. 1). Physiological functions of the
vascular endothelium include: (1) maintenance of barrier integrity;
(2) regulation of vascular tone; (3) regulation of hemostasis; (4)
maintenance of an anti-inflammatory, anti-oxidant and anti-
thrombotic interface; (5) regulation of anti-proliferative properties,
and (6) regulation of cellular metabolism of ATP, glucose, amino
acids, etc. Among these physiological functions, nitric oxide (NO)
represents the key mechanism for maintaining endothelial
homeostasis [2, 15].
NO is one of the most important vasodilatory substances

produced by the vascular endothelium with the action of the
endothelial NO synthase (eNOS) and several cofactors. NO also has
an anti-thrombotic action, by preventing leukocyte and platelet
adhesion to activated endothelium, thereby inhibiting immuno-
thrombosis and atherosclerotic plaque development [15].
Endothelial dysfunction is generally defined as decreased NO

bioavailability and an increase in vasoconstrictory substances
(such as endothelin-1 (ET1), angiotensin II (Ang II) and many
others). The decrease of NO bioavailability occurs partially because
of a decrease in eNOS-derived NO production and enormous
production of reactive oxygen species (ROS), which inactivates
eNOS and causes eNOS uncoupling. ECs are also capable of
counteracting ROS, by increasing superoxide dismutase (SOD),
catalase, glutathione peroxidase, and NRF2-dependent heme-
oxygenase 1 expression [2]. Contemporary definition of endothe-
lial dysfunction has been extended to a constellation of cellular
events including oxidative stress, inflammation/leukocyte adhe-
sion, EndoMT, mitochondria dysfunction, senescence and deregu-
lated endothelial cell metabolism [15].

ENDOTHELIAL DYSFUNCTION AND COVID-19 ASSOCIATED
MULTI-ORGAN INJURY
COVID-19 can present with multiple manifestations arising from
endothelial dysfunction/endotheliopathy as below (Fig. 2) [2, 16].

Acute lung injury
According to the American-European Consensus Conference on
acute respiratory distress syndrome (ARDS), the ARDS is the most
severe form of the acute lung injury [17] as well as ongoing
COVID-19 associated lethality [18]. Pulmonary capillary endothe-
lium provides a fertile “soil” for viral entry, replication, thereby
facilitating viral entry to the circulating blood [19, 20]. SARS-CoV-2
infects the ECs and epithelial cells in lung tissues via angiotensin-
converting enzyme-2 (ACE2) and alternative receptors [21] on host
cells [22]. Interestingly, live SARS-CoV-2 virus and sera from COVID-
19 patients, but not dead virus or spike protein triggers increased
endothelial permeability [20, 23]. Endothelial integrity is essential
for maintaining the pulmonary capillary-alveolar barrier and lung
homoeostasis. COVID-19 is associated with pervasive ECs injury,
increased capillary permeability, infiltration of inflammatory cells
into perivascular tissues, interstitial edema and fluid retention in
alveolar spaces [19]. In addition, the release of inflammatory
cytokines after severe SARS-CoV-2 infection leads to cytokine
storm, tight junction barrier disruption, pulmonary hypertension,
and lung fibrosis [24]. Therefore, emerging therapies targeting
endothelial dysfunction and endotheliopathy are hopeful to
ameliorate COVID-19 associated lung injury [25].

Myocardial injury and myocardial infarction
While COVID-19 primarily affects the lungs, it also affects other
organs, the heart in particular. Mortality of COVID-19 patients is
increased by comorbidities of cardiovascular disease and hyperten-
sion in particular. The most common cardiovascular complications of

Fig. 1 SARS-CoV-2 induced endothelial dysfunction. SARS-CoV-2 infection alters the balance of endothelial protective molecules and
endothelial damaging molecules, leading to endothelial dysfunction. ADMA asymmetrical dimethylarginine, AngII angiotensin II, Angpt-2
angiopoietin-2, CAT catalase, EDHF endothelium-derived hyperpolarizing factor, eNOS endothelial nitric oxide synthase, ET-1 endothelin 1,
GCH1 GTP cyclohydrolase 1, H2S hydrogen sulfide, HO-1 heme oxygenase-1, ICAM1 intercellular adhesion molecule 1, KLF2 krüppel-like factor
2, NO nitric oxide, Nrf2 nuclear factor erythroid 2-related factor 2, PAI-1 plasminogen activator inhibitor 1, PGI2 prostaglandin I2, ROS reactive
oxygen species, SOD superoxide dismutase, TF tissue factor, Thbd thrombomodulin, Tie-2 tyrosine-protein kinase receptor, tPA tissue
plasminogen activator, Tx-A2 thromboxane A2, uPA urokinase plasminogen activator, VCAM1 vascular cell adhesion molecule 1, vWF von
Willebrand factor.
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COVID-19 include arrhythmia, cardiac injury (evidenced by elevated
troponin I, creatine kinase, NT-proBNP levels), coagulation (evidenced
by elevated level of D-dimer), fulminant myocarditis, heart failure and
new-onset atherosclerosis [26]. In these cardiovascular complications,
endothelial dysfunction plays a fundamental role [27]. Mechanisti-
cally, patients with heart failure demonstrate increased ACE2 gene
and protein expression, suggesting that if patients with heart failure
were infected by the virus, they are more susceptible to severe
COVID-19 and develop into a critically-ill conditions [28]. In addition,
COVID-19 is an important risk factor for developing acute myocardial
infarction [29]. Data from multi-center registry support that ST-
segment elevation myocardial infarction (STEMI) patients enrolled
during the first-wave of COVID-19 experience longer time of ischemia
and a higher rate of adverse events [30, 31], suggesting the need for
COVID-19 vaccines. However, data from a small study cohort
demonstrate that the majority of patients with acute myocardial
infarction developed symptoms after COVID-19 vaccinations [32].
Since atherosclerosis is an important cause for coronary artery
disease, it might be of interest to investigate whether COVID-19 can
accelerate the development of endothelial dysfunction and new
onset atherosclerosis [26]. In addition, we need to screen for
atherosclerotic plaque formation in COVID-19 survivors, as there are
no actual clinical data providing the causal relationship between
COVID-19 and atherosclerosis.

Liver injury
COVID-19 is also associated with liver injury. By using high-
resolution confocal microscopy, a recent study has detected the

existence of SARS-CoV-2 viral proteins within the liver sinusoidal
endothelial cells (LSECs) from COVID-19 patient liver tissues [33]. In
addition, C-type lectin receptor L-SIGN, a receptor highly
expressed on LSECs and lymphatic endothelial cells, was identified
as the receptor for SARS-CoV-2 infection and may contribute to
endotheliopathy in the liver [33].
After virus infection, ensuing cytokine storm occurs in severe

COVID-19 patients, particularly the elevated secretion of pro-
inflammatory cytokine interleukin 6 (IL-6). Recent studies have
suggested that LSEC dysfunction is involved in COVID-19 associated
liver injury [34]. A recent study [35] has reported that IL-6 trans-
signaling in LSECs leads to endotheliopathy and liver injury in COVID-
19 patients. The authors observed elevated levels of markers of
coagulopathy/endotheliopathy and liver injury (ALT) in COVID-19
patients. Correlation analysis indicates that the level of IL-6 positively
correlated with the level of markers of endothelial activation (vWF,
factor VIII, and D-dimer). Activation of IL-6 trans-signaling in LSECs
leads to coagulopathy, elevation of pro-inflammatory factors, and
platelet adhesion to LSECs. These effects were blocked by soluble
glycoprotein 130, ruxolitinib, and STAT1/3 depletion. Therefore, IL-6
trans-signaling represents the mechanistic link between the coagulo-
pathy/endotheliopathy and COVID-19 associated liver injury [35]. The
effects and molecular mechanism of COVID-19 on chronic liver injury
require detailed further studies [36].

Kidney injury
SARS-CoV-2 infection can also cause acute kidney injury (AKI). A
recent multi-omics study has revealed that COVID-19 associated

Fig. 2 SARS-CoV-2 infection, endothelial dysfunction and multi-organ injury. Direct SARS-CoV-2 infection or indirect effect arising from
SARS-CoV-2 infection leads to endothelial dysfunction in pan-vasculature, which results in the development of multi-organ tissue injury. SASP
senescence-associated secretory phenotype.
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AKI resembles AKI induced by sepsis, which involves the
mechanism of mitochondria dysfunction, inflammation, necrop-
tosis, capillary congestion and endothelial injury [37]. ACE2 is
highly expressed in renal tissues, the injury of which leads to
proteinuria, hematuria and abnormal renal radiography [38]. Like
other types of organ injury, SARS-CoV-2 infection causes AKI by
both direct and indirect mechanisms, including endotheliitis,
thrombosis and glucolipid derangement.

Other injuries
In addition to the above-mentioned organ injuries, COVID-19 also
leads to neuropathy [39], redox imbalance and mitochondria
dysfunction which may underlie neurological complications of
COVID-19 [40]. SARS-CoV-2 can cross the blood brain barrier
without affecting the expression of tight junctions (claudin5, ZO-1
and occludin) [41]. It is noted that even in convalescent COVID-19
patients undergoing rehabilitation, cognitive impairment and
endothelial dysfunction still exist, indicating the necessity to
monitor endothelial dysfunction in convalescent patients [42].
COVID-19 is also associated with acute limb ischemia [43],
reproductive system injury, such as erectile dysfunction [44],
stroke and deep vein thrombosis [11].

ENDOTHELIAL DYSFUNCTION IN SARS-COV-2 INFECTION:
EVIDENCE
An important question in endothelial dysfunction caused by SARS-
Co-V2 is whether SARS-CoV-2 can infect and cause (passively or
actively) endothelial dysfunction and long COVID [7]. There are
multiple lines of evidences suggesting the involvement of
endothelial dysfunction in COVID-19 [45]. The evidence discussed
below support both a direct mechanism (virus infection via ACE2,
L-SIGN and other receptors) and indirect mechanisms (such as
cytokine storm) are involved in SARS-CoV-2 infection associated
endothelial dysfunction (Fig. 3).

Expression of ACE2, L-SIGN and TMPRSS2
It is appreciated that SARS-CoV-2 infection can trigger systemic
vascular injury through binding to ACE2. ACE2 is an important
component of the renin-angiotensin-aldosterone system (RAAS)
by converting vasoactive AngII into Ang (1–7). ACE2 is described
as the first identified receptor responsible for the entry for SARS-
CoV-2 into host cells including ECs [46]. Analysis of ACE2
expression in autopsy tissues indicates that high expression of
ACE2, transmembrane protease serine 2 (TMPRSS2) and asso-
ciated endotheliitis in capillaries but less in arterioles/
venules from COVID-19 patients, compared with COVID-19-free
subjects. Intriguingly, the main coronary arteries have no
detectable expression of ACE2, suggesting the occurrence of
COVID-19-induced endotheliitis in small vessel like capillaries;
however, the culprit in the main coronaries are largely
dependent on indirect mechanism arising from SARS-CoV-2
infection [47].
It is reported that under normal conditions, pulmonary ECs

express minimal level of ACE2. Heterogeneous ACE2 expression
and endothelial damage was observed in COVID-19 autopsy
tissues. SARS-CoV-2 infection relies on ACE2 expression in ECs [48].
In addition, with the progress of aging, the expression of ACE2 was
increased in the pulmonary vascular ECs with the possible
involvement of interleukin 7 via an NF-κB-dependent manner,
which can be blocked by Vitamin C [49]. Also, CD209L/L-SIGN was
identified as another receptor for mediating SARS-CoV-2 entry into
human cells which can also interacts with ACE2 to facilitate SARS-
CoV-2 entry [21]. Mechanistically, L-SIGN interacted with high-
mannose-type N-glycans on the receptor-binding domain of
SARS-CoV-2 spike protein in a Ca2+-dependent manner [33].
Further, removal of the N-glycosylation site at N92 of L-SIGN
enhances the binding of S-RBD with L-SIGN [21]. This dual-
function mechanisms suggest the important role of L-SIGN as the
molecular bridge between ACE2 and SARS-CoV-2 spike protein to
allow for virus infection in the patients.

Fig. 3 Evidence of SARS-CoV-2 induced endothelial dysfunction. SARS-CoV-2 or viral proteins can infect endothelial cells and other host
cells via reported receptors and the vicious cycle was perpetuated. The infected cell releases danger signals leading to multiple aspects of
endothelial dysfunction, which finally leads to impaired vascular activity and multi-organ injury. ACE2 angiotensin-converting enzyme-2, AXL
AXL receptor tyrosine kinase, EndoMT endothelial-to-mesenchymal transition, NO nitric oxide, SASP senescence-associated secretory
phenotype.
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However, there are also reports showing that ACE2 expression is
absent from human ECs. For example, one study reported that
primary human ECs express minimal level of ACE2 and the
protease TMPRSS2, which limits their ability to generate highly
infectious viral particles [50]. Based on the evidence presented,
there was heterogenous ACE2 expression in ECs from various
vascular beds. Further identification of alternative receptors for
SARS-CoV-2 is warranted [51].

Viral particles observed in COVID-19 patient tissue endothelium
Several histopathological evidence has supported direct viral
infection of endothelial cells, for example, electron microscopy of
kidney tissues shows the existence of endotheliitis and viral
particles in ECs [52]. Electron microscopy also show coronaviruses
and vesicles containing virion particles in venous ECs [53] as well
as LSECs from liver autopsy samples from COVID-19 patients [33].

Spike glycoprotein of SARS-CoV-2 cause endothelial cell activation
Numerous reports have reported that infection with the spike
protein (S protein) of SARS-CoV-2 virus can elicits profound
functional alterations and damage of ECs [7]. Human lung
microvascular endothelial cells (HLMVEC) are activated after
infection with the S1 protein or S1 infected human macrophages,
evidenced by increased expression of pro-coagulant marker
(tissue factor), and cytokines/chemokines (ICAM-1, VCAM-1 and
MCP1) [54]. Similar effects were observed in ECs infected with
SARS-CoV-2 spike pseudovirions (SCV-2-S) [55]. In addition,
S1 subunit of SARS-CoV-2 spike protein (S1) decreased endothelial
barrier function in cultured human pulmonary microvascular ECs
[22]. Similarly, in human aortic ECs (HAECs) treated with
recombinant SARS-COV-2 S protein, increased secretion of
inflammatory molecules and marker of thrombosis (IL-6, IL-18
and MCP-1 and PAI-1) were observed [56]. Furthermore, spike
protein S1 receptor-binding domain (S1-RBD) infection in mouse
brain microvascular ECs induced the degradation of endothelial
junctional proteins (VE-Cadherin, junctional adhesion molecule-A,
Connexin-43 and PECAM-1), thereby impaired endothelial barrier
function and caused vascular leakage and endotheliitis in COVID-
19 patients [57, 58]. These findings suggest that spike protein
interactions with ECs contribute to inflammation, thrombosis, and
the severity of COVID-19 and could offer novel mechanistic
insights into SARS-CoV-2 induced vascular leakage and the
development of targeted therapies [59].

Nucleocapsid protein of SARS-CoV-2 induced endothelial
activation
In addition to the spike protein, nucleocapsid protein of SARS-
CoV-2 can also promotes endothelial activation via TLR2/NF-κB
and MAPK signaling pathways. However, the NPs from other
coronaviruses such as Middle East respiratory syndrome corona-
virus, SARS-CoV and H1N1 fail to cause endothelial activation,
echoing the observation of endotheliitis, vasculopathy and
coagulopathy in severe COVID-19 patients [45].

ENDOTHELIAL DYSFUNCTION IN COVID-19: MECHANISM
Since the outbreak of COVID-19 in early 2020, emerging evidence
has demonstrated endothelial dysfunction as the unifying and
central mechanism of COVID-19 [6]. Direct or indirect mechanisms
are operating to collectively indicate the alterations in vascular
homeostasis in COVID-19 [54]. Here, we reviewed the potential
mechanism of endothelial activation in COVID-19 by overviewing
the most recent literature, with the aim to provide targeted
therapies (Fig. 3).

Endothelial cell injury and death
COVID-19 is characterized by excessive production of inflamma-
tory mediators (IL-1β, IL-6, IL-8, TNF-α, MCP-1, IP10, RANTES, G-CSF

and M-CSF) in a small portion of severe cases due to the severe
cytokine storm [60–62]. A recent study has shown that markers
associated with endothelial inflammation and injury pathway (IL-6,
TNF-α, ICAM-1 and caspase-1) were observed in the lung tissues
from COVID-19 patients compared with H1N1 subtype 2009 and
control cases [63]. Furthermore, it has been demonstrated that
exosomes from severe COVID-19 patients trigger the activation of
caspase-1 and NLRP3 inflammasome and release of IL-1β in ECs
[64]. A recent study has shown that SARS-CoV-2-infection of
human brain microvascular ECs showed augmented caspase 3
cleavage and apoptotic cell death of endothelial cells. RNA-
sequencing data further revealed the increased expression of
markers of endothelial activation such as RELB (p50 subunit) and
TNF-α [65]. Thus, hyperinflammation and inflammasome activa-
tion associated with SARS-CoV-2 infection will lead to endothelial
cell injury and death (such as pyroptosis).

Endothelial glycocalyx damage/degradation
The glycocalyx is a proteoglycan- and glycoprotein-rich micro-
structure covering ECs essential for maintaining vascular home-
ostasis via regulating vascular tone, permeability, thrombosis and
leukocyte adhesion to endothelium [66]. The glycocalyx consists
of highly sulfated proteoglycans with glycosaminoglycan side
chains. The intact barrier structure of sulfated glycocalyx of the
endothelium could repel SARS-CoV-2. The disrupted glycocalyx
structure leads to hyperinflammatory response and oxidative
stress, which leads to increased susceptibility to SARS-CoV-2
infection [67]. Using force spectroscopy method, a recent study
has revealed the binding of glycocalyx with Spike protein, thus
precluding S protein/ACE2 interaction. However, compromised
glycocalyx integrity promotes S protein/ACE2 interaction and
facilitates viral entry [68]. It has been reported that injury to the
endothelial glycocalyx and the release of syndecan-1 (SDC-1) was
observed in severe COVID-19 patients [69, 70]. Plasma from
COVID-19 patients triggered glycocalyx shedding and disruption
in endothelial cells, which can be prevented after treatment with
heparin [66].
Even in convalescent COVID-19 patients, the level of SDC-1

levels was significantly elevated compared to healthy controls,
demonstrating the existence of persistent endothelial damage
after severe COVID-19 progression [71]. These results indicate that
the healthy status of glycocalyx is critical for maintaining vascular
homeostasis and preventing virus binding. Medications to protect
and/or restore the endothelial glycocalyx integrity hold great
therapeutic potential for COVID-19 associated glycocalyx
disruption.

EndoMT
EndoMT, defined as the loss of endothelial markers/characteristics
(CD31, VE-cadherin and Tie2) and gaining of mesenchymal cell
markers (FSP-1, α-SMA and vimentin), is central to COVID-19
induced lung fibrosis and pulmonary artery hypertension [72, 73].
A recent study has shown the possible involvement of EndoMT in
COVID-19. EndoMT can be induced by cytokine mixture in
cultured endothelial cells, for example, the combination of TNF-
α and IL-1β, IL-1β and TGFβ1, etc. Interestingly, the secretion of
these cytokines is elevated in COVID-19 patients. In terms of the
important role of EndoMT in multiple vascular diseases, further
mechanistic characterization of EndoMT in COVID-19 patients as
well as convalescent patients is urgently needed.

Endothelial hyperpermeability
The existence of cytokine storm could trigger vascular leakage,
endothelial permeability in particular. It is possible that these
cytokines will disrupt the integrity of various types of junctional
proteins, including VE-cadherin, ZO-1, β-catenin and gap junction
proteins. The net consequence is the extravasation of inflamma-
tory and immune cell infiltrations [74]. In line with this finding, a
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recent study has demonstrated that human brain microvascular
endothelial cells (hBMECs) infected with SARS-CoV-2 display
heightened expression of pro-inflammatory cytokines/chemo-
kines/adhesion molecules (such as TNF-α, IL-1β, MCP-1, CXCL1,
CXCL8, CD40, CD44, ICAM1 and VCAM1, etc) and endothelial
activation [75]. Pathway enrichment analysis revealed that SARS-
CoV-2 infection upregulates expression of genes enriched in
signaling pathways relevant to inflammatory response (such as
NF-kappa B signaling pathway, TLR signaling pathway, NLRP3
pathway, NOD-like receptor signaling pathway and
cytokine–cytokine receptor interaction) [75]. Furthermore, SARS-
CoV-2 infection leads to decreased expression of tight junction
protein (ZO-1, occluding and claudin5) and blood brain barrier
permeability [75].

Endothelial inflammation and leukocyte adhesion to endothelium
Increased endothelial inflammation evidenced by the increased
expression of various cytokines/adhesion molecules is a classical
instance of endothelial dysfunction. S protein treatment of HAECs
leads to increased secretion of inflammatory molecules (IL-6, MCP-
1 and IL-18) and PAI-1, which can be attenuated by miner-
ocorticoid receptor antagonists [56]. A recent retrospective study
found that the levels of soluble ICAM-1, VCAM-1 and vascular
adhesion protein-1 (VAP-1) were elevated in COVID-19 patients
and changed during disease progression and regression, raising
the possibility that these inflammatory markers are good index of
endothelial inflammation and dysfunction in COVID-19 [76]. In
addition, spike protein S1-mediated elevation of markers of
endothelial inflammation and injury (including E-selectin, ICAM-
1, VCAM-1 and PAI-1) and THP-1 monocyte adhesion to ECs was
further exacerbated by dihydrotestosterone or TNF-α treatment,
but ameliorated by spironolactone treatment [77]. In vivo, SARS-
CoV-2-infected K18 mice develop severe COVID-19 and endothe-
lial dysfunction in pulmonary vessels suggested by VCAM-1 and
ICAM-1 upregulation and VE-cadherin downregulation [78]. More
recently, it is reported that thrombomodulin level was associated
with augmented infiltration of immune cells in autopsy lung
tissues [79], explaining the existence of thromboembolism in
COVID-19 patients. Resistin is peptide hormone derived from
adipose tissue which is associated with endothelial injury and
inflammatory response. Plasma level of resistin is increased in
COVID-19 patients and associated with disease severity as well as
the expression of inflammatory cytokines (IL-6, IL-8 and MCP-1)
and adhesion molecules (ICAM1 and VCAM1) [80]. One universal
mechanism of endothelial inflammation in COVID-19 patients is
plausibly associated with the downregulation of KLF2 [81], a
master regulator of vascular homeostasis.

Increased angiogenesis
SARS-CoV-2 infection with lung microvascular ECs leads to the
release of pro-inflammatory and pro-angiogenic factors [82]. In
support of this finding, significantly higher level of angiogenesis
was observed in lung tissues from COVID-19 patients, compared
with patients with influenza [83]. In addition, plasma profiling
study of patients with COVID-19 revealed elevated circulating
levels of markers of angiogenesis (such as VEGF-A) in COVID-19
patients [84]. The elevated VEGF-A level further promotes
endothelial leakage and inflammatory cell infiltration [19]. The
spatio-temporal release of VEGF-A and its effects on endothelial
proliferation, migration and capillary-like tube formation warrant
further study.

Increased oxidative stress and decreased NO bioavailability
Mitochondria is an important organelle that regulates antioxidant/
redox signaling, by fine-tuning mitochondria-derived reactive
oxygen species (mtROS) production. Excessive production of
mtROS causes oxidative stress that perpetuates ECs inflammation,
senescence and dysfunction. A recent review has proposed the

detailed mechanism of SARS-CoV-2 induced mtROS production
and the consequence of it, including cardio-pulmonary injury
associated with COVID-19. In addition to mtROS, other sources of
ROS can also be possible, such as ROS derived from NADPH
oxidase activation as well as eNOS uncoupling [85]. The burst of
ROS after SARS-CoV-2 infection will elicit long-term deleterious
effects on endothelial cells, including decreased eNOS expression
and NO bioavailability as well as flow-mediated vasodilation in
COVID-19 patients.

Virus-induced senescence of endothelial cells
Endothelial senescence is an important aspect of endothelial
dysfunction. Infection with various types of viruses, including
SARS-CoV-2, can trigger endothelial senescence. Cellular senes-
cence is a primary stress response in virus-infected endothelial cells.
Like other types of cell senescence, virus-induced senescence is
associated with senescence-associated secretory phenotype (SASP),
which is evidenced by increased secretion of pro-inflammatory
cytokines, pro-coagulatory factors and VEGF. Elevated level of VEGF
in senescent ECs and COVID-19 patients are potent trigger of
increased angiogenesis in patient tissues, underlying the clinical
utility of anti-VEGF treatment for COVID-19 patients [86, 87]. The net
effect of SARS-COV-2 infection induced senescence and angiogen-
esis is potentially dependent on stage of disease. Combinatorial
treatment of human ECs with TNF-α and IFN-γ increased the
expression of ACE2, the receptor mediating viral entry via JAK/
STAT1 pathway [13]. Moreover, supernatant from virus-infected
cells can trigger neutrophil extracellular trap formation and platelet
activation [88]. A recent study has shown that increased levels of
cellular senescence-associated markers, including PAI-1, p21 and
sirtuin-1 in patient serum as well as lung ECs [89]. Cellular
senescence was also associated with endothelial inflammation
(augmented expression of ICAM-1 and VCAM-1), which is essential
for promoting leukocyte adhesion to activated endothelium.
Pharmacological inhibition of senescence or SASP can reverse
endothelial inflammation and leukocyte adhesion. Therefore,
primary endothelial cell senescence or secondary senescence
caused by SRAS-CoV-2 infected non-ECs can be exploited as a
new therapeutic target for ameliorating COVID-19 associated
endotheliitis [90].

Cytokine storm
Besides directly infected by SARS-CoV-2, the ECs also undergo
injury by systemic inflammation caused by over-activation of
innate immune response, referring to “cytokine storm” [91, 92].
Severe COVID-19-induced cytokine storm (such as IL-6, IL-1β, TNF-
α, MCP-1, etc) is a good predictor of the severity of COVID-19,
which also aggravates multi-organ injury by propagating the
vicious cycle of ECs damage, inflammation and thrombosis [93].

Impairment of mitochondrial function
Mitochondrial dysfunction usually occurs after viral infection,
thereby exacerbating tissue damage. A recent study has demon-
strated that SARS-CoV-2 infection increased superoxide anion
production, and mitochondrial DNA (mtDNA) release, leading to
the activation of TLR9 and NF-B, which orchestrates the expression
of inflammatory genes [94]. However, blockade of TLR9 signifi-
cantly mitigated SARS-CoV-2-induced IL-6 release and reversed
SARS-CoV-2-induced eNOS downregulation. In addition, mtDNA
release also increased vascular reactivity to ET1 [94]. Of transla-
tional significance, COVID-19 patients derived serum also
increased mtDNA release in ECs, compared to control subjects.
This study highlights the novel role of mitochondria dysfunction in
SARS-CoV-2 infection-induced endothelial dysfunction and the
potential to develop novel therapeutic strategies for COVID-19
based on mtDNA/TLR9 and NF-B activation [94]. Another recent
study has demonstrated that, SARS-CoV-2 infection in human
brain microvascular ECs increased the secretion of angiogenic
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factors and altered mitochondrial dynamics, such as increased the
expression of mitofusin-2 (a protein involved in a maintenance of
an appropriate mitochondrial architecture, metabolism and
signaling) and fostered the formation of mitochondrial networks
[65].

Complement activation
Recent studies have demonstrated that complement activation is
associated with SARS-CoV-2 infection induced inflammation,
endothelial injury, hypercoagulability and thrombosis [95]. Con-
sistent with this notion, elevated level of C3a in severe COVID-19
patients induced the activation of CD16+ cytotoxic T cells which
promotes endothelial injury and the release of monocyte
chemoattractant proteins as well as neutrophil activation [96].
These evidences suggest that inhibition of complement pathway
could be an effective strategy to manage endothelial injury/
endotheliitis accompanying COVID-19 [97].

Other new mechanisms
It is well-established that SARS-CoV-2 enters host cells including
ECs via ACE2 and coreceptor TMPRSS2. Recently, miR-98-5p was
identified as a negative regulator of TMPRSS2 gene transcription
in human lung and umbilical vein ECs [98]. Internalization of SARS-
CoV-2 also needs Neuropilin-1, a transmembrane protein with
known angiogenic and immune-modulatory functions. In this
regard, miR-24-3p has recently been identified as an essential
regulator of Neuropilin-1 gene transcription, thereby maintaining
barrier integrity via suppressing VEGF-induced endothelial leakage
in human brain ECs [99].
It remains to be investigated whether other mechanisms that

are more closely related to COVID-19, such as long non-coding
RNA, circular RNA, RNA methylation, microbiota and metabolites,
are involved in triggering endothelial dysfunction following SARS-
COV-2 infection. In addition, due to the fact that trained immunity
in ECs is an important mechanism in propagating endothelial
response to inflammatory/immune insults after prior exposure to
microbial stimuli [100], detailed mechanisms of epigenetic
memory in transducing the SARS-COV-2 infection-induced
immune signal needs further studies.

MARKERS OF ENDOTHELIAL DYSFUNCTION IN COVID-19
When endothelial dysfunction/endotheliopathy/endotheliitis
occurs in COVID-19, several markers of endothelial cell activation

are used for assessing endothelial dysfunction in COVID-19 (Figs. 4
and 5) [101].

Biomarker of endothelial cell activation/injury
It has been reported that the secretion of multiple markers of
endothelial activation/dysfunction is elevated in COVID-19
patients, such as D-dimer (marker of coagulopathy and systemic
thrombosis), vWF (a primary component of coagulation pathway
and mediator of vascular inflammation and thrombo-
inflammation released from Weibel-Palade bodies), factor VIII
(marker of coagulation), PAI-1 (a marker of endothelial damage
and senescence), soluble thrombomodulin (sTM), soluble
P-selectin (marker of platelet and endothelial activation), soluble
ICAM1 (sICAM1, marker of endothelial inflammation), soluble
VCAM1 (sVCAM1, marker of endothelial inflammation),
angiopoietin-2 (Ang-2, marker of angiogenesis and thrombosis),
soluble E-selectin (sE-selectin, marker of endothelial inflamma-
tion), ET1 (a potent vasoconstrictor), VEGF-A (marker of angiogen-
esis and endothelial hyperpermeability), IL-6 and IL-8 (markers of
endothelial inflammation), MCP-1 (marker of endothelial inflam-
mation), resistin (an adipokine associated with endothelial
damage and vasoconstriction), nitrosylhemoglobin (HbNO), lac-
tate, and syndecan-1 (marker of endothelial glycocalyx damage)
[19, 23, 80, 102–106]. In addition, the levels of these endothelial
markers are elevated in intensive care units (ICU) non-survivors
compared to survivors. The levels of biomarkers of endothelial cell
activation/injury well correlate with the expression level of pro-
inflammatory cytokines and chemokines [103]. These evidences
signify their potential prognostic value to predict severity and
mortality of COVID-19 [103, 107]. In addition, reduced flow-
mediated dilation (FMD, an easily obtainable method to assess
endothelial dysfunction) was observed in COVID-19 patients, thus
offering additional markers to serve as the proxy of endothelial
cell activation [108]. The combination of multiple markers could
afford better discriminative ability for diagnosis of coagulopathy
and thromboembolism and are predictive of ICU admission in
COVID-19 patients.

Syndecan-1 and heparanase: markers of glycocalyx damage
The glycocalyx, a protective microstructure layer on the vascular
endothelium, consists of glycoproteins and regulates capillary
homeostasis by controlling vascular inflammation [109]. Glycoca-
lyx layer regulates vascular barrier integrity, leukocyte adhesion,
mechanosensing, mechanotransduction, anti-inflammatory and

Fig. 4 Markers of endotheliitis/injury/endotheliopathy in COVID-19. When endothelial dysfunction occurs, listed markers of endothelial
dysfunction related to endothelial inflammation, thrombosis, glycocalyx damage, vascular tone are widely used. Angpt-2 angiopoietin-2, CCL2
chemokine (C-C motif ) ligand 2, ECs endothelial cells, FMD flow-mediated dilation, HMWM high-molecular-weight multimers, IL-1β
interleukin-1β, IL-6 interleukin 6, PDGF-BB platelet-derived growth factor BB, s-Flt soluble fms-like tyrosine kinase, sICAM1 soluble ICAM1,
sVCAM1 soluble VCAM1, sVE-cadherin soluble vascular endothelial cadherin, TF tissue factor, TNF-α tumor necrosis factor, VEGF-A vascular
endothelial growth factor A, vWF von Willebrand factor.
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anti-thrombotic functions [109]. Emerging evidence has sug-
gested that thinning of endothelial glycocalyx layer is associated
with COVID-19, and thus the glycocalyx integrity was perceived as
an important therapeutic target in COVID-19 [109, 110]. Glycocalyx
degradation and shedding disrupts endothelial junctional stability
and plays a pivotal role in various forms of cardiovascular diseases
[111]. Syndecan-1, an important vascular component of glycocalyx
released after vasculitis and injury, well correlates with the marker
of coagulation (D-dimer) in particular. It represents a potential
biomarker for monitoring disease progression in COVID-19
patients [112]. Syndecan-1 level in patients correlates with the
levels of thrombomodulin, TNF-α and IL-6 and signify higher level
of endothelial inflammatory reactions. Glycocalyx protein compo-
nent can be degraded by degrading enzyme such as heparinase.
Increased heparanase activity and heparan sulphate level have
been observed in plasma derived from COVID-19 patients [113].
However, COVID-19 serum induced glycocalyx destruction was
reversed by a non-anticoagulant heparin fragment [113]. There-
fore, maintaining the integrity of glycocalyx offers new strategies
to combat COVID-19 associated endothelial dysfunction [114].

Circulating endothelial cells (CEC)
Endothelial cell number is determined by the balance of cell
proliferation and cell death. Under physiological conditions, ECs
undergoing apoptotic process are released into circulating blood.
However, after SARS-CoV-2 infection, ECs are detached more
quickly without efficient regeneration [20]. EC depletion from the
luminal surface reduces NO production and impair endothelium-
dependent vasorelaxation [20]. It is reported that COVID-19-
patients had higher number of CECs than COVID-19-free subjects.
Anti-coagulatory or anti-hypertensive drugs treatment before
admission leads to reduced number of CECs, indicating that
COVID-19-associated coagulopathy and endotheliopathy could be
ameliorated by anti-coagulatory or anti-hypertensive therapy
[115]. Likewise, in a retrospective study involving ninety-nine
patients with COVID-19, the degree of endothelial damage was
correlated with disease severity in COVID-19, suggesting that
number of CEC is a good predictor of disease severity [116].
Overall, a plethora of biomarkers of endothelial cell activation

and injury have been proposed and validated preclinically and in

human patients, offering effective diagnostic tools for monitoring
endothelial function in COVID-19. The relationship between
mechanisms and biomarkers of endothelial dysfunction in
COVID-19 is provided in Fig. 5.

THERAPEUTIC AGENTS TARGETING ENDOTHELIAL
DYSFUNCTION IN COVID-19
In addition to rehabilitation and exercise-based approaches [6],
several categories of endothelium-targeted therapies have poten-
tial to ameliorate endothelial dysfunction in COVID-19 patients.
Evidently, based on the cytokine storm in severe or critically ill
COVID-19 patients, targeted inhibition of pro-inflammatory
cytokines, such as IL-1β, IL-6 and downstream signal transduction
pathways appears to be important avenues [93].

Statins
Statins are prescribed as the first-choice treatment for patients
with hypercholesterolemia and coronary artery disease due to
their lipid-lowering and pleiotropic anti-inflammatory, antioxidant,
anti-thrombotic and immune-modulatory effects. Based on these
protective effects, statin may be used as an adjunctive therapy to
mitigate endothelial dysfunction accompanying SARS-CoV-2
infection. However, statin use can also induce the expression of
ACE2, which may potentially increase virus entry [117]. It remains
elusive whether COVID-19 patient should continue or initiate
statin therapy. A meta-analysis revealed the favorable effect of
statins in COVID-19 patients [118]. These data agree with recent
report of the clinical benefits of statin therapy in lowering the risk
of mortality of COVID-19 [119]. Mechanistic studies in cultured
human ECs suggest that COVID-19 induced endothelial inflamma-
tion and monocyte adhesion was ameliorated by atorvastatin and
KLF2 overexpression, suggesting the possible utility of KLF2
activator in suppressing COVID-19 associated endothelial dysfunc-
tion [120]. In another study, nucleocapsid protein (NP) of SARS-
CoV-2 promotes endothelial cell activation via the pro-
inflammatory TLR2/NF-κB and MAPK signaling pathways, which
can be attenuated by simvastatin treatment. These results suggest
that statins can be exploited to treat COVID-19 patients by
mitigating endotheliopathy [45, 121].

Fig. 5 Relationship between markers and mechanisms of endothelial dysfunction in COVID-19. ACE2 angiotensin-converting enzyme-2,
TMPRSS2 transmembrane protease serine 2, ICAM-1 intercellular adhesion molecule 1, VCAM-1 vascular cell adhesion molecule 1, MCP1
monocyte chemoattractant protein-1, TGF-β transforming growth factor β, VEGF vascular endothelial growth factor, NO nitric oxide, IL-1β
interleukin-1β, IL-6 interleukin 6, TNF-α tumor necrosis factor.
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Metformin
It is well-recognized that patients with type 2 diabetes mellitus
(T2DM) present with increased COVID-19 severity and poorer
clinical outcomes compared with non-diabetic subjects [122].
Diabetes/hyperglycemia further exacerbate pre-existing endothe-
lial dysfunction and hyperinflammation in COVID-19 patients.
Metformin represents the first-line therapy for T2DM [123]. The
pleiotropic effects of metformin help to control hyperglycemia,
inhibit viral entry, and reduce inflammation following SARS-CoV-2
infection. The polypharmacological profile of metformin makes it a
promising candidate drug to be repurposed for controlling
inflammation tsunami in diabetic COVID-19 patients [124]. Thus,
metformin could be beneficial in reducing the mortality and
composite outcomes in COVID-19 patients with T2DM [125]. A
retrospective study in COVID-19 patients with pre-existing T2DM
indicated that metformin treatment was associated with the
occurrence of acidosis as well as reduced heart failure and
inflammation. This study provides additional clinical evidence
supporting continuation of metformin use in COVID-19 patients
with pre-existing T2DM by paying close attention to kidney
function and acidosis [126].

SGLT2 inhibitors
SGLT2 inhibitors are rising stars in cardiovascular and diabetic
arena due to prominent cardiorenal benefits in several large-
scale clinical trials [127]. SGLT2 inhibitors can reduce the
composite endpoint of cardiovascular death and HF hospitaliza-
tions in heart failure patients either with reduced ejection
fraction or preserved ejection fraction. In COVID-19 patients,
heart failure and myocardial injury are frequent complications,
underscoring the clinical utility of SGLT2 inhibitors [128]. In light
of the multiple endothelial protective effects exerted by SGLT2
inhibitors [127], this type of drug hold promises to treat COVID-
19 patients with T2DM. Large-scale clinical trials are warranted
to evaluate whether the use of SGLT2 inhibitors can reduce the
mortality and hospitalizations for heart failure in COVID-19
patients with or without T2DM.

Heparin
A recent randomized clinical trial has shown that heparin treatment
was not significantly associated with reduction of primary outcome,
but associated with decreased odds of death at 4 weeks [129]. The
primary pharmacological target of heparin could possibly be the
endothelial glycocalyx, which is an important microstructure in
endothelial cells, essential for maintaining vascular homeostasis by
regulating vascular tone, barrier integrity, preventing leukocyte
adhesion and thrombosis. Increased glycocalyx components (after
damage or destruction) were observed in COVID-19 patients
compared with control subjects. In cultured endothelial cells,
patient plasma also induced glycocalyx shedding and ROS
production, which can be prevented by low molecular weight
heparin [66]. Inhibition of heparanase by a non-anticoagulant
heparin fragment prevented glycocalyx destruction in response to
COVID-19 serum treatment [113]. In addition, heparan sulphate, as
the major component in the glycocalyx, can also regenerate
glycocalyx and promote the effective restoration of homeostatic EC
gap junction [111]. All the above evidence pinpoints the protective
effect of heparin in COVID-19 could largely be attributable to
glycocalyx-stabilizing effect.

ACEIs/ARBs/ET-1 receptor blocker/ACE2 agonists
Both SARS-CoV and SARS-CoV-2 utilizes ACE2 and membrane-
bound co-factors for virus entry. ACE2 is highly expressed in many
major organs/tissues, including the heart, lung, kidneys. ACE2 can
also undergo shedding and the soluble form of ACE2 (sACE2) can be
released into circulating blood. ACE2 is a key regulator of RAAS by
catalyzing the production of Ang-(1–7) from AngII, and the Ang-
(1–7) can act on MAS receptor to combat the harmful effects caused

by activation of RAAS [87, 130]. In this regard, ACE2 downregulation
and the disrupted balance between the RAAS and ACE2/Ang-(1–7)/
MAS axis may also contribute to multiple organ injury in COVID-19
[87, 130]. SARS-CoV-2 causes ACE/ACE2 balance disruption and
RAAS activation, which leads ultimately to COVID-19 progression,
especially in patients with comorbidities, such as hypertension,
diabetes mellitus, and cardiovascular disease. Therefore, ACE2
expression may have paradoxical effects, aiding SARS-CoV-2
pathogenicity, yet conversely limiting viral infection [87, 130].
It is initially conceived that ACE inhibitors (ACEIs) or Ang-II

receptor blockers (ARBs), two widely-used anti-hypertensive drugs
targeting the renin-angiotensin system (RAS), could increase the
vulnerability to SARS-CoV-2 by upregulating the expression of
ACE-2. Unexpectedly, propensity score-weighted analysis showed
that treatment with ACEI/ARB was not significantly associated with
the occurrence of defined end-points. Instead, ACEIs/ARBs
discontinuation is associated with poorer clinical outcomes. In
another translational study, treatment of human pluripotent stem
cell-derived endothelial cells (hECs) with SARS-CoV-2 leads to
enriched gene program involved in immunity, inflammation and
viral response (such as TNF-α, IFNs and NF-κB signaling pathway).
However, pre-treatment of ECs with losartan (belonging to ARB)
and lisinopril (belonging to ACEI), fail to affect the susceptibility of
hEC to SARS-CoV-2 infection [131]. These findings agree with a
recent retrospective analysis by Zhang et al. [132] and the expert
recommendations from the professional cardiovascular societies,
supporting that ACEIs and ARBs does not alter SARS-CoV-2
infection and should not be discontinued in COVID-19 patients
[133]. In addition, a recent study has shown that circulating level
of ET-1, a potent vasoconstrictive peptide, was elevated in
hospitalized patients with acute phase of COVID-19, indicating
that ET-1 receptor blockers could potentially offer clinical benefits
for COVID-19 patients [104].
It has been recently reviewed that restoration of balanced

effects between the RAAS and ACE2/Ang-(1–7)/MAS could be a
promising way to ameliorate multi-organ injury associated with
COVID-19 [130]. Treatment of virus-infected human lung micro-
vascular endothelial cells (HMVECs) with diminazene aceturate (an
ACE2 agonist) reverses SARS-CoV-2 infection-induced hyperper-
meability, indicating the possibility that ACE2 agonism indeed
stabilizes endothelial barrier integrity without affecting viral
uptake into ECs [23]. ACE2 agonism also blocks VEGF-A mediated
pro-angiogenic signaling endothelial hyperpermeability. The
protective role of ACE2 agonism in suppressing angiogenesis
and maintaining endothelial integrity in COVID-19 warrant further
investigation [19].

Glucocorticoids (e.g., dexamethasone)
Several large-scale clinical trials have suggested that glucocorticoid
drug dexamethasone treatment is beneficial for COVID-19 patients
[134]. Severe COVID-19 patients had significantly higher levels of
glycocalyx disruption (endocan and syndecan-1), endothelial
damage (angiopoietin-2 and vWF), and inflammation (upregulation
of soluble receptor for advanced glycation end-products, IL-6, ICAM-
1 and VCAM-1). Dexamethasone treated group exhibited a
significantly decreased levels of various markers associated with
endothelial dysfunction, including Ang-2, ICAM-1, and sRAGE [135].
The effect of glucocorticoids on COVID-19 might be multifactorial,
and their endothelium-stabilizing properties by direct activation of
endothelial glucocorticoid receptors to block production of IL-6 and
VEGF might be the main operating mechanisms [19].

Tocilizumab
Activated cytokine storm and IL-6 signaling has been observed in
endothelial dysfunction during bacterial infection and SARS-CoV-2
infection [92]. IL-6 directly impacts vascular ECs by promoting the
production of numerous cytokines/chemokines/adhesion mole-
cules essential for promoting leukocyte adhesion, vascular leakage
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and activating the coagulation cascade [136]. The PAI-1 level in
COVID-19 patients were as highly elevated compared with other
cytokine release syndrome (sepsis or ARDS). Treatment with a
humanized anti-IL-6 receptor antibody-tocilizumab, decreased the
PAI-1 level and alleviated critical illness in severe COVID-19 patients.
This study highlights the crucial role of IL-6 trans-signaling in
endothelial dysfunction/endotheliopathy in COVID-19 [137]. Further
studies revealed that tocilizumab inhibited the expression of
senescence markers (p21 and p16), ROS generation as well as
endothelial adhesion molecule mediated leukocyte adhesion [90].
Tocilizumab also protects against endothelial dysfunction by
increasing glycocalyx thickness and reducing the burden of
inflammation and oxidative stress. All these reported effects could
justify the curative effects of tocilizumab on COVID-19 [138].

Anakinra
IL-1β is an important cytokine released during cytokine storm in
COVID-19 as well as its post-acute sequelae [91, 139]. It is well-
known that IL-1β induces the expression of itself and other pro-
inflammatory and pro-adhesive molecules, such as TNF-α, leading
to the amplification of cytokine storm. A recent study has shown
that SARS-CoV-2 infection in humanized K18-hACE-2 mice
activates the NLRP3 inflammasome, followed by caspase-1 and
IL-1β activation [140]. This leads to decreased expression of VE-
cadherin in lung endothelial cells. Anakinra, by blocking inter-
leukin 1 receptor, prevented VE-cadherin downregulation and
lung vascular leakage. By doing so, anakinra significantly increased
the survival rate of infected mice [140]. Anakinra treatment
reduced both the need for mechanical ventilation in patients
admitted to ICU and mortality of severe COVID-19 patients, with
good safety profile [141], especially in patients with CRP
concentrations >100mg/L [142].

Colchicine
Colchicine is an ancient and low-cost drug isolated from Chinese
herbal medicine. Colchicine is an anti-inflammatory drug tradi-
tionally used in gout and familial Mediterranean fever [143, 144].
Recent studied have shown that colchicine is able to reduce the
length of stay in hospitalized COVID-19 patients with the possible
mechanism of inhibition of NLRP3 inflammasome and resultant IL-
1β production [143, 144].

JAK inhibitors
JAK/STAT pathway is a canonical pathway in driving inflammation.
Inflammatory cytokines, such as IL-6, promotes JAK and STATs
phosphorylation [145]. After that, STATs translocate into cell nucleus
to orchestrate the expression of inflammatory cytokines, further
instigating the cytokine storm feedback loop. The SARS-CoV-2
structural and non-structural proteins promote virus entry and its
survival in host cells. Cytokine storm in COVID-19 can trigger
inflammation via the JAK/STAT pathway, which results in increased
recruitment of leukocytes/immune cells [146]. However, several JAK/
STAT inhibitors such as ruxolitinib, tofacitinib and baricitinib can
suppress cytokine signaling cascade. Several clinical trials are ongoing
to evaluate the safety and efficacy of JAK/STAT inhibitors [146].

Senolytics
Virus-induced senescence is a pathogenic trigger of endothelial
dysfunction. The levels of senescent markers, such as PAI-1, p21 and
sirtuin-1 in the plasma and lung ECs are elevated. Senolytic drugs
such as navitoclax and quercetin/dasatinib combination selectively
eradicated senescent cells and reduced inflammation in SARS-CoV-
2-infected animals [89]. The therapeutic potential of senolytics in
COVID-19 patients warrants studies from clinical trials.

L-Arginine
COVID-19 is an endothelial disease in which endothelial dysfunc-
tion played a major role. L-arginine improves endothelial

dysfunction by being the substrate of NO generation in
endothelial cells. In a randomized clinical trial, L-arginine add-on
therapy significantly reduces the length of hospitalization in
severe COVID-19 patients and reduces the need of respiratory
support, with no serious adverse events [147].

Fluvoxamine
Recent randomized clinical trials revealed that treatment with
fluvoxamine (a selective serotonin reuptake inhibitors, SSRI)
reduced the need for COVID-19 hospitalization, reduced mortality
and improved outcome over 15 days [148–150]. Mechanistically,
fluvoxamine is a sigma-1 receptor (S1R) agonist which, on the one
hand, reduces the expression of IL-6, while increasing that of
eNOS. On the other hand, S1R agonism by fluvoxamine activates
Akt-eNOS signaling in mouse aorta in a S1R-dependent manner.
These findings suggest that fluvoxamine can be repurposed as
novel anti-COVID-19 drugs although further studies are warranted
to assess the therapeutic potential of fluvoxamine in patients
[151].

Vitamin C
Vitamin C is an essential, safe and inexpensive nutrient [152]
that has anti-oxidant, anti-infectious, anti-inflammatory, anti-
thrombotic and immune-modulatory effects [153]. In a single-
center observational study, 82% of critically ill COVID-19 patients
have significantly lower plasma level of vitamin C [154].
Therefore, supplementation with high dose intravenous vitamin
C (HIVC) could hold therapeutic potential for COVID-19 patients.
HIVC improves myocardial injury via decreasing biomarkers
associated with inflammation in critically ill COVID-19 patients
[155]. HIVC also protect against severe COVID-19 by decreasing
the rates of mechanical ventilation and cardiac arrest in
hospitalized severe patients [156]. Vitamin C consumption
significantly reduces mortality risk with COVID-19 patients
[157]. Furthermore, HIVC in combination with other drugs such
as giammonium glycyrrhizinate, decreased the incidence rate of
ARDS in COVID-19 patients [158]. Despite the observed
benefits of HIVC, conflicting results have been reported in
severe COVID-19 patients [159]. Data from randomized con-
trolled clinical trials are scarce. Therefore, the therapeutic role of
JIVC in treating severe COVID-19 patients warrants further
investigation [160].

Traditional Chinese medicine (TCM)
TCM has a well-documented safety profile in protecting against
COVID-19 on the basis of standard care. TCM could significantly
relieve clinical symptoms, reduce disease severity, reduce the
need for mechanical ventilation, shortening the duration of
hospitalization, accelerate symptom recovery, and ultimately
reduce mortality rate [161–164]. Till now, several TCM have
shown good therapeutic effects in COVID-19, such as Lianhua
Qingwen, Xuebijing Injection, Shuanghuanglian, Jinyinhua and
Qingfei Paidu Decoction [161–164]. These studies illustrated that
TCM in combination with standard care might be safe and
potentially effective for COVID-19. However, conclusions need to
be analyzed with caution due to small sample size [165]. It remains
to be investigated further whether TCM ameliorates COVID-19
partially by improving endothelial function.

Others
In addition to the above drugs discussed, there are several other
reports showing that serine protease inhibitors (camostat
mesylate), KLF2 activators [120], RIPK3 inhibitors [166], spirono-
lactone [77], glycocalyx repairing drugs [67], purified glycosami-
noglycan mixture sulodexide [167], CCR5 blockers (Maraviroc),
anti-VEGF (bevacizumab [168]), adrecizumab [169], mesenchymal
stem cell therapy [170], estrogen [171], melatonin [172] and NO
donor [173] could also be beneficial (Fig. 6).
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES
It has been increasingly appreciated that COVID-19 is not only an
infectious disease involving the lung; but also, a vascular disease
affecting extrapulmonary organs [174]. Endothelial dysfunction-
induced endotheliitis/endothelialitis/endotheliopathy following
SARS-CoV-2 infection arises from a plethora of physiopathological
mechanisms, including both direct mechanism of virus infection

or indirect mechanisms such as paracrine effects of infected cells
[2, 68]. Studies in the past two years altogether provide important
mechanistic insights into the pathogenesis of COVID-19 and yield
promising new therapeutic targets (Fig. 7). Although current
pharmacotherapies against acute and post-acute COVID-19 mainly
centered on blocking viral replication and limiting inflammation/
inflammasome activation, it is likely that novel therapeutic

Fig. 6 Therapies targeting endothelial dysfunction in COVID-19. Based on the important role of endothelial dysfunction in COVID-19,
several categories of endothelial protective drugs are possible to ameliorate endothelial dysfunction in COVID-19. These drugs include lipid-
lowering drugs, anti-hypertensive drugs, anti-diabetic drugs, anti-VEGF agents, anti-coagulatory drugs, antioxidants, anti-inflammatory drugs
and others. ACE2 angiotensin-converting enzyme-2, ACEI angiotensin converting enzyme inhibitors, ARB angiotensin receptor blockers, BRD4i
bromodomain-containing protein 4 inhibitors, JAK janus kinase, SGLT2i sodium-glucose cotransporter-2 inhibitors.

Fig. 7 Potential therapeutic targets in COVID-19 induced endothelial dysfunction. These targets are directed at improving oxidative stress,
endothelial inflammation/inflammasome, senescence, fibrosis, cell death, thrombosis, coagulopathy, angiogenesis, EndoMT and immunity
mechanisms. BRD4 bromodomain-containing protein 4, CD31 cluster of differentiation 31, CXCLs chemokine (C-X-C motif ) ligands, EndoMT
endothelial-to-mesenchymal transition, eNOS endothelial nitric oxide synthase, ET-1 endothelin 1, FN fibronectin, GCLC glutamate-cysteine
ligase catalytic subunit, GCLM glutamate-cysteine ligase modifier subunit, HO-1 heme oxygenase-1, IL-1β interleukin-1β, IL-6 interleukin 6, JAK
janus kinase, KLF2 krüppel-like factor 2, MCP-1 monocyte chemoattractant protein-1, NF-κB nuclear factor-kappa B, NLRP3 NLR family pyrin
domain containing 3, NO nitric oxide, NQO1 NAD(P)H quinone oxidoreductase, Nrf2 nuclear factor erythroid 2-related factor 2, PAI-1
plasminogen activator inhibitor 1, RIG-I retinoic acid-inducible gene I, RIPK3 receptor-interacting protein kinase 3, SMA smooth muscle actin,
STAT3 signal transducer and activator of transcription 3, TLR toll-like receptor, TLR9 toll-like receptor 9, TNF-α tumor necrosis factor, VCAM1,
vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.
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approaches targeting endothelial dysfunction could represent a
promising strategy to cardiovascular sequelae in COVID-19
convalescent patients [6] in light of elevated circulating level of
biomarker soluble P-selectin in COVID-19 convalescent donors
compared to healthy controls [175]. Antiviral therapies and
effective vaccination reduce viral load and could potentially offer
endothelial protection in perivascular spaces [19]. Further out-
standing questions and research directions in the realm of
endothelial dysfunction and COVID-19 include the following:

(i) The development of assays of assessing endothelial function
in long COVID-19 patients and convalescents, such as
brachial artery flow-mediated dilation (FMD) and arterial
stiffness [carotid-femoral pulse wave velocity (cfPWV)]; This
aspect is important considering the recent observation
showing the decreased FMD in patients with COVID-19
stemming from expression of inflammatory cytokines/
chemokines [176];

(ii) Cellular and animal models of evaluating endothelial
dysfunction in COVID-19 to accelerate drug discovery;

(iii) The therapeutic potential of specialized pro-resolving lipid
mediators, such as resolvin D1, resolvin E1, aspirin-triggered
resolvin D1 in resolving cytokine storm induced inflamma-
tory responses can be pursued;

(iv) The identification of alternative receptors for SARS-CoV-2
infection into different vascular beds beyond known ones
(such as ACE2, AXL and L-SIGN) remain to be identified;

(v) Drug repurposing or high-throughput drug screening to
identify new drugs targeting endothelial dysfunction in
COVID-19;

(vi) The role of epigenetic modification arising from DNA
methylation and histone modification and long-lasting
epigenetic memory effects caused by SARS-CoV2 infection
in long COVID (post–acute COVID-19 syndrome) remain to
be evaluated [7];

(vii) Metabolic disturbance has been shown to be associated
with the pathogenesis of COVID-19 [177]. To this end, lactate
production from glycolysis pathway serves as a useful
biomarker of EC barrier dysfunction [106]. Molecular under-
pinnings of metabolic alterations caused by SARS-CoV-2
infection warrants further studies;

(viii) Lastly, considering the evolving mutations of SARS-CoV-2
(such as Delta variant and Omicron variant), effect and
mechanism of these variants in viral entry and endothelial
functionality warrant further studies.

Collectively, based on the multifaceted nature of endothelial
dysfunction and complex patho-mechanisms of COVID-19, it
warrants to be evaluated whether directly targeting endothelial
dysfunction could result in a clinically significant improvement in
outcome of COVID-19 patients.
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