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ABSTRACT

Endothelial cell (EC) dysfunction contributes to COVID-19—associated vascular inflammation and coagulopathy, and the angioten-
sin-converting enzyme 2 (ACE2) receptor plays a role in EC dysfunction in COVID-19. To expand the understanding of the role of
the ACE2 receptor relative to EC dysfunction, this review addresses (1) tissue distribution of the ACE2 protein and its mRNA
expression in humans, (2) susceptibility of the capillary ECs to SARS-CoV-2 infection, and (3) the role of EC dysfunction relevant
to AGE2 and nuclear factor-kB in COVID-19.
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variety of receptors are expressed on the endothe-

lial cell (EC) surface, performing vital functions to

maintain vascular homeostasis. Furthermore, ECs

serve as antigen-presenting cells and play an
important role in the immune response. Conversely, EC dys-
function resulting from angiotensin-converting enzyme 2
(ACE2) and vitamin D receptors contributes to coronavirus
disease 2019 (COVID-19)-associated vascular inflammation
and coagulopathy.”? Studying severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) in a primate model,
Koo et al showed that the development of COVID-19
caused acute interstitial pneumonia with endotheliitis in the
lungs.3 These findings strengthen the implications of EC
dysfunction in COVID-19. Herein, we provide a review of
endothelial receptors that induce or modulate EC dysfunc-
tion in COVID-19.

ENDOTHELIAL DYSFUNCTION RELATED TO THE ACE2
RECEPTOR IN COVID-19

Since ACE2 was identified as the functional receptor for
SARS-CoV,* the outbreak of SARS-CoV-2 in Wuhan,
China, ignited a new investigation of ACE2. Important com-
monalities between SARS-CoV and SARS-CoV-2 exist,
including the use of the ACE2 receptor for entry into host
cells.”® However, unlike SARS-CoV, the SARS-CoV-2
receptor-binding domain has a 10- to 20-fold higher ACE2
binding affinity.”” Upon infection by a virus, cells of the
host can present surface receptors as pattern recognition
receptors (PRRs) to detect molecules that are shared by
pathogens but distinguishable from host molecules as patho-
gen-associated molecular patterns (PAMPs). With COVID-
19, the ACE2 receptor is a PRR and can be used by alveolar
cells of the lung and ECs of blood vessels to recognize a
PAMP. As a result, ACE2 leads to diffuse alveolar damage
through COVID-19 pneumonia, as well as multiorgan
involvement, all of which originated from EC dysfunction in
the initial phase of infection.'

TISSUE DISTRIBUTION OF ACE2 PROTEIN AND ITS MRNA
EXPRESSION IN HUMANS

ACE2 protein and its mRNA expression display ACE2
on human tissues. Hamming et al detected ACE2 protein in
ECs from arteries and veins, as well as on lung alveolar epi-
thelial cells and enterocytes of the small intestine.*
Therefore, the localization of ACE2 protein in the lung,
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immune organs, and systemic small vessels makes it a pri-
mary target of SARS-CoV-2. Additionally, Lely et al found
ACE2 in tubular and glomerular epithelium as well as in vas-
cular smooth muscle cells and ECs of interlobular arteries in
healthy controls. They also found neoexpression of ACE2 in
glomerular and peritubular capillary endothelium in samples
from patients with renal disease/transplants.'” Li et al
reported that the lowest ACE2 expression was in the blood
vessels, blood, spleen, bone marrow, and brain, whereas the
highest was in the heart, kidneys, small intestine, testis, thy-
roid, and adipose tissue. The lungs, colon, liver, bladder, and
adrenal gland had mid-level expression.® Chen et al found
that Asian women had significantly higher ACE2 expression
than men and other racial/ethnic groups.” Additionally, they
determined that ACE2 expression had an inverse relationship
with age and that it was significantly lower in patients with
type 2 diabetes mellitus. Their results suggest a negative cor-
relation between ACE2 expression and viral infection, an
argument that is supported by women’s lower observed rate
of COVID-19-associated death.>!! Regardless of sex, higher
levels of ACE2 may improve the prognosis of COVID-19 by

reducing inflammation and thrombosis."?

SUSCEPTIBILITY OF THE BLOOD VESSELS TO SARS-COV-2
INFECTION

Like the epithelial cells of the respiratory tract, vascular
ECs also use ACE2 as a cellular receptor to bind the viral
spike protein of SARS-CoV-2. The respiratory tract is sus-
ceptible to viral infection, and thus the lungs are believed to
be the main target organ of SARS-CoV-2. However, the
blood vessels are susceptible to SARS-CoV-2 infection as
well. The density of ACE2 receptors is inversely related to
COVID-19 mortality. While the virus uses ACE2 for entry,
the ACE2 receptor itself is necessary for the pulmonary vas-
culature to respond to and survive acute respiratory distress
syndrome (ARDS). This pathophysiology explains why the
infection is fulminant in those with a reduced density of
ACE2 receptors, including the elderly and those with comor-
bidities. Conversely, those on antecedent angiotensin-con-
verting enzyme inhibitors with chronically upregulated
ACE2 have relative protection from COVID-19 mortality.'?

Using human endothelial cells in vitro, Zhang et al deter-
mined that ACE2 protects endothelial function and inhibits
the inflammatory response. Specifically, they found that
ACE?2 inhibited monocyte adhesion to human umbilical vein
ECs and was associated with reduced monocyte chemo-
attractant protein-1 (MCP-1), vascular cell adhesion mol-
ecule-1 (VCAM-1), and E-selectin protein.12 Fraga-Silva
et al evaluated the role of ACE2 in thrombus formation in a
spontancously hypertensive rat and showed that ACE2 is
protective against thrombosis.'* They highlighted the func-
tion of Ang II as a prothrombotic agent that induces inflam-
matory/profibrotic ~ pathways and Ang-(1-7) as an
antithrombotic peptide.'* ACE2 cleaves Ang II to Ang-(1-

7), which exerts vasodilating, antiinflammatory, and

263


https://ce.bswhealth.com/Proceedings2020
https://ce.bswhealth.com/Proceedings2020
mailto:ce.org

antifibrotic effects.’ Additionally, Ang-(1-7) can increase the
antiplatelet agent nitric oxide and prostacyclin synthesis."*

The susceptibility of the blood vessels is also relevant to
the renin-angiotensin system (RAS), a regulator of vascular
function. Within the RAS pathway, Ang I-converting
enzyme (ACE1l) and ACE2 balance local vasoconstriction
and vasodilation through the ACE1/Ang-II/Ang II type 1
axis and ACE2/Angl-7/MAS axis, respectively, with a high
ACE2/ACE1 being  protective  against EC
dysfunction.'’

It is of interest to know whether the abundant expression
of ACE2 in the vascular system may serve as a route of
spread and replication, and whether SARS-CoV-2 can spread
throughout the body.* In this context, Bourgonje et al stated

ratio

that type II pneumocytes together with the capillary endo-
thelium may be a primary site of SARS-CoV-2 entrance,
resulting in damage to those cells.’ Recently, Lin et al
hypothesized that the clinical manifestation of SARS-CoV-2
may be divided into three phases: the viremia phase, the
acute pneumonia phase, and the recovery phase. In the initial
phase, SARS-CoV-2 may enter the peripheral blood from
the lungs and attack organs expressing ACE2."> Taken
together, it is reasonable to assume that the blood vessels are
susceptible to SARS-CoV-2 infection.

Mollica and colleagues explained that SARS-CoV-2 uses
the ACE2 receptor for cell entry, in combination with the
host’s transmembrane serine protease 2 (TMPRSS2).'
TMPRSS2 is a protein expressed by epithelial cells and
cleaves the viral S glycoprotein, which facilitates viral activa-
tion.® Hence, TMPRSS2 is crucial for SARS-CoV-2’s cell
entry and pathogenesis. Further, expression of TMPRSS2 is
androgen regulated and may explain the differential symp-
tom severity of COVID-19 by gender.!”

ROLE OF ENDOTHELIAL DYSFUNCTION RELEVANT TO ACE2
AND NUCLEAR FACTOR-xB IN COVID-19

Nuclear factor-«B (NF-xB) can activate proinflammatory
genes, contributing to endothelial apoptosis and activation.'®
Additionally, NF-xB regulates the transcription of proin-
flammatory cytokines (tumor necrosis factor [TNF]-«, inter-
leukin [IL]-1B, IL-2, IL-6, and IL-12) and leukocyte
adhesion molecules (E-selectin, VCAM-1, and ICAM-1).’

Li et al demonstrated that lipopolysaccharide (LPS) admin-
istration decreased ACE2 expression in the lungs, caused severe
lung injury (inflammation, edema, and hemorrhage), and
resulted in elevated TNF-o: and IL-113 levels in bronchoalveolar
lavage fluid in an animal study.”® Conversely, ACE2 overex-
pression suppressed the inflammatory response and mitigated
the LPS-induced lung injury. Further, they found that while
LPS administration increased phosphorylation of NF-xB p50
and p65 and decreased Ix B-o expression, overexpression of
ACE2 suppressed the phosphorylation and enhanced IxB-u

. 20
expression.
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COEXISTENCE OF ACE2 NEW ENDOTHELIAL DYSFUNCTION
AND PREEXISTING ENDOTHELIAL DYSFUNCTION

Escher et al first demonstrated that severe COVID-19
infection is associated with EC activation. The EC activation
in this case is based on the increased von Willebrand factor
(vWF), which indicates massive endothelial stimulation and
damage with release of vWF from Weibel-Palade bodies.”'
Varga et al first provided pathology of EC dysfunction in
COVID-19, as exemplified by findings of viral particles in
ECs and endothelial apoptosis.”* It is thus of interest to
compare the clinical features of patients reported by the two
groups. For the former, the single male case was previously
healthy and the treatment resulted in clinical improvement.
The latter studied samples from three patients; all had hyper-
tension, one was also a renal transplant recipient with coro-
nary artery disease, and another had diabetes and obesity.
The two patients with the greatest comorbidity loads died
from multisystem organ failure and circulatory failure,
respectively. Because EC dysfunction is frequently present in
patients with hypertension, atherosclerosis, diabetes, and
obesity, these case studies’ differences raise fundamental
questions regarding ACE2-induced EC dysfunction in the
former vs preexisting EC dysfunction in the latter.'” The
coexistence of two categories of EC dysfunction could
increase severe capillary permeability and cause a procoagu-
lant state and EC apoptosis, leading to endotheliitis in many
organs (systemic vasculitis), as well as venous thromboembol-
ism. Therefore, the coexistence of new EC dysfunction com-
bined with preexisting EC dysfunction could partially
account for differences in morbidity and mortality in
COVID-19.

SUSCEPTIBILITY OF CAPILLARY ENDOTHELIAL CELLS TO
COVID-19 INFECTION

Throughout vascular beds, ECs’ ability to express adhe-
sion molecules and modulate coagulation varies.”> For
example, capillary ECs strongly express major histocompati-
bility complex classes I and II and ICAM-1, whereas large
vessel ECs express little or none.”” Further, differences in
biomarkers associated with EC activation may be partially
explained by differences in the endothelial functional pheno-
type of capillaries and small and large blood vessels. For
example, E-selectin expression has been observed in small- to
medium-sized veins, but not in the aorta. Further, it has
been shown to be preferentially expressed by cytokine-acti-
vated capillary ECs, yet large vessels constitutively express it.
This indicates that capillary ECs may be more susceptible to
immune attack.*

Buja et al summarized 23 autopsy reports from individu-
als who died from COVID-19 across five centers in the
United States. The most prominent morphological feature of
COVID-19, other than distinctive acute interstitial pneumo-
nia with diffuse alveolar damage, was microvascular damage
across several body systems, resulting in multiorgan failure.

Pulmonary pathology revealed fibrin-rich thrombi in
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capillaries and small blood vessels.* Although some small
thrombi were observed in a few small pulmonary artery
branches, the pulmonary arteries at the hilum in the lungs
had none. Endothelial dysfunction manifested as increased
vascular permeability, resulting in thickened alveolar capilla-
ries, vascular leakage leading to edema and hemorrhage, and
capillary leakage leading to fibrinous exudates, fibrin precipi-
tate, fibrin deposition in and outside capillaries, and fibrin
thrombi within capillaries and small vessels, such as micro-
thrombi in pulmonary arterioles and fibrin-platelet thrombus
in renal glomerular capillaries.** In addition, EC dysfunction
may also result in entrapped neutrophils within alveolar
capillaries.”* Hence, the special functional phenotype of
capillary ECs may partially account for the susceptibility of
capillary ECs to COVID-19 infection. This observed path-
ology may be explained by the hemagglutination that occurs
as SARS-CoV-2’s spike protein attaches to red blood cells via
adhesion molecule CD147.%

INDUCTION OF EC DYSFUNCTION IN COVID-19 THROUGH THE
NF-KB PATHWAY

The precise pathways by which SARS-CoV-2 binding
with the ACE2 receptor induces EC dysfunction are still not
clear, but likely involve the NF-kB pathway. In view of dif-
fuse pulmonary EC injury leading to impairment of the
alveolar-capillary barrier and increased microvascular perme-
ability in the pathogenesis of ARDS, Li and colleagues used
Sprague-Dawley rats and pulmonary microvascular ECs to
investigate whether up-regulation of ACE2 expression pre-
vents LPS-induced pulmonary inflammation and cytotoxicity
via the mitogen-activated protein kinase (MAPK)/NF-kB sig-
nal pathway. Their results showed that the ACE2/Ang-(1-7)/
Mas axis prevents LPS-induced apoptosis of pulmonary
microvascular ECs by inhibiting phospho-c-jun N-terminal
kinases (JNK)/NF-kB pathways.*® As previously discussed,
ACEl and ACE2 balance vasoconstrictive (ACE1/Ang-11/
AT1-axis) and vasodilator (ACE2/Angl-7/MAS-axis) actions
in the RAS.'"?® ACE2 is expressed in the endothelium,
lung, heart, intestine, and kidney as well as the epithelial cells
of oral mucosa and the tongue.'" Following SARS-CoV-2
infection, ACE2 is down-regulated, resulting in ACEL/
ACE2 imbalance, RAS activation, cytokine storm, immune
response, increased permeability, edema, fibrosis, and throm-
bosis.'" Further, the ACE1/ACE2 pathway is suggested in
ARDS because inflammation, blood coagulation, and fibrin-
olysis occur from an activated RAS.%¢ Libby and Liischer
reiterated that COVID-19 is an endothelial disease, high-
lighting cellular events (thrombosis, fibrinolysis, balance
between vasodilation and vasoconstriction, balance between
proinflammation and antiinflammation, balance between
prooxidant and antioxidant, barrier function, and cytokine
storm) in COVID-19.?

Recently, Hariharan et al indicated that an activated NF-
kB pathway is involved in patients with severe COVID-19
symptoms, particularly those who are elderly and/or have
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metabolic syndrome (obesity, type 2 diabetes, and athero-
sclerosis).”® Various cells, including the cardiovascular system
and other organs in COVID-19, could undergo activation of
NE-«B.*® Hirano and Murakami suggested that SARS-CoV-
2 itself activates NF-kB via PPRs, and thus hyperactivation
of the NF-kB pathway is involved in the phenotype of
COVID-19.” Consistent with this, in 2016, de Wit et al
pointed out that the NF-kB pathway is involved in the
pathogenesis of SARS-CoV and Middle East respiratory syn-
% They elucidated that the innate
immune response is activated by the detection of PAMPs,
and this occurs via a host’s PRRs. Following PRR-mediated
detection of a PAMP, the resulting interaction of PRRs with
mitochondrial antiviral-signaling protein activates NF-xB
through a signaling cascade involving several kinases.
Activated NF-xB translocates to the nucleus, where it indu-
ces the transcription of proinflammatory cytokines.”® One of

drome coronavirus.

the major pathways for NF-kB activation after coronavirus
infection is the myeloid differentiation primary-response pro-
tein 88-dependent pathway in the early phase of NF-xB
activation, which leads to the production of inflammatory
cytokines.”® It also regulates innate and adaptive immune
functions, involving CD4" T-helper cells.”’ NF-kB triggers
EC activation and makes the endothelium more susceptible
to apoptosis, but protective, antiinflammatory genes help
regulate activation and apoptosis.”

As illustrated in Figure 1, imbalance between NF-kB and
its protective gene, NF-kB inhibitor-a (IkB-a), induces EC acti-
vation, followed by EC apoptosis and EC necrosis. Therefore,
a possible sequence in the pathogenesis of EC dysfunction is
activation of NF-kB, followed by the release of proteins by acti-
vated EC and morphologic derangement. The interactions
among the alterations of pathophysiology (e.g., cytokine storm,
proinflammation, procoagulation, vasodilatation, increased vas-
cular permeability, barrier disturbance, and acute phase
response) eventually lead to irreversible endothelial injury and
result in clinically relevant complications, such as COVID-
19-associated endotheliitis, coagulation, and thrombus.

SIMILAR PATHWAYS OF THE ACE2 RECEPTOR AND OTHER
ENDOTHELIAL RECEPTORS RESPONSIBLE FOR INDUCTION OF
EC DYSFUNCTION

Endothelial receptors share similar characteristics in the
induction of EC dysfunction. In view of previous EC dysfunc-
tion in preexisting comorbidities, we hypothesize that a cross-
talk of pathways between ACE2 and other receptors may tran-
spire and that unexpected signal transfers in those pathways
may occur. It is reported that coronaviruses have been shown
to involve three MAPK pathways for viral pathogenesis: the
JNK, the P38 MAPK, and the extracellular signal-regulated
kinase (ERK1/2) pathway.”® The P38 MAPK pathway regu-
lates the translation of TNF-o and IL-1p, which can activate
NF-kB noncanonically.”® Interestingly, it was reported that
P38 MAPKs mediate cross-talk activation of NF-xB signal-
ing.”> Of particular importance in this context is that
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COVID-19 endotheliitis: Lymphocytic endotheliitis in the lung, heart, kidney, liver, and small intestine.
COVID-19 coagulopathy and thrombosis: Micro thromboembolism event, thrombotic microangiopathy,
pulmonary thromboembolism, acute portal vein thrombosis, venous thromboembolism

Figure 1. Proposed nuclear factor-xB (NF-kB) pathway by which angiotensin-converting enzyme 2 (ACE2) receptors induce endothelial dysfunction in COVID-
19. The balance of NF-kB and its protective gene (IkB-a) maintain endothelial quiescence under normal conditions, but after SARS-Cov-2 binds with ACE2
receptors on the surface of endothelial cells (ECs) and NF-kB activation, the IkB-a genes are insufficient to counteract the action of NF-kB, and ECs become
activated. If uncontrolled, ECs progress to apoptosis, necrosis, and endothelial dysfunction. The EC phenotypic changes via the NF-xB pathway result in the
release of a variety of molecules/proteins (e.g., IL6, IL8, TNF-related activation protein; E-selectin, P-selectin, ICAM-1, VCAM-1, PECAM-1; D-Dimer, vWF, TF,
PAT-1; iNOS, nitrotyrosine; PECAM-1, MadCAM-1, JAM-1, Cav-1; CECs, EMPs; CRP, PTX3). These molecules can directly act on ECs to induce a cytokine
storm, inflammation, coagulation, vasodilatation, increased vascular permeability, barrier disturbance, and acute phase response. This endothelial injury can
clinically manifest as COVID-19-associated endotheliitis, coagulopathy, and thrombosis. Note that D-dimers are not released from activated ECs and they are
one of the fragments produced when plasma cleaves fibrin to break down clots.

inhibition of p38 could be used as a therapeutic approach for
COVID-19 to attenuate proinflammatory cytokines (e.g., IL-
6, TNF-o, and IL-1f).> This principle is based on SARS-
CoV-2 inducing inflammation by directly activating p38,
while downregulating inflammation by inhibiting p38. Two
mechanisms may be involved: (1) Ang II signals proinflamma-
tory, provasoconstrictive, prothrombotic activity through p38
MAPK activation, which is countered by Ang 1-7 down-regu-
lation of p38 activity; and (2) SARS-CoV-2 may directly
up-regulate p38 activity via a viral protein.”® Furthermore, ele-
vated p38 MAPK activity in the endothelium has been impli-
cated in platelet aggregation, arterial thrombosis, and
apoptosis of endothelial cells.”

The purinergic P2Y; receptor (P2Y;R) on ECs induces
EC activation and mediates leukocyte adhesion and TNF-a
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production.®® The other purinergic receptors, P2X7 and
P2X4, are also involved in high glucose and palmitate-medi-
ated EC activation and EC dysfunction.” Exposure of
human umbilical vein ECs to high glucose and palmitate
causes activation of P2X7 and P2X4, which results in
increased intracellular reactive oxygen species and reduced
endothelial nitric oxide synthase, which contribute to EC
dysfunction.”® The activation of these two receptors leads to
EC activation via increased expression of IL-6, ICAM-1,
VCAM-1, TL-8, and cyclooxygenase-2.”> A proposed mech-
anism for the EC activation and dysfunction involves activa-
tion of p38-MAPK.>

Heparan sulfate-containing proteoglycan receptors (den-
gue virus receptors) are present on ECs. The interactions of
the receptors with dengue virus induce EC dysfunction
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(endothelial barrier disturbance, vascular leakage, increased
endothelial cell permeability, EC apoptosis, and death).36
NF-kB is known to be activated by infection with dengue
virus because it participates in the regulation of proinflam-
matory mediators, including inducible nitric oxide synthase
(iNOS) and TNEF-o, which play a role in induction of EC
dysfunction. Therefore, the distinct pathway for NF-«B acti-
vation is involved.®” Clausen and colleagues found that hep-
aran sulfate interacts with a component of the spike protein
called the receptor binding domain and that heparan sulfate
promotes the interaction between the spike protein and
ACE2, indicating that SARS-CoV-2 infection depends on
both heparan sulfate and ACE2.%®

Protease-activated receptor-1 (PAR1) is expressed on ECs
and induces endothelial barrier disturbance.”” A postulated
mechanism for the disturbance is attributed to thrombin,
since PARI is the major effector of thrombin signaling in
ECs. Thrombin binds to and cleaves the N-terminus of
PAR1, which unmasks a new N-terminal domain to serve as
a tethered ligand. Therefore, thrombin activation of PAR1 is
responsible for EC dysfunction.39 In addition, endothelial
barrier permeability is affected by thrombin promoting p38
MAP kinase and NF-activation, which increases ICAM-1,
IL-6, IL-8, and MCP1 cytokines in ECs.”?

Safia and colleagues showed that, in vitro, beta-adrener-
gic receptor stimulation reduced EC apoptosis and decreased
the level of reactive oxygen species generation via the NF-
kB/IxBa pathway.”® Their study demonstrated that hyper-
glycemia could be an apoptotic stimulus to trigger NF-xB
release and activation.*°

CONCLUSION

This essay highlights fundamental issues regarding the
endothelial ACE2 receptor as it pertains to EC dysfunction
in COVID-19. Specifically, it reviewed the susceptibility of
capillary ECs to SARS-CoV-2 infection, the coexistence of
new and preexisting EC dysfunction, EC dysfunction in
COVID-19 through the NF-kB pathway, and the cross-talk
of pathways between the ACE2 receptor and other endothe-
lial receptors (e.g., purinergic receptor, heparin sulfate—con-
taining proteoglycan receptor, protease-activated receptor,
and beta-adrenergic receptor). It is of special interest that
both heparan sulfate and ACE2 are necessary for SARS-
CoV-2 infection. Thus, SARS-CoV-2 infection is tightly
linked to endothelial injury and dysfunction, which in turn
promote thrombosis with hemagglutination.
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