
Endothelial dysfunction in COVID-19 calls for immediate
attention: the emerging roles of the endothelium in
inflammation caused by SARS-CoV-2

Weijian Hang1, Chen Chen1, Xin A. Zhang2, Dao Wen Wang (✉)1

1Division of Cardiology, Department of Internal Medicine, and Hubei Key Laboratory of Genetics and Molecular Mechanisms of
Cardiological Disorders, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China;
2Department of Physiology, University of Oklahoma Health Sciences Center, Oklahoma City, OK 73104, USA

© Higher Education Press 2021

Abstract The COVID-19 pandemic has caused numerous deaths around the world. A growing body of evidence
points to the important role of overwhelming inflammatory responses in the pathogenesis of COVID-19 and the
effectiveness of anti-inflammation therapy against COVID-19 is emerging. In addition to affecting the lungs,
COVID-19 can be a severe systemic inflammatory disease that is related to endothelial dysfunction. We are calling
for closer attention to endothelial dysfunction in COVID-19 not only for fully revealing the pathogenic mechanism
of COVID-19 but also for properly adjusting the strategy of clinical intervention.
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Introduction

COVID-19 has now become a severe pandemic and caused
over 2 243 638 deaths worldwide as of February 2, 2021.
Although the majority of patients with COVID-19 show
mild to moderate symptoms, approximately 15% of
patients progress to critical illness clinically [1]. For
most physicians, the prominent characteristic of severe
COVID-19 cases is severe pneumonia and respiratory
dysfunction that ultimately leading to the death of the
patients. However, emerging pieces of evidence suggest
that overwhelmed and uncontrollable inflammatory
responses that are partially attributable to virus-triggered
immune response have become the determining factor in
the horrible clinical development of COVID-19 [2].
SARS-CoV-2, which is the pathogen of COVID-19, is a

coronavirus. A total of 38 species of coronavirus exist,
among which only 7 species, including SARS-CoV and
MERS-CoV that have both caused global public health
emergencies, infect human beings. Angiotensin converting
enzyme 2 (ACE2) has been proven to act as the receptor of

SARS-CoV and SARS-CoV-2 by interacting with spike
proteins (S proteins), the key for viruses to enter cells [3].
Notably, compared with that of SARS-CoV, the S protein
of SARS-CoV-2 possesses higher ACE2 affinity; this
difference may partially account for extremely high
infectious capability of SARS-CoV-2 [3].
Interestingly, recent single cell sequencing (scSeq) data

suggest that the high expression level of ACE2 in pericytes
may cause endothelial dysfunction during SARS-CoV-2
virus infection [4]. After the 2003 SARS pandemic, several
reports revealed that the SARS coronavirus can enter the
endothelium and induce endothelial inflammatory
response to contain viral spread [5]. Hence, the relation-
ship between endothelial function and inflammatory
response in the situation of the COVID-19 pandemic can
be reasonably considered. Evidence showing that COVID-
19 is related to massive endothelial dysfunction [6] and
flooding inflammation [7] is accumulating.

Clinical evidence of endothelial injury

As indicated by scSeq data, organs with high ACE2
expression, such as the lungs, heart, kidneys, and liver, are
predicted to be susceptible to SARS-CoV-2 infection.
Indeed, patients with COVID-19 have already been
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reported to develop fulminant myocarditis, hepatitis, and
kidney injury [8]. Excellent reviews on the extrapulmonary
manifestations of COVID-19 are available elsewhere [7].
The pathological findings in autopsy cases of patients with
COVID-19 emphasized lung injury, which ranges from
severe lung blood vessel congestion, monocyte and
lymphocyte infiltration, focal hemorrhage, and interstitial
fibrosis [9]. Focal hemorrhage underlines damaged
endothelial barrier function and severe vascular leakage,
which indicates the involvement of endothelial dysfunc-
tion. Recently, Varga et al. also discovered the presence of
viral particles in the endothelium via electron microscopy,
providing direct pathological evidence for the involvement
of endothelial dysfunction in COVID-19 [10]. Once the
endothelium is damaged, coagulation is initiated due to the
coagulation cascade. Han et al. reported that the coagula-
tion function of patients with COVID-19 is significantly
disturbed compared with that of healthy controls [11]. A
single-center, cross-sectional study also revealed that
endotheliopathy and abnormal coagulation function are
related to critical COVID-19 illness and death [12].
Deranged coagulation function also indicates endothelial
impairment. A recent single-center, cross-sectional study
demonstrated that the markers of endothelial injury,
including thrombomodulin, soluble P-selectin, and
CD40L, in patients with COVID-19 in the ICU are
significantly elevated compared with those in non-ICU
patients [12]. This is the first study to the authors’
knowledge to give strong evidence that COVID-19 can be
considered as an endotheliopathy.
In addition to clinical evidence, experimental evidence

for coronavirus-related endothelial dysfunction has been
obtained from the mouse model of murine hepatitis virus
(MHV), a well-established experimental model of corona-
viruses. After MHV infection, the expression of inter-
leukin-6 (IL-6) is upregulated by 16-fold in the hepatic
endothelium [13]. IL-6 is an important proinflammatory
cytokine that is predominantly elevated in patients with
severe COVID-19 [1]. Hence endothelial dysfunction, at
least partially, possibly participates in inflammatory
response in COVID-19. In addition, endothelial dysfunc-
tion may be a common phenomenon in viral infection
given that in fulminant myocarditis caused by parvovirus
B19, the microvascular architecture undergoes extensive
angiogenesis; this phenomenon results in the formation of
tiny holes on the endothelium via corrosion casting [14].
Newly formed vasculature in angiogenesis may provide an
additional avenue for viruses to invade into tissues.

Endothelial dysfunction and inflammatory
response

Patients with severe COVID-19 have considerably higher
levels of inflammatory cytokines than patients with non-

severe COVID-19 or noninfected healthy people [2].
COVID-19-caused death has become, at least partially,
accepted to be the consequence of cytokine storms given
that a large amount of cytokines, including TNF-α, IL-1,
and IL-6, are upregulated in patients with severe COVID-
19 [2]. Although the exact cause(s) of cytokine storms
have yet to be unrevealed, cytokine storms aggravate the
clinical situation of the patients. Some clinical trials are
now investigating the possibility of using cytokine or
cytokine receptor antagonists, such as tocilizumab, an IL-
6R antagonist, to treat severe COVID-19 [15]. The
endothelium senses viral invasion through TLRs and
activates IL-6 expression, which further damages endothe-
lial function and helps viral spread [16]. This phenomenon
indicates that the endothelium is also an important source
of IL-6.
In addition to IL-6, upregulated cytokines and chemo-

kines further promote the expression of adhesion mole-
cules and draw lymphocytes for infiltration into tissue by
ameboidism, which is observed in the pathological
analysis of the lungs, hearts, livers, and kidneys of patients
with COVID-19. However, lymphopenia is another
characteristic of COVID-19 [1] that worsens the situation
given that a reduced number of antiviral effectors, and even
remaining lymphocytes, behave abnormally due to cyto-
kine storms and are incapable of migrating to target sites
[17]. Viral infection also induces NO expression by
endothelial eNOS or iNOS. Whether NO is involved in
SARS-CoV-2 infection remains to be confirmed.
The integrity of the endothelium is vital to preventing

viral spread. However, molecules, such as VE-cadherin,
which forms the endothelial tight cell junction, are
dysregulated by cytokine storms, and this effect supports
the infiltration of lymphocytes, as well as viruses, through
the endothelium into tissues. Meanwhile, SARS-CoV-2
may directly invade into the endothelium and cause
endothelial death, which thereby augments endothelial
permeability and initiates aberrant reactions to prevent
leukocyte recruitment and extravasations. Viral infection
can also promote angiogenesis [14]. The involvement of
angiogenesis in SARS-CoV-2 infection has yet to be
confirmed.
The receptor for advanced glycation end products

(RAGE) has been recently reported to be transactivated
in angiotensin II (AngII)-induced endothelial inflammation
[18]. ACE2 is considered as the major receptor of SARS-
CoV-2 and is capable of degrading AngII into Ang1-7.
Hence, RAGE may be relevant to the disruption of the
AngII/ACE2 pathway. In fact, a recent study that analyzed
the peripheral blood mononuclear cells (PBMCs) of
patients with COVID-19 revealed that the ligand of
RAGE, S100A2, is significantly upregulated in the
PBMCs of patients [19]. RAGE is highly abundant in
type-I alveolar epithelial cells in the lung [20], partially
indicating that RAGE may also participate in the
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inflammatory response in COVID-19.
Hence, as illustrated in Fig. 1, the endothelium is not

only deteriorated by virus-induced inflammatory response,
but also mediates cytokine response.

COVID-19 treatment by endothelial
protection?

No standard or optimal treatment for COVID-19 exists.
Most of the treatments for viral infections are symptomatic
treatments. Recently, Monteil et al. reported that soluble

ACE2 recombinant protein can inhibit SARS-CoV-2 in
vascular or renal organoids [21]. They highlighted the
importance of vascular function in SARS-CoV-2 infection
and indicated that recombinant ACE2 protein may be a
competitor for endothelial ACE2, hence reducing viral
entry into the endothelium.
Another strategy in designing regimens or developing

drugs is to perturb SARS-CoV-2 landing onto and invasion
into the endothelium. Arbidol, an antivirus-membrane
fusion drug, is widely used in the clinical treatment of
COVID-19 [22]. Several small natural molecules may also
inhibit the attachment of SARS-CoV-2 onto host cells [23].

Fig. 1 Possible mechanisms of endothelial dysfunction in SARS-CoV-2 infection. The endothelium is the barrier between vascular and
parenchymal tissues under the condition of viremia (upper image). However, the virus can directly invade the endothelium and promote
endothelial apoptosis or death, which leads to the disruption of endothelial integrity. The endothelium itself can also secrete cytokine/
chemokine/gas molecules, as well as adhesion molecules, to attract lymphocytes (lower left). Angiogenesis may provide new pathways for
further viral invasion, and lymphocytes can also infiltrate tissues through the endothelium to kill the virus inside (lower right).

640 COVID-19 and endothelium dysfunction



Furthermore, convalescent plasma treatment, which pro-
vides patients with passive immunity and may neutralize
viral particles, is also now used in clinical practice [24].
The investigation of other viral infection models shows

that the vascular endothelium is important to antiviral
effect. Optimized steroid treatment can help preserve
endothelial function and reduce viral titer. In fact, although
still in debate, in those severe type of COVID-19 patients,
short-term steroid treatment is an alternative choice. A
clinical trial on the effectiveness of glucocorticoid therapy
with severe COVID-19 is ongoing [25]. Recently, the
clinical trial RECOVERY, which aims to test the effect of
dexamethasone in hospitalized patients with COVID-19,
revealed that 6 mg of dexamethasone can reduce 28-day
mortality rate among patients receiving respiratory support
[26]. However, considering the side effects of dexametha-
sone, concluding that widely and routinely applying
dexamethasone in the treatment of COVID-19 is a wise
choice is premature [27].
As the barrier between virus and tissue, the endothelium

is vital for the recognition of viral infection and the
prevention of viral spread. Virus-induced endothelial
dysfunction is strongly correlated with inflammatory
response, which also supports the application of anti-
inflammation drugs. Antioxidant drugs, such as vitamin C,
have also been applied in the treatments because oxidative
stress is tightly related to inflammatory response. However,
the real effectiveness of this approach still calls for clinical
trials.
Endothelial dysfunction can lead to coagulation dis-

turbance. Yin et al. reported recently that patients with
severe COVID-19 can benefit from anticoagulant treat-
ment via low-molecule-weight heparin administration
[28]. Adjusting coagulation function may provide further
protection to endothelial function, hence alleviating the
symptoms of patients. Several endothelium-protecting
drugs, including dipyridamole, have been indicated to
have the potential to treat COVID-19 [29].

Hurdles in the research on SARS-CoV-2-
induced endothelial dysfunction

Although endothelial dysfunction is likely contributing to
COVID-19 pathogenesis, the difficulty in establishing the
direct relationship between endothelial dysfunction and
COVID-19 pathogenesis is discouraging. Several factors
account for this uncertainty.
First, tests for the evaluation of endothelial function in

clinical practice are limited, and coagulation function can
only partially reflect endothelial function. New evidence
suggests that thrombomodulin can be a potential endothe-
lial marker for predicting the prognosis of patients with
COVID-19; however, this marker still needs further
validation in a multicenter study [12]. Knowledge of

SARS-CoV-2, although accumulating, remains limited
given that SARS-CoV-2 is a new virus. Animal models for
SARS-CoV-2 are still undergoing optimization. Lu et al.
recently reported SARS-CoV-2 infection models of
nonhuman primates; these models may accelerate the
investigation of the pathogenesis of this virus and tests for
vaccines or drugs [30]. Although the structural basis of
ACE2 and virus spike protein has been revealed [3], the
whole life process of the virus after invading the
endothelium and finally inducing endothelial apoptosis or
death remains confusing. The endothelium has been
reported to secrete IL-6 [31]. However, the direct trigger
of cytokine storms remains to be clarified. Organoid and
optimized animal models may provide additional informa-
tion regarding endothelial dysfunction and cytokine storms
in the future.

Conclusions

Inflammatory responses and cytokine storms are now
recognized as important players in the pathogenesis of
COVID-19 and are related to endothelial dysfunction
during infection. The high expression of ACE2 in the
endothelium may provide a basis for SARS-CoV-2-
induced endothelial dysfunction. The capability of
responding to viral invasion and secreting cytokines or
chemokines reinforces the possible role of the endothelium
in the development of cytokine storms. Once damaged, the
disturbed integrity of the endothelium may provide an
avenue for the virus to invade parenchymal tissues and
cause the complications of these organs. Endothelial
dysfunction also results in vascular leakage and aberrant
coagulation, which ultimately lead to tissue edema and
hemorrhage and can be observed in pathological analysis.
However, the mechanism(s) responsible for endothelial

dysfunction has not been fully revealed. With the progress
of autopsy research and the accumulation of biosamples of
patients with COVID-19, additional attention should be
paid to the morphological and functional changes of the
endothelium through which supplementary mechanistic
insight into COVID-19 pathogenesis will be gained. Drugs
targeting the maintenance and preservation of endothelial
and coagulation functions can also be considered for
introduction into comprehensive treatments. With the
development of suitable animal models, the role of
endothelial dysfunction in the pathogenesis of COVID-
19 can be further elegantly demonstrated.
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