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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
a new strain of a Coronaviridae virus that presents 79% genetic
similarity to the severe acute respiratory syndrome coronavirus,
has been recently recognized as the cause of a global pandemic by
the World Health Organization, implying a major threat to world
public health. SARS-CoV-2 infects host human cells by binding
through the viral spike proteins to the ACE-2 (angiotensin-
converting enzyme 2) receptor, fuses with the cell membrane,
enters, and starts its replication process to multiply its viral load.
Coronavirus disease (COVID-19) was initially considered a
respiratory infection that could cause pneumonia. However, in
severe cases, it extends beyond the respiratory system and
becomes a multiorgan disease. This transition from localized
respiratory infection to multiorgan disease is due to two main
complications of COVID-19. On the one hand, it is due to the so-

called cytokine storm: an uncontrolled inflammatory reaction of
the immune system in which defensive molecules become
aggressive for the body itself. On the other hand, it is due to the
formation of a large number of thrombi that can cause myocardial
infarction, stroke, and pulmonary embolism. The pulmonary
endothelium actively participates in these two processes,
becoming the last barrier before the virus spreads throughout the
body. In this review, we examine the role of the pulmonary
endothelium in response to COVID-19, the existence of potential
biomarkers, and the development of novel therapies to restore
vascular homeostasis and to protect and/or treat coagulation,
thrombosis patients. In addition, we review the thrombotic
complications recently observed in patients with COVID-19 and
its potential threatening sequelae.
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Role of the Endothelium in
Patients with COVID-19

The endothelium is a dynamic organ
responsible for essential body functions, and it
consists of a single layer of endothelial cells
(ECs) lining the entire vascular system (1). It
regulates systemic blood flow and coagulation,
initiates and amplifies the inflammatory
response, and maintains vascular tone,

structure, and homeostasis (1, 2). Homeostatic
vessel function is crucial and is mediated by
the balanced production of various hormones,
neurotransmitters, and vasoactive factors (3).
Distress to this balance contributes to vascular
injury, dysfunction, and the pathogenesis of
diverse vascular diseases (4) (Figure 1).

To date, in coronavirus disease
(COVID-19), the origin of endothelial
dysfunction is not known. Increasing

evidence suggests the presence of a
direct severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection of
ECs, inducing endothelial damage (5). The
endothelium of arteries and veins appears
to be highly sensitive to SARS-CoV-2
infection. Both arterial and venous ECs and
arterial smooth muscle cells express the
ACE-2 (angiotensin-converting enzyme 2)
receptor (6), being direct targets of SARS-
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Figure 1. Potential mechanisms through which the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has effects on the endothelium.
(A) Healthy endothelium: maintenance of a perfect dynamic balance among different factors that modulate systemic blood flow, coagulation, inflammatory
responses, proliferation, and the oxidative state. (B) Damaged endothelium: the entrance of SARS-CoV-2 into endothelial cells triggers endothelial
dysfunction associated with apoptosis and pyroptosis. Damage is produced by dysregulation of the balance between injury and repair capacity, leading to
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CoV-2 and placing the whole vascular
system at risk of injury. However,
endothelial dysfunction could also
occur secondarily to the activation of
inflammatory and/or coagulation and
complement cascades. It is probable that
both mechanisms take place and prompt
a vast alteration in the patient’s normal
endothelial function. In this review, we aim
to describe recent data related to both
endothelial dysfunction mechanisms.

The physical evidence of SARS-CoV-2
infection arises from observational studies
in postmortem samples. Varga and
colleagues observed the presence of an
immune response within the endothelium
(endotheliitis) and congested small blood
vessels (5). Transmission EM images of the
kidney endothelium from patients with
COVID-19 revealed the presence of
intracellular SARS-CoV-2 viral structures
in ECs (7). Pesaresi and colleagues, also
analyzing EM images, demonstrated
the presence of SARS-CoV-2 particles
contained in vesicles in the extracellular
compartment close to lung smooth muscle
cells in lung, renal, and heart tissues (7).

Vascular walls of different organs of
patients with COVID-19 showed EC
destruction, disruption of intercellular
junctions, cell swelling, and a loss of contact
with the basal membrane (5). Different
mechanisms, such as apoptosis, necrosis, or
pyroptosis, could be the cause of all these
processes. First, apoptosis is defined as a
programmed cell death that includes several
cellular transformations, such as cell
shrinkage, chromatin condensation, and
DNA fragmentation (8). During apoptosis,
the cellular membrane remains intact and
several apoptotic bodies are exposed
on the cellular surface, prompting rapid
phagocytosis to prevent the release of
intracellular content and surrounding tissue
damage or inflammation (4). Second, EC
necrosis causes the loss of cell membrane
integrity and uncontrolled leakage of
intracellular contents into the extracellular
space (8). This triggers an inflammatory
response that attracts phagocytes to the
damaged site and causes tissue injury and
healing inhibition (4). Finally, pyroptosis
shares similarities with and diverges from

both apoptosis and necrosis. In pyroptosis,
cell lysis and inflammation occur, like
during cell necrosis, and membrane blebbing
and caspase are activated in a manner
similar to activation during apoptosis (9).
Although all of these processes have been
proposed to possibly occur in patients with
COVID-19, the vast EC injury observed
seems to be closer to pyroptosis or necrosis
than to apoptosis (10).

A deeper understanding of the cellular
processes behind these endothelial
abnormalities by the use of specific assays
that enable distinguishing between
programmed cell death processes might
shed light on the precise mechanisms that
underlie the pathological changes occurring
in the vascular wall of patients with COVID-
19 as well as on their potentially lethal
consequences.

Potential Biomarkers in
COVID-19

Circulating biomarkers have emerged as
promising noninvasive surrogates that may
provide insights into endothelial functional
status (11). Endothelial extracellular vesicles
(EVs) and endothelial progenitor cells
(EPCs) are examples of such circulating
biomarkers.

Endothelial EVs are particles naturally
released from ECs contained by a lipid
bilayer and carry coding and noncoding
RNA, proteins, DNA fragments, and lipids,
which facilitate cell–cell communication
(12, 13). An increased number of
endothelial EVs has been reported in a
variety of vascularly related disorders (14,
15), and their amounts inversely correlated
with endothelial function (11). A recent
study reported that EVs isolated from the
plasma of patients with COVID-19 carried
high concentration of proinflammatory
cytokines, proteases, and peptidases, which
correlated with disease severity (12). This
suggests that EVs could be important
players in COVID-19 pathophysiology and
disease progression.

Bone marrow–derived circulating
EPCs are progenitor cells mobilized into
the circulation in response to vascular

injury (11). They are involved in the
maintenance of the endothelium and in the
restoration of its normal function (16). A
decreasing number of EPCs has been
established as an independent prognostic
risk factor associated with endothelial
dysfunction and high cardiovascular risk
(17, 18). In patients suffering from severe
sepsis, increased levels of circulating ECs,
both circulating mature ECs (CECs) and
EPCs, have been found, which is consistent
with vascular injury (19).

In addition, recent evidence has shown
that CECs were increased in patients
with COVID-19 compared with healthy
individuals, and their numbers returned
to basal levels after recovery (20).

These early results encourage further
investigation into the role of endothelial
EVs, CECs, and EPCs as biomarkers of
endothelial damage in patients with
COVID-19 and into monitoring their
number and function as markers of the
disease state or the response to therapy.

Endothelial Injury:
Thromboinflammation

Endothelial dysfunction and a subsequent
dysregulation of coagulation and
inflammatory responses represent an initial
and essential step in the vascular clinical
manifestations of patients with COVID-19.
Complement activation, IFN induction (21),
and generation of a proinflammatory
feedback loop induced by SARS-CoV-2
infection are suggested to be important
in the generation of EC damage. As always
in nature, a tight equilibrium is the
key, and like in other fatal respiratory
viruses–associated diseases, COVID-19
very often results in a hyperinflammatory
response with immune dysregulation and
excessive infiltration of inflammatory cells
into the lung tissue. This promotes severe
lung injury and increases the risk of
vascular hyperpermeability, multiorgan
failure, and death (22, 23).

Persistent inflammation impairs
biological anticoagulant activities, altering
the hemostatic equilibrium to favor
an increase of platelet reactivity, EC

Figure 1. (Continued). the release of inflammatory mediators that cause a state of abnormal systemic thromboinflammation, with an increase of oxidative
and proliferative factors. Red arrows indicate EPC mobilization from the bone marrow to peripheral circulation. The black arrow points to the disrupted cell
junctions. Blue arrows indicate increase in the decrease levels of inflammatory mediators and thrombotic factors. The red lightning bolt indicates injury,
cell death (necrosis and pyroptosis). The green check mark indicates vascular homeostasis, and the red cross indicates damaged endothelium.
EMP=endothelial microparticle; eNOS=endothelial NO synthase; EPC=endothelial progenitor cells; NO=nitric oxide; ROS= reactive oxygen species;
TF= tissue factor.
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dysfunction, and thrombus formation (24).
Inflammatory cytokines such as IL-1,
IL-6, and TNF-a are important mediators
involved in coagulation activation by
upregulating prothrombotic factors and
inhibiting fibrinolytic activity (24–26).
Thrombotic and inflammatory mechanisms
are largely interrelated and dependent
on each other, and dysregulation can
develop into a fatal vicious cycle (27).
The mechanisms that combine both
pathways are TF (tissue factor)–mediated
thrombin generation, dysregulation of
anticoagulant production (28), and
reduction of fibrinolysis (26, 29). In natural
conditions, when the levels of thrombin
are increased in the coagulation process,
thrombin interacts with thrombomodulin,
a membrane protein present on
the surface of ECs that promotes
anticoagulation by protein C activation.
In addition, anticoagulant proteins,
such as antithrombin or TFPI (TF
pathway inhibitor), are often impaired
during inflammation, contributing
further to the propagation of coagulation
(30).

Another key enzyme involved in
coagulation is plasmin, which is generated
from plasminogen. It can degrade fibrin
clots. During inflammatory events, TNF-a
and IL-1b proinflammatory cytokines
induce the production of PAI-1, the main
plasminogen activator, in vascular ECs.
Furthermore, platelet a granules also
contain large amounts of PAI-1, which
release upon activation (31). Future
research aiming to identify risk
factors to mitigate processes such as
hyperinflammation and thrombosis are
required to improve the survival of patients
with COVID-19.

Thrombotic Complications in
Patients with COVID-19

Thrombotic complications have been
consistently observed in patients with severe
COVID-19 (32, 33). The loss of even a
small number of ECs due to SARS-CoV-2
infection could lead to disruption of the
endothelial barrier, vascular leakage, and
exposure of TF-expressing cells. This
leads to an abnormal activation of the
coagulation system that provokes small-
vessel vasculitis and microthrombosis (34).
Histological analysis in patients with
COVID-19 has shown alveolar capillary

microthrombi rates 9 times higher
than those of patients with influenza A
pneumonia (35).

A significant increase in blood levels of
D-dimer, generated when cross-linked
fibrin is broken down, and fibrin and
fibrinogen degradation products was
observed among patients with COVID-19
compared with healthy control subjects
(P, 0.001) (36). In a retrospective study,
Guan and colleagues reported that 46.4% of
patients with COVID-19 presented with
high D-dimer concentrations (37). Fogarty
and colleagues also showed that 67% of
their cohort (n= 88) had significantly
higher D-dimer levels (32) (Table 1).
It is been shown that higher levels of blood
D-dimer is an indication of thrombosis,
and its levels correlate with the probability
of having pulmonary embolism (PE) (21).
Patients with severe COVID-19 showed
higher values of D-dimer and fibrinogen
degradation products than those with
milder manifestations (P, 0.05) (33).
However, recent observers noted one
patient with a 10-fold increase D-dimer
levels on admission who did not have
increased IL-6 (38). This suggests
that in some patients, D-dimer levels
might not go hand-in-hand with
systemic inflammation, indicating the
possibility of a primary thrombotic
disease.

Thrombocytopenia has also been
reported in patients with COVID-19,
although abnormalities in prothrombin
time, partial thromboplastin time, and
platelet counts might not be present (39).
Giannis and colleagues reported that 36.2%
of patients with COVID-19 showed
thrombocytopenia that increases with
disease severity (40). Lippi and colleagues
stated that a significantly lower platelet
count was reported in the most severe
COVID-19 cases (41). Besides this, Chen
and colleagues and Huang and colleagues
found thrombocytopenia in patients
COVID-19 (42, 43) (Table 1). The reasons
behind thrombocytopenia in patients with
COVID-19 might be 1) bone marrow
failure and reduced platelet production, 2)
increased platelet damage due to viral
antigens attached to platelet surface, and/or
3) platelet aggregation and formation of
thrombi that lower the number of
circulating platelets (44). Further studies
are needed to determine the role of the
platelets in the thrombotic complications in
patients with COVID-19.

Pulmonary Thrombosis in
Patients with COVID-19

Distinct coagulopathies have been described
to be related to COVID-19, such as venous
thromboembolism (VTE) and disseminated
intravascular coagulation (DIC) (45, 46).

VTE
Deep vein thrombosis (DVT) is the
formation of a blood clot inside the deep
veins, usually in the leg. If the thrombotic
embolism moves toward the lungs, it can
develop into PE. VTE is the combination
of both procedures. Recent data suggest
that around 30–70% of patients with
COVID-19 who are admitted to the ICU
develop blood clots in the deep veins of
the legs or lungs (47, 48). Helms and
colleagues found that 18% of patients
with COVID-19 present thromboembolic
complications, including PE (16.7%)
and DVT (2%), among others (49). Klok and
colleagues reported a 27% rate of VTE in
patients with COVID-19, although their
study did not have a systematic assessment
(47). Cui and colleagues showed a 25%
incidence rate of VTE using a systematic
assessment in patients with COVID-19 but
without thromboprophylaxis (50). This
study reports that D-dimer levels of 1,500
ng/ml predict with high sensitivity and
specificity which patients will develop VTE.
More recently, Llitjos and colleagues, with
a systematic assessment of VTE using
complete duplex-doppler ultrasound
in patients with severe COVID-19,
reported a 69% incidence rate of VTE
and a 23% incidence rate of PE (48)
(Table 1). Besides this, it has been found
that VTE also happened in a percentage
of patients treated with therapeutic
anticoagulation from admission,
highlighting the thrombogenicity of
COVID-19 (48).

The incidence of coagulopathies during
COVID-19 seems to be high and also rare
compared with the incidence during other
coronaviruses infections. Consistent with
the hypothesis that coagulation activation
may play a role in COVID-19 pathogenesis,
postmortem studies have highlighted diffuse
alveolar damage, edema, and marked
pathological changes specifically involving
the lung microvasculature, including
disseminated microthrombi and significant
hemorrhagic necrosis (51). Wichmann and
colleagues reported that out of the total of
autopsies of patients with COVID-19

PERSPECTIVES

410 American Journal of Respiratory Cell and Molecular Biology Volume 64 Number 4 | April 2021
 



performed (n= 12), 33% of the autopsies
showed massive PE with or without
underlying DVT, despite the absence of a
history of VTE, indicating the possibility of
an in situ pulmonary thrombosis (52)
(Table 1). Male sex, older age (.60 yr), a
history of smoking, dyspnea as an initial
symptom, and the presence of preexisting
comorbidities such as hypertension, type 2
diabetes mellitus, obesity, chronic
obstructive pulmonary disease, and
coronary heart disease, among others,
might contribute to the development of
VTE. All of these involve significant
endothelial dysfunction.

DIC
DIC is observed by the presence of blood
clots throughout the body that could block
small blood vessels. Interestingly, 71.4% of

nonsurvivors of COVID-19 versus 0.6% of
survivors fulfilled the clinical criteria for a
prothrombotic form of DIC, with a median
time from admission to DIC manifestation
of 4 days (33). The American Society of
Hematology has recently named this new
prothrombotic form of DIC “COVID-
19–associated coagulopathy” (53). This new
coagulopathy pattern is characterized by high
levels of D-dimer and fibrinogen. These
patients also present a rise in inflammation
blood markers such as CRP (C-reactive
protein ). CRP has been shown to facilitate
monocyte–EC interactions (54) and to
promote PAI-1 and TF activation. It has been
reported that there are high levels of CRP
in patients with COVID-19 (55). However,
unlike classical DIC, thrombocytopenia in
COVID-19–associated coagulopathy is mild
(platelet count of z1003 109/L) and often

has minimal activated partial thromboplastin
time (APTT) and/or prothrombin time
(56). In alignment with these facts, Ranucci
and colleagues reported higher APTT and
fibrinogen in patients with COVID-19 (57).
Moreover, elevated APTT and prothrombin
time were found by Wu and colleagues (58)
(Table 1).

Currently, the administration of
low-molecular-weight heparin for all
hospitalized patients with COVID-19
in the absence of active bleeding is
recommended as an effective treatment
to prevent the risk of DIC and death.
Tang and colleagues reported lower
mortality rates and a better prognosis
in heparin-treated patients with
COVID-19 than in nontreated patients with
COVID-19 (59). Preliminary data from
Mycroft-West and colleagues suggested

Table 1. Relevant Parameters Related to COVID-19 Development and Severity

Study Ref.

Platelets

CRP

D-Dimer

Other Parameters Incidence of TC

Population
(Nonsevere/

Severe)Nonsevere Severe Nonsevere Severe

Chen et al.
(2020)

42 ↓ — ↑ ↑ — ↓ PT; ↑ Serum
ferritin

— 99

Cui et al.
(2020)

50 � — — ↑ ↑↑ ↑ APTT; ↓ Lymphs 25% VTE 81 (61/20)

Fogarty et al.
(2020)

32 � — ↑↑ ↑ ↑↑ ↑ FIB; ↑ PT — 83 (50/33)

Guan et al.
(2020)

37 ↓ ↓↓ ↑ ↑ ↑↑ ↓ Lymphs — 1,099 (926/173)

Han et al.
(2020)

54 — — — ↑ ↑↑ ↓ AT; ↑ FDP; ↑ FIB — 94 (49/45)

Helms et al.
(2020)

49 � — — ↑ — ↑ FIB; ↑↑ FVII
(50/57); ↑↑ vWF

18% TEC; 16.7%
PE; 2% DVT; 1.6%
CIA; 0.7% LI; 0.7%
MI; 2.7%

150 (0/150)

Huang et al.
(2020)

43 ↓ ↓↓ — ↑ ↑↑ ↑ PT — 41 (28/13)

Klok et al.
(2020)

47 — — — — — — 27% VTE; 21.9% PE 184 (0/184)

Llitjos et al.
(2020)

48 — � ↑↑ — ↑↑ — 69% VTE; 23% PE 26 (0/26)

Ranucci et al.
(2020)

57 � — — ↑ — ↑ APTT; ↑ FIB — 16 (0/16)

Wichmann et al.
(2020)

52 — — ↑ — ↑ — 33% PE 12 (deceased)

Wu et al.
(2020)

58 ↓↓ ↓ ↑↑ ↑ ↑ ↑ APTT; ↑ PT;
↑ Serum ferritin

— 201 (148/53)

Zhang et al.
(2020)

64 — — ↑↑ ↑ ↑↑ ↓ Lymphs — 140 (58/82)

Zhou et al.
(2020)

55 ↓ — ↑ — — ↓ Lymphs — 191 (137/54)

Definition of abbreviations: ↑= increase; ↑↑=high increase; ↓=decrease; ↓↓=high decrease; APTT=activated partial thromboplastin time; AT=antithrombin;
CIA=cerebral ischemic attack; COVID-19=coronavirus disease; CRP=C-reactive protein; DVT=deep vein thrombosis; FDP= fibrin degradation products;
FIB= fibrinogen; HC=hemorragic complications; LI = limb ischemia; lymphs= lymphocytes; MI=mesenteric ischemia; PE=pulmonary embolism;
PT=prothrombin time; Ref. = reference; TC= thrombotic complications; TEC= thromboembolic complications; VTE= venous thromboembolism.
Platelets: A lower concentration of platelets has been reported by several authors. CRP: Elevated CRP levels have been found in patients with COVID-19.
D-dimer: D-dimer is a predictive coagulation marker for adverse COVID-19 evolution. Other parameters: Different parameters related to coagulation have
been studied. Incidence of TC: Significant TC are shown that might play a major role in COVID-19 development.
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that heparin might present further antiviral
properties, protecting the mucosa of the
respiratory tract and consequently
preventing SARS-CoV-2 infection (60).
However, randomized studies to evaluate
heparin-administration efficacy are
required.

Intussusceptive Angiogenesis

Vessel growth has been also observed to
be higher in the lungs of patients with
COVID-19 than in patients who died of
influenza A pneumonia or in healthy
control subjects (35). Intussusceptive
angiogenesis or nonsprouting angiogenesis
is a dynamic and still quite enigmatic
process in which an existing capillary
wall called the intussusceptive pillar
invaginates into the lumen and splits a
single vessel in two (61). Intussusceptive
angiogenesis occurs in normal development
and under pathological conditions such
as lung fibrosis, inflammation, or
cancer (61). Recently, Ackermann and
colleagues reported that the level of
intussusceptive angiogenesis might be
an important factor in COVID-19
pathogenesis (35). It is possible that the
presence of DIC throughout the body in
some patients with COVID-19 could
modify the dynamics of the microvascular
networks and induce intussusceptive
angiogenesis. Further studies in patients
with COVID-19 assessing the levels of
growth and angiogenic factors such as
VEGF (vascular endothelial growth factor),
FGF-2 (fibroblast growth factor-2), HGF
(hepatocyte growth factor), angiopoietin-1,
and ephrin-B and its receptors, among
others, will be of great interest to assess the
magnitude of vascular injury after SARS-
CoV-2 infection.

Post–Pulmonary Thrombosis
Syndrome after COVID-19:
The Imminent Sequelae

Another important aspect to take into
account is post–pulmonary thrombosis
syndrome (27). This syndrome consists
of persistent thrombotic lesions and
involves long-term functional limitations,
including those for patients with a
chronic thromboembolic disease without
pulmonary hypertension (62) and those
for patients with chronic thromboembolic

pulmonary hypertension. It is reported
that 2–4% of patients with acute PE
within 2 years after the embolic event
will develop chronic thromboembolic
pulmonary hypertension, but this is mostly
underdiagnosed (63). It is currently
unknown which potential sequelae, in
the lungs and at other organ levels, may
occur over the medium to long term in
survivors of SARS-CoV-2 (27), and
determining this will require the
development of future studies.

In previous epidemics of other
coronaviruses, respiratory deterioration
as measured by imaging and lung-function
techniques was observed to persist up
to 1 year after the apparent clinical
recovery of the patients (64). Therefore,
it is likely to be similar in survivors
of COVID-19, and it is likely that
significant pulmonary vascular
alterations may appear in the short to
medium term after overcoming the
acute infection. All of these possible
consequences will be seen in the coming
months or years.

Preventive Therapies of
Endothelial Damage in
COVID-19

There are several potential strategies that
could be used to prevent SARS-CoV-2
infection. In this review, two different
approaches that are being considered for
COVID-19 treatment are going to be
described.

Targeting the ACE-2 receptor could
directly impede SARS-CoV-2 infection by
ADAM17 levels increment. ADAM17 is a
metalloproteinase involved in the shedding
of different membrane-anchored cytokines,
cell adhesion molecules, and enzymes such
as ACE-2 (65). The increase of ADAM17
levels might accelerate ACE-2 shedding and
reduce the chances of SARS-CoV-2
infectivity. Interestingly, higher shedding of
ACE-2 has been observed in women than
in men, which could potentially explain
why men seem to be a more susceptible
population (66). However, downregulation
of ACE-2 might present unfavorable effects.
ACE-2 is an essential enzyme in the
renin–angiotensin system and is key
in regulating systemic blood pressure
and fluid and electrolyte balance balance.
Studies with animal models have shown
that pharmacological activation of ACE-2

was able to lower systemic blood pressure,
attenuate platelet attachment to vessels,
increase antiinflammatory mechanisms,
and reduce the probabilities of thrombus
formation (67). Future studies are essential
to accurately assess the benefits and
damages of the presence and/or activity or
absence and/or inhibition of ACE-2 for
SARS-CoV-2 infection and thrombogenic
capabilities as well as to design novel
therapies for restoring vascular homeostasis
to treat and protect patients with COVID-
19.

Nitric oxide (NO) is also being
explored as an experimental treatment for
patients with COVID-19. NO, generated
from L-arginine by NOS (NO synthase),
is an important vasoactive factor that
regulates vasodilatation, inflammation,
thrombosis, and the immune response
and inhibits important events that
contribute to the development of vascular-
remodeling diseases (56). As extensive
EC injury has been reported in COVID-19,
it would be of interest to study the iNOS
(inducible NOS) levels and NO production
after SARS-CoV-2 infection. Interestingly,
the involvement of NO in apoptosis
induction has been reported in different
cell systems and after NS1 dengue virus
infection. When the NO precursor
arginine and the eNOS (endothelial NOS)
cofactor tetrahydrobiopterin are not
available, eNOS fails to produce NO
and promote the formation of reactive
oxygen species, causing endothelial
dysfunction (56).

It has been demonstrated that an
imbalance between vasodilators, such as NO
and prostacyclin, and vasoconstrictors, such
as ET-1 (endothelin-1) and thromboxane,
results in the disruption of basal pulmonary
vascular tone, vascular injury repair, and
growth (68). Accordingly, it is possible
that patients currently being treated
with specific drugs aimed at protecting
endothelial well-being, such as vasodilators,
angiotensin II antagonist drugs, endothelin
receptor antagonists, and antiproliferative
or antithrombotic treatments, may confer
a protective benefit in SARS-CoV-2
infection or in the development of severe
complications (Figure 2).

Recent studies have used inhaled NO
in patients with COVID-19 and severe
hypoxemia, indicating that inhaled-NO
therapymay have a preventive and/or rescue
role because of its potent vasodilator effect
on pulmonary circulation (69–71).
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There are still too many open questions
about the mechanisms underlying the
pathophysiology of SARS-CoV-2 infection,
the thromboinflammatory complications,
and the potential and magnitude of

post–SARS-CoV-2 sequelae. As always,
time will tell, and all the present and future
studies will be essential for setting strong
foundations to enable establishing novel
strategies to prevent COVID-19, treat

patients with COVID-19, and prepare for
other fatal infections. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 2. Treated endothelium: vasodilator drugs used nowadays may produce a protective effect on the endothelium that can mitigate the development
to severe stages of coronavirus disease (COVID-19). Red arrows indicate EPC mobilization from the bone marrow to peripheral circulation. The black
arrow points to the disrupted cell junctions. Blue arrows indicate increase in the decrease levels of inflammatory mediators and thrombotic factors. The red
lightning bolt indicates injury, cell death (necrosis and pyroptosis). The green check mark indicates vascular homeostasis, and the red cross indicates
damaged endothelium. ET-1= endothelin-1; PG=prostacyclins; TXA= thromboxane.
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