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Abstract

Endothelial dysfunction is one of the mechanisms that most likely to play a role in the occurrence of poor clinical
outcomes in patients with COVID-19. The hyperinflammatory and pro-coagulation state in COVID-19 suggests an
important role for the endothelium, both as an effector contributing to inflammation and thrombosis, as well as a target
organ. This state of endothelial dysfunction is also believed to be exacerbated by a history of previous smoking. Tobacco
can increase the severity of infectious diseases such as influenza, by increasing viral replication through suppression of
antiviral mechanisms, and changes in cytokine patterns in cells also increase ACE2 expression. Smoking is associated
with endothelial dysfunction because it can increase the concentration of free radicals and proinflammatory cytokines.
So, it is very possible that SARS-CoV-2 will damage the endothelium of smokers who have previously been injured as a
result of smoking habits. The literature that we used in this study was obtained through searching engines from the
Google Scholar and PubMed databases, with the inclusion criteria being literature that used English. We managed to
take 1,613 literature articles, then we selected 81 articles that were most relevant to the discussion of our study. In this
study we conclude that endothelial dysfunction may play a role in the mechanism of clinical deterioration in COVID-19
and may be exacerbated by a history of previous smoking.
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1. Introduction

Novel acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first appeared in December 2019, and was declared a
pandemic in March 2020 [1]. SARS-CoV-2 is a virus that binds to the angiotensin-converting enzyme 2 (ACE2) receptor,
which is widely expressed in human tissues including lung epithelium, myocardium, and vascular endothelium, which
are responsible for the coronavirus disease 2019 (COVID-19) [2]. COVID-19 is a syndrome with many clinical
manifestations ranging from flu-like symptoms to severe complications that require treatment in the intensive care unit
(ICU). Complications that can arise with COVID-19 are persistent pulmonary disorders that can last for months after the
acute phase [3]. In addition, cardiovascular and thromboembolic complications have also been reported in COVID-19
survivors [4,5].

Therefore, given the high number of patients with persistent clinical manifestations, a new paradigm of “post-acute
COVID-19 syndrome” has been introduced?. However, the pathophysiological mechanisms underlying these
manifestations are not fully understood®. Studies developed recently have shown that endothelial dysfunction may play
an important role in the pathogenesis of COVID-19 and its clinical manifestations [7]. SARS-CoV-2 can directly infect
vascular endothelial cells [8], causing systemic endotheliitis and cellular apoptosis®. Furthermore, inflammatory
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cytokines are able to bind to specific receptors on the surface of vascular endothelial cells, thus increasing platelet
activation and leukocyte adhesion as well as reducing the bioavailability of nitric oxide (NO) [9,10].

Currently the known risk factors for severe clinical syndrome in COVID-19 are the need to be admitted to the ICU and/or
need for mechanical ventilation, age 65 years or older, long-term institutional care, chronic obstructive pulmonary
disease (COPD), moderate asthma to severe oxygen dependence, severe or decompensated heart disease,
decompensated hypertension, chromosomal disease, immunocompromise, end-stage renal disease, high-risk
pregnancy, severe obesity at any age (BMI > 40), and other clinical conditions such as liver disease [11,12]. However,
there is possibly an important risk factor for COVID-19 that has so far not been included in global guidelines for
pandemic control, namely smoking. Smokers are part of the risk group for COVID-19. In a meta-analysis study showed
that the prevalence of COPD patients and smokers in cases of COVID-19 was 2% and 9%, respectively. COPD patients
are at higher risk of experiencing more severe disease, with a risk of severity of 63%, compared to patients without
COPD, which is 33.4%, with a RR of 1.88. The study also showed that 22% of patients who smoked while experiencing
COVID-19 and 46% of former smokers experienced severe complications, with an RR of 1.45, indicating that smokers
are 1.45 times more likely to experience severe complications compared to patients who have never smoke. Current
smokers also have a higher mortality rate of 38.5% [82].

In addition, studies in animal and human cells show that tobacco increases the severity of infectious diseases such as
influenza, increases viral replication through suppression of antiviral mechanisms and changes in cytokine patterns in
cells with a central role in mucosal innate immunity [13]. Smoking also increases ACE-2 expression [14]. Smoking is
associated with endothelial dysfunction and increased free radical concentrations [15]. So, it is very possible that SARS-
CoV-2 will damage the endothelium of smokers who have previously been injured as a result of smoking. The existence
of this gap is the reason for the authors to discuss the relationship between smoking history and endothelial dysfunction
in COVID-19.

2. Material and methods

We searched for some relevant literature through a search engine from Google Scholar regarding endothelial
dysfunction in COVID-19 with smoking risk factors. We searched for keywords such as “endothelial dysfunction in
COVID-19”, “endothelial dysfunction in smoker”, and “COVID-19 and smoking”. We are looking for various sources that
have been published until 2021. We do not exclude relevant in-vitro, in-vivo, meta-analyses, literature reviews, and
systematic reviews, while our inclusion criteria are English language literature.

A systematic review was conducted on the PubMed database to identify articles examining the association between the
occurrence of endothelial dysfunction in COVID-19 and smoking using the following keywords: (“smoking” and “COVID-
19”) and (“smoking” and “COVID-19” and "endothelial dysfunction). The results for the keywords “smoking” and
“COVID-19” obtained 1,613 literatures, while the results for the keywords “smoking” and “COVID-19” and “endothelial
dysfunction” obtained 7 literatures. In the end, we selected 81 literature relevant articles that met our inclusion criteria.

3. Results

From all the sources that appeared in electronic searches through the PubMed database, the results obtained were 1,613
literature that examined the keywords "smoking" and "COVID-19", while the keywords "smoking" and "COVID-19" and
"endothelial dysfunction "The results obtained were 7 literatures. Then we selected the literature that was most
relevant to our topic of discussion in 81 articles. It was found that among the 81 article sources found, 44 literature or
the equivalent of 54.32% were articles that discussed COVID-19 and its mechanism in endothelial dysfunction, while 16
literature or the equivalent of 19.80% were articles that discussed endothelial dysfunction in exposure to secondhand
smoke acutely or chronically. Then as many as 8 literature or the equivalent of 9.88% is literature that discusses the
incidence of endothelial dysfunction in COVID-19 which can be exacerbated by previous smoking history and possible
underlying mechanisms. The remaining 13 literature or the equivalent of 16.10% is literature that discusses therapies
that may have the potential to improve endothelial dysfunction in COVID-19, of the 13 literature as many as 9 literature
that discusses currently available cardiovascular drugs that have potential to improve endothelial dysfunction, while as
many as 4 literatures discuss new therapeutic agents that may be able to prevent and improve the incidence of
endothelial dysfunction in COVID-19 accompanied by smoking.
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Table 1 Mechanisms of endothelial dysfunction in COVID-19 with smoking

Events Mechanism Reference
COVID-19 Apoptosis, induction of cytokines and adhesion molecules, altered metabolism, | Tang et al, 2020;
increased pro-thrombotic phenotype Colmenero et al,
2020
Hyperinflammation, exposure of the endothelium to pro-thrombotics, | Evans et al., 2020;
upregulation of the clotting cascade and activation of thrombin as well as fibrin | Riphagen et al,
production 2020
Immune response and leukocyte recruitment Xu et al, 2020;
Riphagen et al,
2020
ACE2 expression and function in the endothelium
Nicin et al., 2020;
Fang et al,, 2020
Decreased pericytes due to pericytic apoptosis Chen et al, 2020;
He etal,, 2020
Smoking Downregulates sirtuin-3, increases mitochondrial ROS formation, reduces NO* | Dikalov et al,
bioavailability 2019; Minzel et
al., 2020
Cardiovascular and brain oxidative stress, NOX-2 activation, increased | Olfert et al., 2020;
endothelin-1 expression. Divo et al, 2015;
Yasuo et al., 2011
Direct toxic effects on endothelial cells, auto-antibodies that attack endothelial
cells, hyperinflammation, increased release of endothelial cell mediators, which | Polverino et al,
act as vasoconstrictors, pro-inflammatory, and remodeling (endothelin-1), and | 2019; Divo et al,
decrease expression of endothelial cell mediators that act as vasodilators and | 2015; Yasuo et al,,
endothelial cell homeostasis, such as nitric oxide and prostacyclin, increased | 2011
endoplasmic reticular stress, decreased expression of Vascular Endothelial
Growth Factor (VEGF)
COVID-19 | Hyperinflammation, oxidative stress, ACE2 expression and function in the | Polverino et al,
with endothelium, increased pro-thrombotic phenotype 2021
smoking

4. Discussion

4.1. Pathophysiology of endothelial dysfunction in COVID-19

The vascular endothelium has an important role in cardiovascular homeostasis by regulating the transport of cells,
nutrients, and metabolites between the circulation and tissues [17]. The hyperinflammatory and pro-coagulation state
in COVID-19 suggests an important role for the endothelium, both as an effector contributing to inflammation and
thrombosis, as well as a target organ, which if dysfunction occurs can contribute to poor clinical outcomes [18].
Endothelial dysfunction in COVID-19 occurs due to loss of integrity, for example through apoptosis, which is associated
with increased permeability, induction of cytokines and adhesion molecules, metabolic changes, pro-thrombotic
phenotype and de-differentiation [19,20].

Recent studies have shown that endothelial cell dysfunction is the main pathophysiology of COVID-19. This is evidenced
by the important role of the vascular endothelium in inflammation, which is the main driver of cytokine dysregulation
in acute respiratory distress syndrome (ARDS) and various cardiovascular pathologies. In addition, the pro-thrombotic
phenotype and disseminated intravascular coagulation (DIC) observed in COVID-19 attests to endothelial cell
dysfunction, which promotes thrombosis by reducing integrity leading to exposure to pro-thrombotic sub-endothelial
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substances, platelet arrest and regulation of the clotting cascade, activation of thrombin as well as production of fibrin
[21].

There is some other evidence supporting a role for endothelial dysfunction in COVID-19 (Figure 1):

4.1.1. Leukocyte recruitment, imnmune response, and tissue injury.

Leukocytes play an important role in the pathogenesis of SARS-CoV-2. The importance of the leukocyte-endothelial cell
association is demonstrated by the observation that patients with poor clinical presentation exhibit marked increases
in blood neutrophils with lymphopenia, with CD4+ T cells and CD8+ T cells being lower in severe cases than in moderate
cases [22]. Meanwhile, on histological examination of cases with poor clinical results, those who died from SARS CoV-2
showed pulmonary interstitial mononuclear inflammatory infiltrates dominated by lymphocytes [23]. Through the
systemic inflammatory response in COVID-19, which is referred to as a cytokine storm, or cytokine release syndrome,
the endothelium will be directly exposed to pro-inflammatory cytokines that initiate the transcription program, thereby
inducing adhesion molecules and chemokines to promote leukocyte recruitment and inflammation. This can lead to
endothelial cell death which contributes to increased vascular permeability and causes damage to various organs [24].

Research on the immunology of SARS-CoV-1 infection shows that the survival of SARS-CoV-1 patients is associated with
an immune skewed CD825 cytotoxic response. Indeed, there is evidence that an expansion of virus-specific CD4 T cells
and a robust Th2 response (including increased plasma IL-4, IL-5 and IL-10) is associated with lethality in SARS-CoV-1
[22]. However, whether this is what happened to SARS Cov-2 still requires further research. However, it appears that
adaptive immune response is an important outcome determinant in SARS-CoV-2, as there is a reported association
between plasma IgA titers and disease severity. It is possible that in SARS-CoV-2, antibody-dependent enhancement
(ADE) in inflammation plays a role in endothelial cell dysfunction [27].

4.1.2. Endothelial and thrombosis

When endothelial dysfunction occurs, the thrombotic and coagulant properties of the endothelium change. Decreased
production of anti-aggregation prostacyclin from endothelial cells and increased synthesis of pro-aggregation
thromboxane from activated platelets can alter homeostasis leading to a pro-thrombotic and pro-inflammatory
phenotype [28]. Under inflammatory conditions, endothelial cells express adhesion receptors such as von Willebrand
factor on their surface, this condition is intended to promote platelet recruitment and activation to the intact endothelial
monolayer?®, which in turn can lead to platelet-dependent secondary recruitment of leukocytes, either through
leukocyte-platelet interactions. adherence to endothelial cells, by recruitment of heterotypic aggregates of circulating
platelets and leukocytes, or by transfer of platelet-innate receptors such as GFPIb to the leukocyte membrane by micro
vesicles derived from platelets [30, 31].

It is assumed that tri-cellular aggregates, i.e., endothelial cells, platelets, leukocytes in the walls of smaller blood vessels
will cause loss of microvascular perfusion in the lung and other organs. Thrombosis and further intravascular
coagulation can also damage the endothelium and contribute to inflammation and endothelial dysfunction [24]. In some
COVID-19 patients with severe microvascular endothelial injury, it is directly mediated by activation of alternative
complement pathways and lectins, which are associated with a pro-coagulant state [32].

4.1.3. Expression and function of ACEZ2 in the endothelium

ACE2 is closely related to cardiovascular physiology as part of the renin-angiotensin-aldosterone system (RAAS), which
controls blood pressure by altering vascular tone and function. ACE-related molecules convert angiotensin (Ang) I to
Ang II, which triggers vasoconstriction, hypertension, and vascular inflammation. Because of these properties,
antihypertensive drugs have been developed to reduce the production (ACE inhibitors, ACE-i) or downstream (Ang II
receptor blocker, ARB) effects of Ang I1. The effect of ACE is counteracted by ACE2, which converts Ang I to the molecule
Ang 1-7 thereby increasing vasodilation and reducing blood pressure [33]. Because ACE2 is expressed on cells of the
cardiovascular system [34], there is a high possibility that this class of antihypertensive drugs may increase the risk of
infection with SARS-CoV-2 by increasing ACE2 expression in vascular cells [35]. However, population-based studies
reveal that ACE inhibitors and ARBs do not increase the risk of COVID-19 or disease severity and the European Society
of Cardiology recommended that hypertensive patients should continue anti-hypertensive medication during the
pandemic [36,37].

The spike (S) protein of the corona virus mediates entry of the virus into target cells. Entry of SARS-CoV-2 depends on
the physical interaction of the surface unit, S1, of the S protein to the host cell receptor, which facilitates attachment of
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the virus to the surface of the target cell. SARS-CoV-2 involves ACE2 as the main receptor and it is therefore possible
that COVID-19 may lead to reduced ACE2 bioavailability due to endosome/lysosome processing [38, 39, 40].

4.1.4. SARS-CoV-2-induced endothelial disease

Apart from the respiratory tract, SARS-CoV-2 viral load was detected in the kidney, liver, heart and brain [41], which
are highly vascularized tissues. Early indications of the tropism of SARS-CoV-2 in vascular tissue by showing that this
virus can infect human blood vessels and kidney organoids through ACE2 [40]. Tests by electron microscopy and
histology show that SARS-CoV-2 can be detected in kidney endothelial cells (glomerular capillaries), small intestine,
lungs and myocardium [42].

SARS-CoV-2 infection in the endothelium may directly trigger endothelial complications in COVID-19. SARS-CoV-2-
infected endothelium is associated with endothelial cell apoptosis, which suggests a possible mechanism by which the
endothelium is dysfunctional in COVID-19 [42]. A recent report on the Kawasaki disease-like syndrome associated with
COVID-19 infection in children highlights the importance of infection virus in blood vessels [43, 44]. Kawasaki disease
is the most common systemic vasculitis in children and specifically targets the myocardium and coronary arteries.
Although the etiology of Kawasaki disease is unknown, infectious agents including RNA viruses have previously been
postulated as causative and the association between Kawasaki disease and coronavirus infection was first described in
2005 [45].

4.1.5. Perisit

Pericytes are microvascular multifunctional mural cells and have an important role in maintaining endothelial integrity
[46]. Studies show that pericytes are involved in COVID-19-associated vasculopathy. Single-cell or single-nucleus RNA
sequencing analysis showed that ACE2 is highly expressed in pericytes in various organs, such as the heart [47, 48]. In
the alveolar capillaries of the lungs infected with SARS-CoV-2, pericytes were markedly decreased, possibly due to
apoptosis [49]. In a genetically modified mouse model of pericyte deficiency (pdgf-bret/ret mouse) induced by PDGF-B
retention motif deletion, loss of pericytes induces a thrombogenic reaction in endothelial cells [48]. Pericytes are
therefore likely a direct target for SARS-CoV-2, which may play an important role in microvascular dysfunction and
coagulopathy [47, 48].

Figure 1 Endothelial dysregulation by SARS-CoV-2.

On figure 1 A healthy endothelium (left) is characterized by an intact junction, anti-inflammatory anti-coagulant
phenotype and an intact vasodilatory phenotype. Endothelial cells are infected with SARS-CoV-2 (center), while the
image on the right shows cells activated as a result of cytokine release and activation of the prothrombotic pathway.
SARS-CoV-2 infection through ACE2 which is then endocytosed, has the potential to reduce ACE2-mediated regulation
of vascular tone. SARS-CoV-2 infection causes endothelial dysfunction through various mechanisms including activation
of the inflammatory process, cytokine storm, leukocyte infiltration, increased permeability, thrombosis, platelet
aggregation, vasoconstriction, ROS production, and apoptosis [21]
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4.2. Pathophysiology of smoking-induced endothelial dysfunction

Chronic exposure to tobacco cigarette smoke can impair acetylcholine-dependent vascular relaxation and coronary
blood flow in rats which is associated with increased plasma cholesterol levels. Exposure to tobacco smoke for two
weeks caused mild hypertension and endothelial dysfunction in rats by downregulating sirtuin-3 and increasing
mitochondrial ROS formation which was influenced by overexpression of mitochondria-targeted catalase. Chronic
smoking (>32 weeks) also reduces NO* bioavailability and causes cardiac remodeling in rats which is also associated
with structural endothelial damage. This is also supported by research on exposure to cigarette smoke for several weeks
in rabbit experimental animals which showed impaired endothelial function of the vascular tissue which could be
corrected by ascorbic acid therapy and exacerbated by a hypercholesterolemic diet [50].

Whereas exposure to e-cigarette smoke for 5 days in rats can also cause aortic endothelial dysfunction, which is
associated with cardiovascular and brain oxidative stress, eNOS release, NOX-2 activation, endothelin-1 expression, and
the formation of acrolein-adduct [51]. This detrimental effect may be corrected by the endothelin receptor blocker
macitentan and NOX-2 genetic deletion, as well as pharmacological inhibition of NOX-2. Studies of endothelial function
in various animal models have shown comparable effects on smoking or vape-induced endothelial dysfunction. Also,
chronic exposure of rats to e-cigarette smoke or tobacco smoke over 8 months resulted in a degree of arterial stiffness
or endothelial dysfunction in the same vessels [52].
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Figure 2 Mechanisms of DNA damage and adverse epigenetic regulation, play a role in endothelial dysfunction and
cardiovascular disorders caused by smoking

4.3. Pathophysiology of endothelial dysfunction in COVID-19 with smoking

Tobacco increases the severity of infectious diseases such as influenza through suppression of antiviral mechanisms
and changes in cytokine patterns in cells with a central role in innate mucosal immunity, thereby increasing viral
replication [53]. Smoking is also associated with endothelial dysfunction and increased free radical concentrations [54].
So that endothelial dysfunction in COVID-19 with a history of smoking habits will cause endothelial dysfunction to get
worse [55]

COVID-19 patients show high C reactive protein (CRP) and D-dimer levels, indicating an increased risk of thrombosis56.
This diagnostic marker of thrombosis is also increased in smokers [57,58,59]. High D-dimer levels (>1pg/L) will
increase mortality by 18 times in COVID-19 patients [61]. The mechanism of this complication is still not known with
certainty, but may have relevance to the impact of smoking on endothelial dysfunction in COVID-19 [61]. COVID-19 with
a history of smoking habits is 3.25 times more likely to lead to poor clinical manifestations when compared to non-
smokers [62].

In addition, smoking can also increase susceptibility to infection, which is associated with upregulation of the
angiotensin converting enzyme 2 (ACE2) receptor, the main receptor used by SARS-CoV-2 to enter the host mucosa and
induce infection. Smoking contributes to worse clinical manifestations and increased susceptibility to SARS-CoV-2
infection through activation of peripheral nicotinic acetylcholine receptors (nAChRs) which are expressed in various
organ systems. Nicotine affects the homeostasis of the renin-angiotensin system (RAS) and contributes to upregulation
of the angiotensin converting enzyme (ACE)/angiotensin (ANG)-II/ANG II type 1 receptor axis, which contributes to the
increased incidence of cardiovascular and pulmonary disease in COVID-19 [63].
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Chronic cigarette smoke exposure has been associated with multiple organ dysfunction including systemic vascular
endothelial dysfunction or injury [64, 65]. Endothelial dysfunction due to cigarette smoke can cause arterial
hypertension, atherosclerosis, systemic inflammation, pulmonary arterial hypertension, cor-pulmonale, venous
thromboembolism, and microalbuminuria®. A number of mechanisms underlie endothelial dysfunction in chronic
cigarette smoke exposure, which include: (1) direct toxic effects of cigarette smoke on endothelial cells; (2) auto-
antibodies that attack endothelial cells; (3) vascular inflammation and oxidative stress, with reduced activation of anti-
oxidant pathways in endothelial cells; (4) increased release of endothelial cell mediators, which act as vasoconstrictors,
pro-inflammatory, and remodeling (endothelin-1), and decreased expression of endothelial cell mediators, which act as
vasodilators and endothelial cell homeostasis, such as nitric oxide and prostacyclin; 5) increased endoplasmic reticular
stress; and (6) decreased expression of Vascular Endothelial Growth Factor (VEGF) caused by a decrease in hypoxia
inducible factor-1, which is a transcription factor to encourage the expression of genes involved in endothelial
function®>67. Some of these pathological mechanisms have the same mechanism in endothelial dysfunction caused by
SARS-CoV-2 infection. Clinically, patients infected with the corona virus show a hypercoagulable state with thrombosis,
and clot fibrin is one of the most common histopathological findings in the lungs and other organs of COVID-19 patients
[68]. It is possible that cigarette smoke can further exacerbate the endothelial dysfunction induced by SARS-CoV- 2 (Fig.
3) [68]. The mechanisms underlying this potential synergy are still not clearly explained. Further research is needed to
elucidate the direct effects of cigarette smoke and COPD on endothelial cells in SARS-CoV-2 infection.
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Figure 3 ACE2 expression across the respiratory tract.

As explained on figure 3, the highest ACE2 expression was found in the nasal epithelium followed by the larger airway
epithelium, reduced in the more distal bronchiolar and alveolar areas. Cigarette smoke induces alveolar cell type II (AT-
I1) loss and extensive goblet cell hyperplasia. In addition, cigarette smoke induces an increase in the number of alveolar
macrophages, which are the main cells expressing proteinases, and upregulates B cells, cytotoxic CD8+ T cells, and
downregulates the regulatory T cell compartment. Chronic damage from innate and acquired immune responses leads
to viral clearance. delayed, increased mucus production, impaired secretion of antimicrobial peptides during SARS-CoV-
2 infection. In addition, the injury to the endothelium caused by SARS-CoV-2 infection may also be exacerbated by a
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history of exposure to chronic cigarette smoke. The occurrence of endothelial dysfunction in the pulmonary blood
vessels will lead to AECOPD (Acute Exacerbations of COPD) in COVID-19 patients with a history of chronic cigarette
smoke exposure [68]

4.4. Therapeutic targets

Further research still needs to be done to determine whether the endothelial dysfunction and injury that occurs in
COVID-19 is due to direct infection of endothelial cells by SARS CoV-2 or indirect injury due to several factors including
cytokines, leukocytes, neutrophils, and complement activation [69]. Nonetheless, an important consideration is the
effect of cardiovascular drugs on this mechanism (Figure 4). On the one hand, it may play a role in enhancing endothelial
protection, while on the other hand it may also increase endothelial vulnerability. Drugs including HMG-CoA reductase
inhibitors (statins), alpha- and beta-adrenergic blockers and antagonists of the renin-angiotensin-aldosterone system
are widely administered to patients with diabetes mellitus, hypertension, and coronary artery disease, which are the
highest risk group from COVID-19 [19, 21].

In pre-clinical studies showed that statins increase ACE2 expression. In addition, increased expression of ACE2 has
cardiovascular benefits [70]. The beneficial effects observed previously in influenza and statin administration
demonstrated the ability of statins to reduce CD147 expression, optimize lipid raft function, regulate autophagy,
decrease pro-thrombotic pathways and enhance anti-thrombotic effects, in addition statins may exert an important
endothelial protective effect against SARS-CoV-2 infection [71, 72, 73].

While the reported beneficial effect of beta-adrenergic blockers in ARDS and respiratory failure is the potential ability
to reduce viral entry by downregulating ACE2 has led to this drug being suggested as adjunctive therapy for COVID-19
[74]. Retrospective analysis of alpha-1 adrenergic receptor antagonists in patients with ARDS or pneumonia has shown
that alpha blockers are less likely to require ventilation. In contrast, the administration of beta-adrenergic blockers has
no effect. Clinical studies show that alpha-blockers can prevent ARDS-associated cytokine storm and death in rats by
disrupting the catecholamine loop [75, 77]. Further research will focus on Ang 1-7 peptides, ACE2 itself, and monoclonal
antibodies that prevent SARS-CoV-2 from binding to ACE2 [70, 75, 76].

\rtervensions againit SARS-CoV-2 isfection HMacro/r sar ende onh e

SARS-CoV-2

Figure 4 Potential interventions to reduce endothelial injury and activation.

On figure 4, Endothelial infection with SARS-CoV-2 infection causes RAAS dysregulation, apoptosis, thrombosis and
inflammation (red). Several interventions (green) can reduce endothelial dysfunction in COVID-19 including RAAS
modulators (ACE-i, ARB, ACE2); anti-inflammatory molecules (cytokine inhibitors, dexamethasone, statins);
ROS/apoptosis inhibitors (statins); platelet inhibitors and anticoagulants. A healthy lifestyle can also reduce endothelial
dysfunction in COVID-19 patients [21]

Apart from testing the effect of existing drugs in improving endothelial dysfunction in COVID-19, several studies have

also led to the discovery of new drugs in improving endothelial dysfunction in COVID-19. One of the molecules that is
often used to test its effect in repairing endothelial dysfunction is nitric oxide (NO). NO is a multifunctional signaling
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molecule that influences activities that are fundamental to humans and therefore could possibly play an important role
in the treatment of COVID-19 symptoms. The physiological effects of NO that may have relevance in the prevention and
treatment of SARS-Cov-2 infection (Figure 5), which can act as an anti-microbial, stimulate the ciliary movement effect,
repair damage to the upper and lower respiratory tract epithelium can also act as a vasodilator, antithrombotic, and
anti-inflammatory, which are some of the main mechanisms in endothelial dysfunction in COVID-19. SARS-CoV-2
infection is associated with a higher risk for venous thromboembolism, so the vasodilatory and antithrombotic action
of NO is expected to prevent or ameliorate this complication [78, 79]. In addition, previous studies demonstrated that
NO has the potential for the anti-thrombotic effect of eplerenone in a murine model of diabetes and for prolonging
bleeding time in rabbits and humans after inhalation [78, 80, 81]. However, further research is needed to know exactly
how the effect of giving NO molecules is on COVID-19, especially in preventing or improving endothelial dysfunction in
SARS-CoV-2 infection.
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Figure 5 The potential important role of NO in the treatment of COVID-19 symptoms

5. Conclusion

The pathophysiology of endothelial dysfunction in COVID-19 with a history of smoking still requires further research.
However, it is thought that several mechanisms play a role in endothelial dysfunction in this condition, such as the direct
toxic effect of cigarette smoke, auto-antibodies that attack endothelial cells, inflammation and oxidative stress,
increased release of endothelial cell mediators, which act as vasoconstrictors, pro-inflammatory, and remodeling, and
decreased expression of endothelial cell mediators that act as vasodilators and endothelial cell homeostasis, increased
endoplasmic reticular stress, and decreased VEGF expression due to decreased hypoxia inducible factor-1. A new
treatment that has the potential to improve endothelial dysfunction in COVID-19 is giving NO, because it can act as a
vasodilator and anti-thrombotic, but further research is needed to know exactly how the effect of giving NO molecules
is on COVID-19.
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