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Abstract: Since December 2019, the SARS-CoV-2 (COVID-19) pandemic has transfixed the medical
world. COVID-19 symptoms vary from mild to severe and underlying chronic conditions such
as pulmonary/cardiovascular disease and diabetes induce excessive inflammatory responses to
COVID-19 and these underlying chronic diseases are mediated by endothelial dysfunction. Acute
respiratory distress syndrome (ARDS) is the most common cause of death in COVID-19 patients,
but coagulation induced by excessive inflammation, thrombosis, and disseminated intravascular
coagulation (DIC) also induce death by multiple-organ dysfunction syndrome. These associations
imply that maintaining endothelial integrity is crucial for favorable prognoses with COVID-19 and
therapeutic intervention to support this may be beneficial. Here, we summarize the extent of heart
injuries, ischemic stroke and hemorrhage, acute kidney injury, and liver injury caused by immune-
mediated endothelial dysfunction that result in the phenomenon of multi-organ dysfunction seen
in COVID-19 patients. Moreover, the potential therapeutic effect of angiotensin receptor blockers
and angiotensin-converting enzyme inhibitors that improve endothelial dysfunction as well as the
bradykinin storm are discussed.
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1. Introduction

SARS-CoV-2 (COVID-19) rapidly spread throughout the world from December 2019
and, within only three months, had spread to numerous nations, demonstrating high
morbidity and mortality in patients with chronic diseases [1]. As of November 2020, an
estimated 143,900 patients worldwide have succumbed to this pandemic [2]. COVID-19
symptoms may be mild to severe, depending on underlying chronic conditions such as
pulmonary or cardiovascular diseases and the presence of diabetes, all of which induce
excessive inflammatory responses to COVID-19 [3]. Interestingly, these underlying chronic
diseases result in dysfunction of the endothelial cells that mediate vascular tone, causing
excessive inflammation and coagulation. Acute respiratory distress syndrome (ARDS) is
the most common cause of death in COVID-19 patients, but coagulation activation induced
by excessive inflammation, thrombosis, and disseminated intravascular coagulation (DIC)
also induces death by multiple-organ dysfunction syndrome [4-6]. These associations
imply that maintenance of endothelial integrity is crucial for surviving COVID-19 and that
therapeutic intervention to bolster these barrier cells may bring clinical benefits.
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This review summarizes current knowledge of endothelial damage-mediated multi-
organ dysfunction in COVID-19 patients. Moreover, we discuss the potential therapeutic
effect of angiotensin receptor blockers (ARBs), ACE inhibitors (ACE-I), and related sub-
stances such as vitamin D and bradykinin for preventing endothelial dysfunction.

2. COVID-19-Associated Endothelial Dysfunction and Thromboinflammation

Vascular endothelium plays an important role in vascular coagulation as, normally,
it prevents platelet aggregation and subsequent coagulation while promoting fibrinoly-
sis. However, endothelial dysfunction shifts this equilibrium to thrombus formation [7].
A previous study revealed that endotheliopathy is present in COVID-19 patients and this
is associated with severe status and death [8]. Excessive micro-thrombosis induced by
endothelial dysfunction leads to the subsequent increase of D-dimers in severe COVID-19,
which, in addition to direct viral damage, stimulates platelet aggregation and thrombosis-
induced coagulopathy in the lung tissue [9]. Furthermore, subsequent “cytokine storm”
induction drives not only inflammation, but also additional microcirculatory thrombosis.
Indeed, two recent meta-analyses indicated that high IL-6 levels in severe disease cases [10]
and at the time of hospital admission were associated with high COVID-19 mortality [11].

Viral infection induces pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), which will activate natural killer (NK) cells,
macrophages, and gamma-delta T (yd T) cells [12-15]. IFN-y and TNF-o activated by
T cells also activate subsequent pro-inflammatory cytokines while inflammatory mediators
promote neutrophil release of nuclear deoxyribonucleic acid (DNA) to form neutrophil
extracellular traps (NETs) that will contribute to both snaring pathogens and forming
thrombi [16,17]. This process, termed immuno-thrombosis, results in a vicious cycle of
inflammation and inflammation-mediated thrombosis.

Stomka et al. summarized the hematological manifestations in COVID-19 and sev-
eral studies have shown hematological parameters are markers of disease severity [18].
Especially for blood coagulation, a recent study revealed that plasma von Willebrand
factor antigen (VWF:Ag) and pro-coagulant factor VIII (FVIII) levels, as well as plasma
VWE propeptide (VWFpp), markedly increased in COVID-19 patients [19]. Additionally,
the VWFpp/VWEF:Ag ratio dropped as VWF clearance was reduced and this is thought
to lead to the elevated plasma VWF:Ag levels seen in severe COVID-19. Thus, VWFpp
levels constitute a more sensitive and specific measure of acute EC activation [20,21] en-
countered in these severe COVID-19 cases [19]. Furthermore, VWF:Ag, VWF ristocetin
cofactor (RCo), and VWFpp levels elevated in accordance with disease severity while
levels of A Disintegrin And Metalloprotease with ThromboSpondin 1 repeats, number
13 (ADAMTS13) concordantly decreased [22]. This phenomenon indicates that such an
imbalance could enhance the hypercoagulable state seen in COVID-19 patients that raises
the risk of microthrombosis.

A previous study has already shown that coagulopathy plays an important role in the
survival of COVID-19 patients as seen in reports that 2.0 ug/mL of D-dimer is an adequate
cutoff value, with a sensitivity of 92.3% and a specificity of 83.3% for predicting in-hospital
mortality (fourfold increase) upon admission [23]. Another study revealed that D-dimer
values over 1.0 pg /mL were a sufficient discriminative cutoff value for asymptomatic
DVT (area under the ROC curve 0.72, 95% CI 0.61-0.84) [24]. Previous systematic reviews
and a meta-analysis showed that elevated D-dimer levels on admission translated to high
all-cause mortality risk (odds ratio: 4.77, 95% confidence interval CI: 3.02-7.54) [25] in
COVID-19 patients compared with normal D-dimer level patients, an effect confirmed by
other systematic reviews and a meta-analysis [26].

3. Endothelial Dysfunction in Acute Respiratory Distress Syndrome (ARDS) Induced
by COVID-19

The lungs are the main target of COVID-19 infection and acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS), characterized by injured capillary endothe-
lium due to acute inflammatory response, are the most serious causes of COVID-19 deaths.
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Several vasoconstrictors and vasodilators are produced by the endothelium, such as nitric
oxide (NO), endothelin-1 (ET-1), and also angiotensin-2 (Ang 2), which regulates vasomotor
tone, inflammatory cells, and thrombosis and COVID-19-mediated irregularities in these
vasoconstrictors and vasodilators may worsen ARDS.

ET-1, a potent endogenous vasoconstrictor [27] and reported pro-inflammatory pep-
tide in the lungs [28], has a direct role in the development of ALI and also worsens its
severity by increasing pulmonary microvasculature pressure in early sepsis [29,30]. ET-1 is
mainly expressed in the lungs of patients with ARDS and increases edema while reducing
the oxygenation [31]. ET-1 is also related to the pathogenesis of sepsis-induced ALI and
vascular failure [32] and, from this aspect, ET blockers have been reported to have a protec-
tive effect against MODS in sepsis and ALI [33-37]. The reports of ET blockers for ARDS
patients are still limited but Guo et al. reported a patient with influenza A (H7N9)-induced
ARDS that required mechanical ventilation. After bosentan administration, right ventric-
ular function significantly improved and weaning from mechanical ventilation occurred
successfully [38].

NO is also an important vasodilator and platelet aggregation factor and NO has been
reported to play roles in the pathogenesis of ALL NO regulates microvascular permeability
during ALI [39,40] and various isoforms of NO synthase (NOS), such as inducible NOS
(iNOS) and endothelial NOS (eNOS), synthesize NO from L-arginine. Pulmonary vascular
endothelial cells constantly generate eNOS under normal conditions [41] and a previous
study reported chronic eNOS overexpression may protect the ALI by inhibiting inflamma-
tory cytokine production [42]. However, another study reported that a high bioavailability
of NO from iNOS worsens ALI [43].

Ang-II pathways are related to pathologic features of ARDS and Ang-II is not only
a vasoconstrictor but also interferes with adaptive immunity through the stimulation of
macrophages and other immune cells [44] in addition to enhancing inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-«) and interleukin (IL)-6. Ang-II mediates several
pro-inflammatory responses by signaling through Angiotensin II receptor type 1 (AT1R)
and the recruitment of circulating inflammatory cells to the endothelium induces an inflam-
matory response. This response increases leukocyte recruitment through AT1R-mediated
upregulation of selectins (E-selectin and P-selectin) and chemokine (CC-chemokine ligand
5 [CCL5], known as RANTES and CC-chemokine ligand 2 [CCL2], known as MCP1) ex-
pression in endothelial cells [45,46]. These immune and inflammatory responses promote
thrombosis and, interestingly, also promote microvascular COVID-19 lung vessels obstruc-
tive thromboinflammatory syndrome (MicroCLOTS) [47]. A previous case study reported
that acute pulmonary embolism was present in a COVID-19 pneumonia patient and this
was observed by pulmonary CT angiography [48].

These findings suggest that direct damage by viral invasion and inflammatory response,
coupled with subsequent cytokine storm and endothelial dysfunction-related obstructive
thrombosis, is the potential underlying mechanism for ARDS in COVID-19 patients.

4. COVID-19-Related Heart Effects
4.1. Myocardial Injury

It is well known that influenza and SARS viruses can cause myocarditis and, like
these viruses, SARS-CoV-2 is associated with numerous cardiovascular complications,
especially in older populations. Previous studies have revealed that endothelial dysfunc-
tion, platelet activation, excessive inflammation, and stasis are likely to induce higher
risks of venous thromboembolism and acute myocardial infarctions [49]. A previous study
also reported that elevated cardiac troponin T (TnT) (10%) and N-terminal pro-brain
natriuretic peptides (NT-proBNP) (27.5%) were observed in COVID-19 patients [50]. An
additional report noted that 27.8% of COVID-19 patients had myocardial injuries marked
by elevated TnT levels and that patients with elevated TnT levels had dramatically higher
mortality than normal TnT level patients (59.6% vs. 8.9%). Moreover, NT-proBNP was
significantly correlated with elevated TnT levels. Not only these biomarkers, but also
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mortality, suggest an association between severity of myocardial injury and severity of
COVID-19. Myocardial injury mostly occurs in admitted severe or fatal cases of COVID-19
and Zhao et al. summarized a previous study [51] to reveal that even mild cases may
have myocardial injury (2—4%) [51,52] and severe or fatal cases have much higher rates
of myocardial injury (22.2-31%) [51,53-55], but fatal COVID-19 cases had injury rates of
approximately 28-89% [53,56,57]. Therefore, myocardial injury is an important prognostic
factor in COVID-19 patients that is significantly associated with mortality [58].

4.2. Immune Response and Myocardial Endothelial Dysfunction

With regard to immune response effects in the myocardium, influenza virus infec-
tion increases risks of ischemic myocardial infarction (MI) and heart disease (IHD) as
seen in the increase of deaths during influenza seasons [59]. Another study revealed that
the number of emergency room visits was correlated with an increased number of IHD
deaths among influenza-infected adults 65 years and older [60]. Increased inflammatory
cytokines and cellular recruitment are thought to mediate these influenza-related cardio-
vascular diseases and reports of increased levels of TNFx, VEGE, GCSF, CM-CSF, basic
FGEF, IFNg, IL-1b, IL-1RA, IL-7, IL-8, IL-9, IL-10, IP-10, MIP-1a, MIP-1b, MCP-1, and PDGF
in COVID-19 infected patients versus healthy controls bolsters this theory [51]. Interest-
ingly, hypersensitive, TnT-related decreases in immune competency (CD4+ cells, CD8+
T cells lymphocytes, and monocytes) and increased inflammatory levels (PCT, CRP, IL-6,
and neutrophils) [61] implicates an overaggressive host immune response triggering the
cytokine storm that causes cardiac injury. Severely infected patients exhibit leukopenia
and depleted/exhausted CD4+ and CD8+ T cells compared with moderately infected pa-
tients [62]. Indeed, several studies have reported a multi-systemic inflammatory syndrome
(MIS-C), which consists of Kawasaki’s disease-like features in children with COVID-19.
First observed in a few cases in the United Kingdom [63,64], another study reported that
22% of children with COVID-19 [65] exhibited this phenomenon which is mediated by
cytokines and dysregulated inflammatory responses in the cardiovascular system.

5. COVID-19-Related Neurological Effects
5.1. The Routes for Covid-19 Brain Infection

Although COVID-19 has an affinity for the ACE2 receptor present in endothelial
cells [66], ACE2 is also expressed in glial cells and neurons, presenting a neurotropic target
for the virus [67]. Two major pathways are suspected for COVID-19 to enter the central
nervous system (CNS) but the most probable is the hematogenous route. The triple-layered
blood-brain barrier (BBB) prevents large molecules entering the CNS due to a highly
selective structure that also excludes circulating virions. However, COVID-19 potentially
infects these epithelial cells directly and the subsequent inflammation compromises the
barrier function of the BBB via permeabilization, allowing infection of the CNS. A previous
study observed virus-like particles in the brain capillary endothelium and active budding
across endothelial cells [68].

A second pathway may be nasal as many COVID-19 patients suffer from olfactory
dysfunction and this phenomenon suggests retrograde axonal transport via the olfactory
bulb. The olfactory sensory neurons have a bipolar neuronal structure that connects the
nasal epithelium to CNS regions and, outside of airway protection from hair and mucous
membranes, is exposed to the external environment. COVID-19 rapidly penetrates into the
brain via the olfactory sensory neurons and causes anosmia [69-71]. A recent postmortem
study conducted by brain MRI revealed that COVID-19 olfactory impairment is likely to be
restricted to olfactory bulbs [72] and another study found local inflammation and cytokine
release as causative for injury to the olfactory sensory neurons [73].

5.2. A Potential Ischemic and/or Hemorrhagic Stroke Mechanism

It has been reported that 36.4% of patients with COVID-19 at hospitals in Wuhan,
China experienced neurological manifestations and acute cerebrovascular disease more
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frequently observed in severe COVID-19 patients [74]. An additional study showed that
4.6% of patients with COVID-19 developed acute ischemic stroke, with half of those inci-
dents classified as large vessel occlusions [75], while a UK report found that all instances
of COVID-19-mediated acute ischemic stroke were large vessel occlusions [76], a phe-
nomenon verified by a U.S. study [77]. Taken together, these global reports indicate that
large vessel occlusions are the most frequent complication of acute ischemic stroke in
COVID-19 patients.

Generally, ischemic stroke is caused by cardioembolism and this is in line with reports
of arrhythmia during COVID-19 infection. A current study reported that 16.7% of admitted
COVID-19 patients had arrhythmia [52] while another study reported that 5.9% of COVID-
19 patients had either ventricular fibrillation (VF) or ventricular tachycardia (VT) [78]. This
type of arrhythmia and excessive micro thrombosis induced by endothelial dysfunction
could explain the subsequent increase in stroke risk seen in severe COVID-19 cases.

There are relatively few reports, but hemorrhagic stroke has also occurred. Recent
studies indicate that COVID-19 affects both the CNS and peripheral nervous systems
(PNS) [79,80] with a phenomenon newly dubbed “Neuro-COVID”. The European Neuro-
critical Care Society (NCS) and Academy of Neurology (EAN) has endorsed the Global
Consortium Studies of Neurological Dysfunction in COVID-19 (GCS-Neuro-COVID) and
thus has established a formal collaboration [81] for consensus and harmonization of data.
Planned and current studies will continue to shed light on COVID-related neurological
dysfunction of all kinds and possibly highlight interventional strategies for dealing with
COVID-specific neurological sequelae.

5.3. COVID-19 Related Kidney Injury

Several studies have already reported associations between COVID-19 and acute
kidney injury (AKI) [3,82,83] where factors of kidney involvement on tests such as urea
nitrogen, serum creatinine, and/or proteinuria, as well as other evidence of AKI, were
independently associated with hospital death [3]. COVID-19 induced kidney dysfunction
usually manifests as increased urea nitrogen levels and blood creatinine [84,85] resulting
from tubular damage and impaired glomerular filtration. High ACE2 expression is found
in the proximal tubular epithelial cells whereas weak to moderate signals are located in
Henle’s loop, collecting ducts, glomeruli, and the distal tubules thought to be a potential
target for kidney injury [86-92]. Cellular transmembrane serine proteases (TMPRSSs) and
ACE2 are co-expressed in proximal straight tubule cells and podocytes, indicating that the
kidney cells are vulnerable to COVID-19 infection [93]. Pathological changes may also be
observed and severe acute tubular necrosis was visible upon pathological light microscopic
examination during autopsies of six patients who had died from COVID-19 in Wuhan [94].

Importantly, 32 out of 33 COVID-19 patients who developed AKI did not survive [95]
and this significant association indicates that AKI is an important prognostic factor in
COVID-19 that progresses to mortality. The prevalence of AKI is not consistently reported
but a previous systematic review and a meta-analysis based on 21,531 patients found
an AKI prevalence of 12.3% and 5.4%, respectively, in COVID-19 patients taking renal
replacement therapy (RRT), but regionality may be a factor as AKI incidence was lower
in Asia (6.9%) compared to Europe (22.9%) and North America (34.6%). Moreover, ICU
admission reflected very high rates of AKI (39.0%) and RRT use (16.3%) [84]. Another study
reported that AKI incidence in critically ill COVID-19 patients in the ICU was 29% [53],
while patients with kidney insufficiencies marked by abnormal urea nitrogen, serum
creatinine, and proteinuria were at increased risk of hospital death [3]. Another study of
5700 patients revealed 81 patients needed renal replacement therapy after admission and
patients with diabetes were more likely to suffer from AKI [96].

Continuous renal replacement therapy (CRRT) might block the cytokine storm and
improve the prognosis of COVID-19 patients. However, a previous study already reported
that CRRT filters quickly clog due to coagulopathy and therefore adequate anticoagula-
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tion therapy will be needed for COVID-19 patients, especially severe cases, but specific
knowledge of best practices in these cases is still limited [25].

5.4. COVID-19-Related Liver Injury

Clinical details of liver injury specifics associated with COVID-19 have yet to be re-
ported. However, a generally overactive immune response induced by COVID-19 infection
and subsequent dysregulated inflammatory cellular responses (cytokine storm) may lead
to liver injury [97]. A previous study has already reported liver enzyme abnormalities,
elevated serum alanine aminotransferase (ALT), and aspartate aminotransferase (AST) in
43.4% of surveyed COVID-19 patients [3], an effect also reported in a systematic review
and a meta-analysis of severe and fatal COVID-19 cases where elevated serum AST levels
were found. This association implies that severe COVID-19 patients are at risk of liver
injury, which may accelerate the risk of developing vascular thrombosis [98], coagulopathy,
and subsequent clotting issues in multiple organ systems. Patients with comorbid fatty
liver or other hepatic diseases may thus be at risk of developing severe or fatal COVID-19
infections and should be monitored closely for signs of liver damage. We summarized the
commodity of multi-organ dysfunction by endothelial dysfunction in COVID-19 patients
in Figure 1.

5.5. Treatment of COVID-19-Associated Endothelial Dysfunction

There are several studies that have investigated the therapeutic effect of renin an-
giotensin system (RAS) inhibitors and statins. Angiotensin II (Ang II), an endogenous
peptide hormone, is the main effector of the RAS for homeostatic adjustment of pressure
in the cardiovascular system. Gencer et al. shed light on the significant role of RAS in
COVID-19 in a review [99]; however, using ARB and ACE-inhibitors itself is controversial
within the literature [51,100-106].

Two viewpoints exist, the first being that ARB and ACE inhibitors upregulate ACE2
expression, which makes it easy for SARS-CoV-2 virions to enter target cells. As angiotensin-
converting enzyme 2 (ACE2), originally discovered in 2000 by two researchers [107,108], is
ubiquitous throughout the heart and kidneys, increased ACE2 expression by these regula-
tors may increase the infective load of SARS-CoV-2 in the cardiovascular system. Therefore,
it is hypothesized that increasing ACE2 via ARB and ACE inhibitors is contraindicated for
COVID-19 patients [109].

The second viewpoint is that ARB and ACE inhibitors enhance vasodilation and anti-
inflammatory effects for COVID-19 patients, which is of importance due to associations
between Ang II and reactive oxygen species (ROS). Previous studies have hypothesized
that Ang II enhances ROS generation in mitochondria via the “ROS-induced ROS release”
(RIRR) mechanism [110,111] and the NAD(P)H oxidase-derived ROS stimulated by Ang II
may lead to a mitochondrial ROS burst that precipitates cellular death on a multicellular
scale [112]. Several systematic reviews and meta-analyses revealed that ACE inhibitors, in
addition to angiotensin receptor blockers (ARBs), have been shown to improve endothelial
dysfunction by flow-mediated vasodilatation (FMD), a widely-used method for evaluate
endothelial function [113,114]. This viewpoint thus asserts that the generation of ROS,
which has both primary (tissue damage) and secondary (signaling) is an important compo-
nent of the vascular damage seen in COVID-19 and that ARB and ACE inhibitors, although
freeing up ACE2, dampen ROS that causes microcapillary and intimal damage within the
vascular system.

However, for the pulmonary system, Imai et al. evaluated the role of ACE2 and Ang II
in lung injury by using a septic mouse model. As the ACE2-knockout mice had more severe
forms of lung injury, the conclusion was that ACE2 is overall protective in sepsis [115]. This
data indicate that ACE2, although vital for COVID-19 penetration into somatic and neural
cells, may provide a measure of protection by mediating ROS levels in the vascular and
pulmonary systems. More studies will need to be conducted that examine the mechanistic
interplay and how ARB and ACE inhibitors disrupt that balance.
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5.6. Other Potential Drug Therapies for Treatment of COVID-19

Although the effectiveness is controversial, there are several drug therapies currently
under examination for COVID-19. Hydroxychloroquine (HCQ) and chloroquine (CQ), used
in the treatment of uncomplicated malaria, were first reported from France in June 2020 and
that study administered hydroxychloroquine and azithromycin (HCQ-AZ) for 26 patients
with COVID-19, resulting in 20 patients showing a significant reduction of viral loads [116].
Since that study had a small sample size, another study carried out in the USA analyzed
the therapeutic effect of hydroxychloroquine in 1446 consecutive patients and could not
reveal any significant therapeutic effects of hydroxychloroquine [116]. However, another
French study confirmed the therapeutic effect of HCQ-AZ by analyzing 3737 patients
with COVID-19, including 3119 (83.5%) treated with HCQ-AZ [117]. Other retrospective
observational studies [118,119] and a prospective observational study [120], as well as
RCTs [121,122], confirmed the therapeutic effect of HCQ and CQ.

Based on these studies [118-122], the U.S. Food and Drug Administration (FDA)
approved emergency use authorization (EUA) of HCQ and CQ for COVID-19 in March 2020
but revoked it in June 2020 because of perceived limited effectiveness [123]. Additionally,
side effects of these drugs have been reported, especially increased risk for Long QT
Syndrome (LQTS), and several studies have confirmed this phenomenon [124,125].

Anti-inflammation therapy has also been reported as an effective treatment for COVID-
19. Colchicine, an anti-inflammatory and immunomodulatory agent, was suggested to
prevent some complications of COVID-19 by inhibiting IL-1 production. Several RCTs
have since demonstrated this efficacy such as the GRECCO-19 (the Greek Study in the
Effects of Colchicine in COVID-19 Complications Prevention) trial that evaluated a total
of 105 patients and reported significantly improved clinical outcomes [126]. The ongoing
COLCOVID (The ECLA PHRI COLCOVID Trial: Effects of Colchicine on Moderate /High-
risk Hospitalized COVID-19 Patients) trial (ClinicalTrials.gov: NCT04328480) has recruited
2500 patients, but the COLCORONA (Colchicine Coronavirus SARS-CoV2) multi-center
RCT to evaluate the efficacy of colchicine in high-risk adult patients with COVID-19
(ClinicalTrials.gov: NCT04322682) was recently finished and briefly reported that colchicine
reduced hospitalizations by 25%, the need for mechanical ventilation by 50%, and deaths
by 44% [127].

Dexamethasone, a synthetic corticosteroid, has also been suggested for decreasing
COVID-19 mortality as corticosteroids have been extensively used for severe lung con-
ditions such as Acute Respiratory Distress Syndrome (ARDS) and previous outbreaks of
SARS and Middle East respiratory syndrome (MERS) [128,129]. The RECOVERY (Ran-
domized Evaluation of COVid-19 thERapY) trial revealed that the use of dexamethasone
reduced 28-day mortality for oxygen therapy in mechanical ventilation patients [130] and
also initially attempted to judge the efficacy of HCQ but suspended recruiting for this
purpose after no significant benefits were observed [131].

5.7. Bradykinin as a Potential Target Protein for COVID-19

Recently, Garvin et al. reported an in silico analysis of the potential relationship
between severity of COVID-19 and bradykinin [132]. Generally, ACE2 is the main receptor
for COVID-19 and is not highly expressed in lungs. However, as gene expression anal-
ysis of bronchial lavage samples showed the dramatic upregulation of ACE2 (199-fold),
AGTR1 (430-fold), and AGTR2 (177-fold) receptors with downregulation of ACE (8-fold),
compared to controls, this phenomenon indicates a shift in the RAS system to produce
Ang1-9. Genetic pathway analysis also detected the two networks extensively involved
in vasoconstriction and contained, among others, ACE, AGTR1, Bradykinin Receptor 2
(BDKR2), NOS1, and NOS2. Additionally and extensively involved in vasodilation, in-
creased vascular permeabilization, and altered fluid balance, were ACE2, AGTR2, and the
Vitamin D Receptor (VDR). Vitamin D, already known to reduce acute lung injury by block-
ing the Ang-2-Tie-2- myosin light chain (MLC) kinase cascade and the renin-angiotensin
system [133], mediates the expression of ACE2 [134]. As the SARS-CoV-2-enhanced ex-
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pression of ACE2 could theoretically increase viral entry into cells, vitamin D may seem
counterintuitive but Murai et al. did significant work to evaluate the therapeutic effect of
vitamin D for COVID-19. Random administration of vitamin D (200,000 IU) or placebo for
240 hospitalized patients with moderate to severe COVID-19 (non-ventilator status) [135]
showed a trend for a therapeutic effect of vitamin D for COVID-19 but this was not sig-
nificant. However, the editorial mentioned the importance of remaining open-minded to
emerging results from rigorously conducted studies of vitamin D [136].

Bradykinin is responsible for the vasodilation and permeability of the pulmonary
vascular system. The kinin-kallikrein system is a zymogen system that, after activation,
leads to the release of bradykinin. Binding bradykinin to BDKR2 increases vascular
permeability and subsequent pulmonary edema [137]. Imai et al. reported that ACE2 plays
an important role for preventing ALI [115] but, unusually, they also reported no differences
in hydrostatic pressure compared with ACE2 knockout and controls, concluding that
severe lung edema in ACE2 knockout mice does not seem to be secondary to systemic
hemodynamic alterations [115]. Unlike the RASS system, bradykinin controls permeability
and vasodilatation without vasoconstriction. Thus, this phenomenon can be explained
by the kinin-kallikrein system. Bradykinin is only a substrate for ACE, not a substrate for
ACE2 [138,139]. Therefore, ACE2 does not inactivate bradykinin but ACE2 and bradykinin
do cross talk through potent ligands of BDKR1 in the lung, namely des-Arg9-BK and Lys
des-Arg9-BK [138].

There are still limited clinical reports describing the associations between bradykinin
and ARDS since these patients demonstrate markedly elevated levels of bradykinin in the
bronchoalveolar lavage fluid (BALF) samples compared with healthy controls [140].

From these data, blocking bradykinin B1 receptors (BKB1R) and bradykinin B2 recep-
tors (BKB2R) may be a potential therapeutic target. However, there is no licensed BKB1R
drug to date [141] and the BKB2R drug icatibant (Firazyr) is only available in the U.S.
and Europe. There are already reports on the use of icatibant for COVID-19 patients as
van de Veerdonk et al. included 10 patients for treatment with three doses of 30 mg of
icatibant by subcutaneous injection at 6-h intervals and evaluated the therapeutic effect by
matched-pair analysis [142]. All nine patients prescribed icatibant experienced a marked
decrease in oxygen supplementation and four patients (44%) were weaned from oxygen
within 10-35 h after three doses of icatibant. Additionally, eight out of nine patients (89%)
treated with icatibant confirmed a reduction in oxygen use of 3 L/min or greater after
24 h. After matched-pair analysis (nine patients using icatibant vs. 18 control patients),
only three out of 18 patients (17%) without icatibant showed a reduction in oxygen use
of 3 L/min or greater after 24 h. From these results, the authors revealed an association
between the use of icatibant and improvements in lung injury. Interestingly, three out
of 10 patients (30%) using icatibant did need to go back on oxygen again, which may be
due to icatibant’s short-acting effect (half-life of 2 h) [143]. Recently, an RCT to evaluate
the efficacy and safety of icatibant, a C1 esterase/kallikrein inhibitor, in severe COVID-19
has been launched [144] and this study may lead to a more rigorous association between
COVID-19 infection and bradykinin systems.

6. Future Direction

ARB and ACE-I usage in COVID-19 is still controversial as observational studies
cannot eliminate bias and confounding factors. Recent reviews stated that underlying
diseases such as hypertension are not the sole independent risk factor and ARB and/or
ACE-I are also not risk factors [145]. However, a previous review noted a therapeutic
effect of ARB for endothelial dysfunction during viral infection and subsequent sepsis [145]
while a recent review on COVID-19 treatment also confirmed the therapeutic effect of
ARB for endothelial dysfunction [146]. Such conflicting reports currently complicate the
removal of bias in results, but Donald B. Rubin has suggested expanding the method
of causal inference to reveal any rigorous associations between factors and results in
observational studies [147].
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Currently, several randomized clinical trials (RCTs) are ongoing to confirm the
therapeutic effect of ARB and ACE-I for COVID-19 as shown in Table 1. Diverse studies
of various sizes in adults plus one study in the elderly are awaiting study completion
and publication. The COVID-RASi Trial (COVID-19) focuses exclusively on elderly
patients with hypertension (HT), diabetes mellitus (DM), coronary artery disease (CAD),
history of myocardial infarction (MI), heart failure (HF) ischemic stroke, or renal dysfunc-
tion. This RCT compares the mortality of relatively high-risk patients after ACE-I/ARB
treatment and standard care. Meanwhile, the REPLACE COVID (Randomized Elim-
ination and Prolongation of ACE inhibitors and ARBs in coronavirus 2019) trial, the
Randomized ACORES-2 Study (ACE Inhibitors or ARBs Discontinuation for Clinical
Outcome Risk Reduction in Patients Hospitalized for the Endemic Severe Acute Res-
piratory Syndrome Coronavirus SARS-CoV-2 Infection), the ACEI-COVID (Stopping
ACE-inhibitors in COVID-19) trial, the BRACE CORONA trial (Continuing versus sus-
pending angiotensin-converting enzyme inhibitors and angiotensin receptor blockers:
Impact on adverse outcomes in hospitalized patients with severe acute respiratory syn-
drome coronavirus 2 SARS-CoV-2), and RASCOVID-19 trial (Effects of Discontinuing
Renin-angiotensin System Inhibitors in Patients With COVID-19) are being conducted to
compare outcomes from continuing or discontinuing use of ARB or ACE-I treatment.
On the other hand, CAPTOCOVID (Efficacy of Captopril in Covid-19 Patients With
Severe Acute Respiratory Syndrome (SARS) CoV-2 Pneumonia), CLARITY (Controlled
evaLuation of Angiotensin Receptor Blockers for COVID-19 resplraTorY Disease), and
STAR-COVID (Telmisartan in Respiratory Failure Due to COVID-19) trials are currently
comparing the outcomes of using or foregoing ARB or ACE-I treatments. Addition-
ally, angiotensin 1-7 is being investigated as a therapeutic treatment for COVID-19 in
two RCTs (ClinicalTrials.gov Identifier: NCT04332666: NCT04605887).

Moreover, a living network meta-analysis through the Cochrane Library is now active
to rate interventions for the treatment of COVID-19 [148]. These living network meta-
analyses have recently been suggested as the new paradigm in comparative effectiveness
research [149,150] as they can reach robust conclusions on the relative effectiveness of
treatments earlier than sequential meta-analyses, reducing research waste, and offering
timely recommendations [149-151]. Moreover, even though the idea of the bradykinin
storm is now gaining attention, no RCTs have been done or are being done to confirm
the therapeutic effect. As supercomputers were able to detect the potential relationship
between the bradykinin storm and COVID-19, both in silico and living network meta-
analyses may synergistically and systematically detect targets. As recent third waves
of infection have been announced, time is of the essence and these rapid data sorting
and evaluation methods may be invaluable for determining best practice in treating both
severe and “long-haul” cases of COVID-19 that feature cardiovascular, neurological, and
multi-organ sequelae.
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Table 1. Ongoing RCTs to confirm the therapeutic effect of ARB and ACE-I for COVID-19.
Estimated
. Sample . ARB or . . Study
No. Country Title Size Age Subjects ACE-I Drug Dose Method Masking Primary Outcome Start Date Completion
Date
1. All-cause mortality at
day 28 from randomization
2. Occurrence of ICU
admission during
hospital stay.
Using the blood 3. Need for and duration
pressure medication of MV.
1 Sweden losartan to improve 750 Age> GCS > 14 ARB Losartan Maximum of Standerd care Open label 4. Peak level and area March, February, 2021
outcomes for 18 years 100 mg under the curve during 2020
patients with hospitalization for National
SARS CoV-2 Early Warning score 2
(NEWS2) score.
5. Peak level and area
under the curve during
hospitalization for
CRP score
Elimination or Continuation 5 "[%}.\T;mfnts ilee}tg.
Prolongation of ACE compared su ) orti dg I\/FV (())r EaCyI\S/IO
Inhibitors and ARB Age > Current Use of ARB or e e with discon- Single PP y ’ March,
2 USA . . 152 Not specific Not specific . . . 3. the number of days December, 2020
in Coronavirus 18 years ARB or ACE-I ACE-I tinuation of (Participant) d by RRT 2020
Disease 2019 ARB supported by RR1 or
(REP;‘Sza(?EC OVID) ACE?Ir pressor/inotropic therapy.
4. Modified SOFA score.
Do Angiotensin (in\llze.SStli’nitor
Receptor Blockers Mild to h 5
Miti N as option to
itigate Progression Age > moderate increase dose Standard of None March,
3 USA to Acute Respiratory 200 18 & respiratory ARB Losartan davs 2-10 C o Label 1. MV days 2020 ’ December, 2020
Distress Syndrome years symptoms of OIL ayj a are (Open Label)
With SARS-CoV- COVID-19 e
2 Infection of SBP)
ACE Inhibitors
or ARBs
Discontinuation
for Clinical Outcome
Rl?ﬁ gsgsrfgon Continuation 1. Improvement of
Hospitalized for the A Ie Use of ARB o hmg‘ared two points on a
. . ge > urrent Use o or g iy with discon- seven-category .
4 Paris AEcxllileerIr{l; Sierzféf 554 18 years ARB or ACE-I ACE-I Not specific Not specific tinuation of None (Open) ordinal scale. April, 2020 August, 2020
Svn drg me y ARB or 2. Live discharge from
Co};onavirus ACE-I the hospital

(SARS-CoV-2)

Infection: the

Randomized
ACORES-2 Study
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Estimated
No. Country Title Sasrinzile Age Subjects AAIé];f)Ir Drug Dose Method Masking Primary Outcome Start Date Co:::li¥ion
Date
Alternate
anti-
Coronavirus Current use of hr}:llz Zri:;?is;ﬁe 1. Number of deaths.
(COVID-19) Age > ARB or ACE-I ARB or (Thiazid None (Open 2. Number of MV.
5 Ireland ACEi/ARB 2414 60 8¢ for the 0 Not specific Not specific ,naziae one (L pe 3.Require hospitalization April, 2020 December, 2021
Investigation years treatment of ACE Thiazide-like Label) for non-invasive
& . diuretics or o
(CORONACION) hypertension Calcium ventilation (NIV)
Channel
Blockers)
Valsartan for
Prevention of Acute Dosages will Quadruple
Respiratory Distress be ti%rate d (Participant,
Syndrome in Ace > Hospitalization to blood Care 1. First occurrence of
6 Netherlands Hospitalized 651 18 g o f r%OVID—lQ ARB Valsartan ressure with Placebo Provider, ICU admission. April, 2020 December, 2021
Patients With years ° pressure wi Investigator, 2. MV or all-cause mortality
SARS-COV-2 a nfu;)élomum Outcomes
(COVID-19) ° me Assessor)
Infection Disease
Stopping Cor\tinuaticclm ) AldSOFA SctortIe.CU
STE . compare . Admission to .
7 Austria AC](SESI\};;%}{) ;S m 208 1 SA }%:ais (XEIBEE: XSCEE(;f Aﬁng)lr Not specific Not specific With d.iscon- Open label 3. Use of .me‘chanical April, 2020 May, 2022
(ACEL-COVID) tinuation of ventilation. )
ACEI or ARB 4. All-cause mortality
Continuing versus
suspending
angiotensin-
converting enzyme
inhibitors and
angiotensin receptor . .
blockers: Impact on CSE;I;E?:C?H
8 Brazil ﬁg:;ftsa‘eli(;:;cngesr:tr; 500 1 ? }%;;S CptlérBegi K?E(;f AAIEE]'E?Ir Not specific Not specific with d.isconf— Not writen 2 ];.islz/igrt;ggays April, 2020 Not writen
with severe acute :él]g[a SSZEB
respiratory
syndrome
coronavirus 2
(SARS-CoV-2)-The
BRACE
CORONA Trial
Discontinuation of ng;;gi:gn
9 Austria A(;)E tli:r}:lsn\’:voii;m 798 1 é\ }g,:ajs %}g;g; XsCeE(;f AAIé]i:f)f Not specific Not specific with discon- Not written L Max?uMn;rStogi}i? scores. April, 2020 Not writen

COVID-19 infection

tinuation of
ACEI or ARB
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Table 1. Cont.

Estimated
. Sample . ARB or . . Study
No. Country Title Size Age Subjects ACE-I Drug Dose Method Masking Primary Outcome Start Date Completion
Date
A clinicial trial to
investigate the effect
of valsartan
compared to placebo Ace > Placebo- 1. ICU admission.
10 Netherlands  on acute respiratory 651 8 Not specific ARB Valsartan 80-160 mg Double-blind 2. MV. April, 2020 Not writen
. . 18 years controlled .
failure in 3.Mortality
hospitalized
SARS-CoV-2-
infected patients
Treatment of
Sars-CoV2 infections Stud
(Covid-19) in Pre-existi ey
: . re-existing patients
patients without or hroni i doml LS . .
with chronic kidney Age >  CIrOmIC rend. rancomty Partly - Severity rating on . .
11 Germany . . 300 insufficiency in ARB Valsartan 80mg converted . a 7-point scale. April, 2020 Not writen
disease (CKD) with 18 years d P’ £ ACE blinded 2 Hospital disch
valsartan vs placebo, any degree o rom - Hospital discharge
a three-armed severity Inhibitors to
randomized, partly ARB
blinded trial
COVID-19—
ACORES-2 study:
ACE inhibitors or
ARBs discontinua-
tion for Chn}cal Continuation 1. Improvement of two
Outcome Risk Last .
reduction in patients Age > ARB or prescription compared points on a seven-category
12 France hospitali 554 Non-ICU Not specific - with discon- Not written ordinal scale. April, 2020 Not writen
ospitalized for the 18 years ACE-T prior to . . £ 2 Live disch £
Endemic Severe admission tinuation o - HIVE dischiarge from
acute respiratory ACEI or ARB the hospital
syndrome
coronavirus
(SARS-CoV-2)
infection
Effects of
Discontinuing Continuation
Renin-angiotensin compared Single .
13 Denmark System Inhibitors in 215 Age> Current Use of ARB or Not specific Not specific with discon- (Outcomes 1. Days ahve' and out May, 2020 December, 2020
. ) 18 years ARB or ACEI ACE-T . X of hospital
Patients With tinuation of Assessor)
COVID-19 ACEI or ARB
(RASCOVID-19)
Efficacy of Captopril Acute
in Covid-19 Patients respiratory
With Severe Acute Ace > failure 25m.
14 Paris Respiratory 230 18 gears requiring ACE-T Captopril nebulize;gtion Standard care ~ None (Open) 1. MV-free survival May, 2020 August, 2020
Syndrome (SARS) Y oxygen
CoV-2 Pneumonia administration
(CAPTOCOVID) > 3L/mn
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Table 1. Cont.

Estimated
. Sample . ARB or . . Study
No. Country Title Size Age Subjects ACE-I Drug Dose Method Masking Primary Outcome Start Date Completion
Date
Telmisartan for Age > Hospitalization
15 Argentina Treatment of 400 8 P ARB Telmisartan 160mg Standard care ~ None (Open) 1. CRP May, 2020 October, 2020
. 18 years for COVID-19
COVID-19 Patients
Controlled
evaLuation of
Angiotensin Ace > Non ARB or Single 1.7-Point National Institute
16 Australia Receptor Blockers 605 18 8 f ACE-I user ARB Not specific Not specific Standard care (Outcomes of Health Clinical June, 2020 January, 2021
for COVID-19 years use Assessor) Health Score.
resplraTorY Disease
(CLARITY)
Treatment of
Sars-CoV2 infections Pre-existing
(Covid-19) with chronic renal . .
17 Germany valsartan vs placebo, 300 Age> insufficiency in ARB or Valsartan 80 mg Three arm Bartly L Seventy rating on a June, 2020 Not writen
18 years ACE-T blinded 7-point scale
a three-armed any degree
randomized, partly of severity
blinded trial
. . Receive
Telmisartan in .
18 Mexi Respiratory Failure 60 Age > Expected ICU ARB Telmisart Z%lmlsz:irte'xln Standard None (Open) 1. Mortali August, March. 2021
exico Due to COVID-19 18 years stay of > 48 h elmisartan : mtg 31 yd andard care one (Open . Mortality 2000 arch,
(STAR-COVID) plus standar
care.
Angiotensin-(1,7) 02
Treatment in Age > Expected ICU Angiotensin ; e . 3 September,
19 Netherlands COVID-19: the 60 18 years stay of >48 h Other 1—7 m&r}gr/ 4158%1/ h Standard care ~ Double-blind 1. Ventilator- free days 2020 June, 2021
ATCO Trial (ATCO)
Three arms:
I;I;irs/’t]c?rl\;[,o(f:l\/sx/[]?, Standerd Dose Single 1. Mortality.
20 Canada Th'e COVID-RASE 1155 65 Years HE, ischemic ARB and care, ACE] adjustments Standard care (Outcomes 2. MV. October, August, 2022
Trial (COVID-19) and older ACE-I treatment as . 2020
stroke or renal . Assessor) 3. ICU admission
d . and ARB appropriate.
ysfunction. ¢
reatment.
Anglotensin 1-7 as a Moderate lung (Paztl‘ilgifant
21 Israel Therapy in the 120 Age > status Other Angiotensin 500 meg/kg Placebo Care 1. Need for_ MV. November, April, 2024
Treatment of 18 years . 1-7 /day . 2. Mortality. 2020
(without MV) Provider,
COVID-19 .
Investigator)

ACE-I: Angiotensin-converting-enzyme inhibitor, ARB: Angiotensin II Receptor Blocker, CAD: Coronary artery disease, CRP: C-reactive protein, DM: Diabetes mellitus, ECMO: Extracorporeal membrane
oxygenation, HF: Heart failure, HT: Hyper tension, ICU: Intensive care unit, MI: Myocardial infarction, MV: Mechanical Ventilation, RRT: Renal replacement therapy, SBP: Systolic blood pressure, SOFA:
Sequential organ failure assessment score.
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7. Conclusions

Based on current evidence, COVID-19 infections cause frequent multi-organ damage,
mainly via endothelial dysfunction in the heart, brain, kidney, and liver. Usage of ARB and
ACE-], potential tools to ameliorate this endothelial dysfunction, have competing theories
and current RCTs will be the ultimate judge of their usefulness in both severe and chronic
cases of COVID-19. While several studies have implicated that bradykinin is a promising
target protein for COVID-19, the results of the various clinical trials for ARB, ACE I, and
bradykinin blockers must be tabulated and analyzed for rigorous associations. Further
studies, especially well constructed RCTs, will bring clear evidence for definitive COVID-19
treatment guidelines.
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