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Nitric oxide (NO) is a free radical playing an important pathophysiological role in cardiovascular and immune
systems. Recent studies reported that NO levels were significantly lower in patients with COVID-19, which was
suggested to be closely related to vascular dysfunction and immune inflammation among them. In this review,
we examine the potential role of NO during SARS-CoV-2 infection from the perspective of the unique physical,
chemical and biological properties and potential mechanisms of NO in COVID-19, as well as possible therapeutic

strategies using inhaled NO. We also discuss the limits of NO treatment, and the future application of this
approach in prevention and therapy of COVID-19.

1. Introduction

Coronaviruses (CoVs) are a family of single-stranded positive-sense
RNA viruses that mainly infect mammals and birds. They usually contain
a ~30 kilobase (kb) genome and are named after their protruding
crown-like spikes on the virus surface [1]. Outside of the human coro-
naviruses (e.g., types 229E, NL63, 0C43, and HKU1) [2,3], CoVs that are
found in other species do not infect humans directly from their natural
hosts, but they trigger acute respiratory syndromes in humans after
overcoming species barriers, such as the severe acute respiratory syn-
drome (SARS or SARS-CoV-1) in 2002, the Middle East respiratory
syndrome (MERS or MERS-CoV) in 2012 and COVID-19 caused by
SARS-CoV-2 in 2019 [4]. As of December 1, 2020, the total number of
confirmed infected cases worldwide stood at 63.3 million, with a death
toll of 1.47 million (from Johns Hopkins Center for Systems Science and
Engineering) [5]. The fatality rate has varied greatly by region and age
groups. Although many COVID-19 patients may be asymptomatic, those
with symptoms include fever, dry cough, shortness of breath and
myalgia. Death is mostly due to acute lung injury (ALI), acute respira-
tory distress syndrome (ARDS) and sepsis, which are caused by viral
infection and very similar to the pathological features of SARS and

MERS [6]. According to genomic and proteomic analyses, the similarity
between total nucleoside sequences of SARS-CoV-2 and SARS-CoV-1 is
about 79.5%, and the similarity of amino acid sequences between seven
conserved replicate domains in the open reading frame 1ab (ORF1ab) is
as high as 94.4% [7,8]. These indicate that SARS-CoV-2 belongs to the
fB-line coronavirus family and is a member of the SARS-CoV species [7,
8]. It has been confirmed that SARS-CoV-2 and SARS-CoV-1 invade cells
via a similar mechanism, i.e. binding to human type I trans-membrane
receptor angiotensin converting enzyme 2 (ACE-2) through the S-pro-
tein. The receptor-binding ability of SARS-CoV-2 is about 4 times that of
SARS-CoV-1 [9], which explains the higher infectivity of SARS-CoV-2.
Due to the overlap of the genetic structures and pathological features
between them, known facts about SARS-CoV-1 indeed have provided
hints for our understanding of SARS-CoV-2.

Nitric oxide (NO) is a key player in both the cardiopulmonary and
immune systems. The role of NO depends on its site of production and
concentration. Abnormal levels of NO in vivo are usually closely related
to the occurrence and development of diseases, such as viral infection.
To date, there is no comprehensive report on the role, potential mech-
anism and therapeutic application of NO in COVID-19. In this review,
NO in COVID-19 was systematically examined from the perspectives of
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its general features, six known pathways in lungs, possible roles in
COVID-19 etiology, and clinical use in COVID-19 prevention and
therapy.

2. NO level and bioavailability in COVID-19 patients

Determination of nitrate and nitrite (metabolites of NO, abbreviated
as NOy) by the Griess assay in the blood of patients with severe COVID-
19 revealed that the production of NO was significantly higher than that
of healthy individuals (as a control group) [10]. This may be compatible
with macrophage activation, which is common during inflammatory
immune responses. Inducible nitric oxide synthase (iNOS) in macro-
phages can be 2-3 fold higher following inflammation, which releases a
large amount of NO leading to local and systemic increases of nitrate or
nitrite [11]. However, one original clinical report from Canada showed
that, through thrombotic factor profiling with immunoassays and in vitro
experiments on human pulmonary microvascular endothelial cells,
exaggerated and persistent injury to endothelium in severe COVID-19
patients was clearly found [12]. In addition, diffuse lymphocytic endo-
theliitis and apoptotic bodies were also observed in autopsy and surgical
tissue specimens [13], which showed significantly decreased endothelial
NO in patients with COVID-19 or related complications [14], and was
suggested to be closely related to lung injury and an imbalance of NO
and ROS [15]. Different findings about iNOS and eNOS suggested
multiple pathways of NO during infection. Four potential pathways
during SARS-CoV-2 infection have been described as below (Fig. 1).

Although SARS-CoV-2 mainly infects bronchial ciliated epithelial
cells and pulmonary type II cells, residual viral particles in endothelial
cells were also found by electron microscopy. This observation
confirmed that SARS-CoV-2, like SARS-CoV-1 and MERS-CoV, could
directly infect endothelial cells, leading to cell apoptosis and a decrease
of endothelial NO (Fig. 1, Pathway 1) [16]. In addition, decreased NO
production is also along the progression of viral infection. SARS-CoV-2
invades host cells through its surface stimulating glycoprotein-S pro-
tein binding to angiotensin converting enzyme 2 (ACE2), and then
down-regulates expression of ACE2 [17]. It is known that ACE converts
angiotensin I (Angl) into the pro-inflammatory peptide angiotensin II
(Angll), and ACE2 metabolizes Angll to produce angiotensin-(1-7)
((Ang-(1-7))) and Ang-(1-7) promotes endothelial cells to produce NO.
Due to down-regulation of ACE2, suppression of ACE and its down-
stream product Angll is alleviated. ACE inhibits NO production, and
promotes ROS production and inflammation. Furthermore, as a
pro-inflammatory peptide, Angll itself activates macrophages to pro-
duce pro-inflammatory cytokines and ROS [18,19], leading to excessive
inflammatory responses and NO/ROS imbalance (Fig. 1, Pathway 2).
Inflammation is the normal response of the human immune system to
injuries and attacks. Analysis of peripheral blood indicated that viral
infection often caused a significant increase in pro-inflammatory cyto-
kines and chemokines, and developed into a strong cytokine storm [20,
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21]. When high inflammation persists for a long time, it causes damage
to multiple tissues and organs. In addition, high inflammation causes a
severe imbalance of NO/ROS in body, which in turn leads to oxidative
stress (Fig. 1, Pathway 3) [22]. A large number of activated
pro-inflammatory cytokines and chemokines were found in serum of
patients with severe COVID-19, including IL-2, IL-6, IL-10, TNF-a, GSCF
and MCP-1 [23]. By blocking mitochondrial oxidative phosphorylation
and adenosine triphosphate production, pro-inflammatory cytokines
promote production of excessive ROS in the mitochondria, and lead to
increased membrane permeability and changed dynamics, resulting in
mitochondrial dysfunction and apoptosis [24]. Mitochondria are the
main source of ROS. When excessive ROS are present, endothelial injury
is aggravated by cell apoptosis, activation of transcription factors
(NF-kB, AP-1), and overexpression of inflammatory cytokines and
adhesion molecules (ICAM-1, VCAM-1, E-selectin), which then signifi-
cantly reduce the production of NO (Fig. 1, Pathway 3). In addition, ROS
changes vascular tones by increasing intracellular calcium concentra-
tion and reducing the bioavailability of NO (Fig. 1, Pathway 4) [25].

How NO level and bioavailability impacted COVID-19 patients is
closely related to its unique features. In the following section, the gen-
eral biochemical properties of NO would be described, in order to un-
derstand its role in COVID-19.

3. General biochemical features of NO

NO is a highly reactive heteronuclear diatomic gas molecule with
one single electron in the 2p-n anti-bonding orbital (n*2;). It reacts with
various reagents and regulates multiple signaling pathways. NO can
directly bind to target molecules including metal centers, DNA and lipid
free radicals, and also reacts with oxygen (O2) or superoxide free radi-
cals (O2) to form corresponding nitrogen oxide compounds, which then
attack target molecules. There are two main synthetic pathways of NO in
vivo: the aerobic oxidation of L-arginine (L-Arg) catalyzed by nitric oxide
synthase (NOS), and the anaerobic or hypoxic reduction of nitrite
catalyzed by nitrite reductase. NO also gets produced through nitrite
disproportionation, or via release from dinitrosyl iron complex (DNIC) in
vivo (Fig. 2).

Under normoxia, NO can be generated from three types of NOSs
encoded by different genes: endothelial nitric oxide synthase (eNOS),
neuronal nitric oxide synthase (nNOS) and iNOS (Fig. 2). Among them,
eNOS and nNOS are constitutive nitric oxide synthases that are found in
endothelial, epithelial, smooth muscle and nerve cells. eNOS and nNOS
are regulated by intracellular calcium and calmodulin. iNOS is mainly
found in macrophages, monocytes and muscle cells, and does not
depend on the regulation of calcium ions [26,27]. Depending on its
source and concentration, NO has a Janus face in a variety of patho-
physiological processes, participating in the regulation of blood circu-
lation, immune response and nervous system signaling [28].

( ROS t ]—— [ change of vascular tone | —— [T G L !

Fig. 1. Regulation of NO level and bioavailability via four potential pathways in COVID-19 etiology.
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Fig. 2. General biochemical features of NO.

Role of NO in lungs

NO can serve as a vasodilator or immune regulator (Fig. 3) [29-32].
As a vasodilator, NO functions as a selective pulmonary vasodilator to
improve oxygenation and reduce pulmonary vascular resistance (Fig. 3,
upper left), as a bronchial/airway dilator to promote oxygen inhalation
(Fig. 3, middle left), to increase the blood flow of capillaries that ex-
change gas with alveoli and accelerate oxygen circulation of body
(Fig. 3, lower left), and as a vascular anticoagulant that inhibits blood
clotting and excessive platelet activation (Fig. 3, upper right). The ef-
fects of NO as an immune regulator include: as an anti-inflammatory
molecule, preventing excessive inflammation through early
non-specific immunity, and later regulation of vascular inflammation
and immune cell proliferation (Fig. 3, middle right), and as an antiviral
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effector, inhibiting the replication cycle of SARS-CoV-1/SARS-CoV-2
(Fig. 3, bottom right). In COVID-19, NO was reported to function from
one of these four potential mechanisms: vasodilation, anticoagulation,
anti-inflammation and anti-viral [33].

4.1. NO as a vasodilator

Around three decades ago, researchers found that NO promoted
vasodilation, improving oxygenation and reducing pulmonary vascular
resistance. Ever since, NO has been used to treat pulmonary dysfunction
[34]. At vasoconstriction (general physiological contraction, inflam-
mation or vascular injury), NO effectively relaxes smooth muscle cells
and dilates blood vessels, therefore modulating vascular tension and
local blood flow.

II

Fig. 3. Six pathways of NO to function in the lungs. (I) NO plays the role of a vasodilator, including selective pulmonary vasodilator effects, bronchodilator effects,
increased blood flow to the alveoli and anti-thrombotic effects. (II) NO plays the role of an immune regulator, including anti-inflammatory effects and microbiocidal
effects (reference 33, reprinted with permission of the American Thoracic Society. Copyright © 2020 American Thoracic Society. Cite: Roger A. Alvarez, Lorenzo
Berra, and Mark T. Gladwin. 2020, Home Nitric Oxide Therapy for COVID-19, Am J Respir Crit Care Med, 202, 16-20. The American Journal of Respiratory and

Critical Care Medicine is an official journal of the American Thoracic Society).
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It has been generally accepted that NO binds to the heme center of its
typical receptor, soluble guanylate cyclase (sGC), to form a NO-ferrous
heme adduct (Heme-NO), thus activating sGC, and resulting in
tremendous production of intracellular cyclic guanosine mono-
phosphate (cGMP). cGMP is a second messenger that activates
Ca?*ATPase, a P-type ATPase enzyme, which reduces intracellular Ca®*
concentration and relaxes smooth muscle cells. Kinase-G also promotes
phosphorylation of protein G in smooth muscle cells, which connects
seven regions of transmembrane receptors and phospholipases. It then
thereby inhibits ligand-receptor interaction and contractile signal
transmission, enhancing relaxation of smooth muscle cells and pro-
moting local blood flow [35,36]. In addition, NO is also involved in the
metabolic pathways of nitrosothiol (RSNO). RSNO is relatively stable,
with a half-life of 40 min in an oxygen-rich environment (anaerobic
half-life of NO is only 1-5 s, oxygen-rich <3 s). It has a strong bron-
chiectasis effect independent of the cGMP pathway, which effectively
improves airway tension and increases oxygen intake [37].

Hypertension, diabetes, and cardiovascular diseases often associate
with vascular dysfunction and decreased endothelial NO production or
bioavailability [38]. Compared to other chronic conditions, these three
diseases have become the most frequent comorbidities in COVID-19
patients who require hospitalization. In a meta-analysis that included
six Chinese studies and 1527 COVID-19 patients, the overall prevalence
of hypertension, cardiovascular and cerebrovascular diseases and dia-
betes were 17.1%, 16.4% and 9.7%, respectively. Another pooled
analysis included seven studies published from Jan 1, 2019 to Feb 25,
2020 in PubMed, EMBASE, and the Web of Science databases, and
showed that hypertension and a history of cardiovascular disease
conferred 2.4 (95% confidence interval [CI] 1.5-3.8) and 3.4 (95% CI
1.9-6.2) times higher risk of severe COVID-19 disease [39], which
suggest an important role for NO in COVID-19 etiology.

4.2. NO as an anticoagulant

Endothelial cells produce anticoagulants, including heparin, pros-
taglandin and NO [40]. NO inhibits blood clotting and excessive acti-
vation of platelets. Under normoxia, NO is produced by r-arginine
catalyzed by calmodulin-dependent NOS. It maintains physiological
vascular homeostasis in tissue and protects blood vessels from damage
by platelets and circulating cells. Pathological changes start following
endothelial cell dysfunction, including decreased or ceased release of
NO depending on the degree of injury. It leads to accumulation of free
Ca?* in vascular smooth muscle cells, continuous vasoconstriction, and
subsequently a blood hypercoagulable state. Platelets contain vascular
growth factors and release a variety of pro-inflammatory mediators.
When blood vessels are damaged, platelets quickly gather to the injured
site to form platelet clots and a complex with plasma factor VIIa, whose
subsequent interaction with extravascular tissue factor initiates the ac-
tion of thrombin (via conversion of inactive protease factor X into the
active protease factor Xa). Thrombin then converts soluble fibrin into
insoluble fibrin, which makes the platelet clot entangled with blood cells
to form a thrombus. Therefore, a decrease of endothelial NO production
is a sign of endothelial dysfunction and thrombotic events [41].

Abnormal coagulation has been reported in critically ill patients with
SARS and MERS, and is closely related to poor prognosis. Autopsy re-
ports on SARS patients indicated thrombosis in lungs, bronchi and small
pulmonary veins [42,43]. Recent studies showed that a hypercoagulable
state was one of the main pathological events in COVID-19**. Pulmonary
and distal thrombotic complications were one important reason for high
mortality in COVID-19 patients [44]. Early coagulation disorders in
patients with COVID-19 were characterized by a significant increase in
D-dimer and fibrin/fibrinogen degradation products, which developed
into disseminated intravascular coagulation (DIC) in severe cases [45].
A clinical report on 99 patients diagnosed with COVID-19 at Jinyintan
Hospital in Wuhan showed that about 36% patients had a significant
increase of D-dimer during hospitalization (>1.0 pg/mL) [46-48].
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Activated partial thromboplastin time (APTT) (21-37 s) and pro-
thrombin time (PT) (9.2-15 s) also increased significantly [46-48],
suggesting that these infected patients had the risk of thrombosis.
Excessive platelet activation and platelet-monocyte aggregation caused
by high blood coagulation were observed in 49 patients with severe
COVID-19 treated by the Oswaldo Cruz Institute in Brazil, which was not
observed in patients with mild cases [44], and suggested the patholog-
ical inflammatory activation of thrombus formation in severe patients.

4.3. NO as an anti-inflammatory molecule

Inflammation is one major defensive mechanism to inactivate path-
ogens, remove irritants, and lay the foundation for tissue repairs [49].
However, excessive inflammation causes injury. Studies have shown
that NO promotes or inhibits almost every stage of inflammation [50].
Low concentrations of NO produced by eNOS reduce vascular perme-
ability and inhibit inflammatory exudation, but high NO produced by
iNOS has the opposite effect [51]. When pathogens invade the body,
immune cells recognize them and their pattern molecules through
germline-encoded pattern recognition receptors (PRRs). When PRRs
sense the presence of pathogen-associated molecular patterns (PAMPs),
including exogenous pathogen cell wall components, flagellin, and
nucleic acid, they immediately activate the NF-kB and MAPK pathways.
The transcription factors NF-xB and activator protein (AP-1) induces
expression of iNOS, leading to an increase in NO concentration. The
bactericidal effect of NO involves DNA damage, protein modification,
inhibition of the mitochondrial electron transport chain or other meta-
bolic pathway enzymes. These biochemical reactions produce cytotox-
icity to pathogens and inhibit their further invasion. Because immune
cells are the main effector cells of iNOS expression, the bactericidal ef-
fect of NO produced by iNOS is mainly aimed at microorganisms in the
cytoplasm. Additionally, due to the membrane permeability of NO, it
can also kill extracellular pathogens through diffusion [52].

Moreover, NO is also involved in the regulation of vascular inflam-
mation through ameliorating vascular dysfunction and preventing
complications, such as tissue edema caused by vascular leakage and
respiratory failure. NO reduces vascular damage caused by inflamma-
tion [53]. Furthermore, NO inhibits proliferation of immune cells in
inflammatory responses. It inhibits production of a large number of
cytokines in lymphocytes, eosinophils, monocytes and other immune
cells, including key cytokines in the inflammatory response [26].
Therefore, extreme inflammatory effects, such as the cytokine storm, are
diminished, and uncontrolled body injury is avoided by NO [54].

4.4. NO as an antiviral effector

Non-specific antiviral effects of NO have been reported in a variety of
viral infections, including HIV, vaccinia virus, enterovirus and corona-
virus [55-57]. For example, expression of iNOS was found to signifi-
cantly increase in mouse heart infected with coxsackievirus B3, a
common enterovirus. The viral load increased significantly after
NG-monomethyl-i-arginine acetate (L-NMMA) or nitro-L-arginine
methyl ester (.-NAME) was used to inhibit iNOS [58]. In addition, it was
found that the NO donor S-nitroso-N-acetylpenicillamine (SNAP)
significantly inhibited the 3C protease of coxsackievirus by acting on the
viral replication process [59]. During the SARS outbreak, researchers
found that exogenous NO donors effectively suppressed SARS-CoV-1.
The mechanisms will be described as below.

4.4.1. Inhibition of NO on the SARS-CoV-1 replication cycle

In 2004, a Swedish group studied the inhibitory effect of NO donors
on SARS-CoV-1 infection in VeroE6 cells [60]. Cells were treated with
SNAP and another non-NO donor compound (as control) at various
concentrations (0, 50, 100, 200, 400 pM) at 1 h after infection. The 50%
tissue culture infection dose (TCIDs) was determined after 24 h. The
results showed that SNAP significantly inhibited the replication cycle of
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SARS-CoV-1 at both RNA and cellular levels in a dose-dependent
manner. Besides, iNOS expression was found to accompany decreased
offspring viruses by 82% [60]. Two NO-mediated antiviral mechanisms
were proposed, which were later experimentally verified: (1) NO
affected one or two replication-related cysteine proteases encoded by
SARS-CoV-1 ORF1a, which directly inhibited viral RNA replication, and
(2) NO decreased the palmitoylation level of S protein and inhibited the
membrane fusion of offspring virus S protein binding to host cell re-
ceptor ACE2°!,

Replication of SARS-CoV-1 was mediated by the nonstructural pro-
teins nspl-nspl6, and the later contain two cysteine proteases, which
would be discussed in further details below [62,63]. Cysteine protease
cleaves pplab replicase polyproteins with varied efficiency. Upon
treatment with SNAP, two new high-molecular weight peptides were
found. It was suggested that NO changed the original cutting mode of
cysteine proteases, thereby affecting production of the non-structural
proteins, and terminating the replication process of viral RNA [61,64].

The effect of NO on S protein was also investigated. VeroE6 cells
infected with recombinant vaccinia virus carrying S gene (rVV-L-S) were
treated with 400 pM SNAP, which was labeled with [*H] palmitic acid.
After immune-precipitation of the S protein, it was found that SNAP
treatment significantly reduced the number of palmitoylated S protein.
The intercellular fusion was significantly decreased due to the low
expression of S protein after SNAP-treated rVV-L-S was mixed with CHO-
ACE2 cells (a cell model that stably expresses ACE2 on the cell surface).
The results showed that the entry efficiency of the pseudotyped virus
was significantly lower after SNAP treatment, and the virus infection
rate decreased by about 70% [61]. O3 is also produced during viral
infection, which reacts with NO readily to produce peroxynitrite
(ONOO) [65], a viral inhibitor. In order to clarify whether ONOO"
contributed to this effect, the ONOO™ donor SIN-1 was used to treat cells
infected with SARS-CoV-1. ONOO™ did not show inhibitory effect on
SARS-CoV-1 replication, which ruled out the contribution of peroxyni-
trite in this case [61].

4.4.2. Potential mechanism of NO in COVID-19

SARS-CoV-2 and SARS-CoV-1 share a similar infection process: they
both rely on the membrane fusion mediated by the viral S protein with
the host cell receptor ACE2 to promote the injection of viral genetic
material [66]. At present, the 3D atomic map of the SARS-CoV-2 S
protein has been successfully constructed by cryogenic electron micro-
scopy. The SARS-CoV-2 S protein is a trimer protein with a large number
of glycosylation modifications, and its protein sequence is very similar to
the S protein of SARS-CoV-1 [67]: although the S, region (mediated
membrane fusion) is highly homologous (99%), there is a difference in
amino acid residues of the S protein receptor region (RBD). This dif-
ference has been shown to promote the cell entry mechanism of
SARS-CoV-2 [68,69]. In addition, the SARS-CoV-2 genome is divided
into six main functional open reading frames, including ORFlab,
spinous (S), envelope (E), membrane glycoprotein (M), nucleocapsid (N)
and helper gene [70]. The replicase protein pplab, formed by ORFlab,
is cleaved into 16 non-structural proteins (nsp) involved in virus repli-
cation by papain-like (PLF™) and 3C-like (3CL?™) proteases encoded by
SARS-CoV-2. In  addition, the homology between the
SARS-CoV-2-encoded 3CL"™ and that of SARS-CoV-1 is as high as 96%,
and their structures are basically similar [71,72].

Therefore, the inhibition of SARS-CoV-2 by NO may be similar to that
of SARS-CoV-1. NO also inhibits viral replication by affecting one or two
cysteine proteases encoded by the SARS-CoV-2 ORF1a and reducing the
palmitoylation level of the S protein [73]. However, the mechanism of
NO in SARS-CoV-2 remains unclear. Researchers have recommended NO
together with clinically recommended antiviral drugs as an effective
strategy for the treatment of COVID-19 [71,74].
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5. Application of NO in clinical treatment
5.1. Use of NO in pulmonary and cardiovascular diseases

The main format of NO used in therapy is its precursors, such as
sodium nitroprusside (SNP). SNP is usually administered intravenously
and releases NO immediately after entering the bloodstream. It is widely
prescribed as a vasodilator for the treatment of acute hypertension.
However, intravenous administration of this type of drugs may lead to
systemic vasodilation and arterial hypotension [75], and alternative
medicines have therefore attracted much interest.

NOS is expressed in healthy paranasal sinus epithelial cells and
produces high-level NO gas continuously [76]. Through respiration, NO
then reaches deep regions of lungs at a lower concentration, promoting
dilation of bronchi and blood vessels, as well as increasing oxygen intake
in the lungs [77,78]. Upon reaching the bloodstream, NO may imme-
diately get scavenged by hemoglobin (Hb), thereby preventing systemic
vasodilatation [79]. Therefore, researchers have tested the effect of
inhaled NO (iNO) as a selective pulmonary vasodilator as a potential
treatment for respiratory failure caused by lung diseases [80]. Currently,
iNO has been used in the treatment of ARDS, pulmonary bacterial in-
fections and persistent pulmonary hypertension of the newborn (PPHN),
and was approved by the FDA as a clinical adjuvant therapy for PPHN in
1999 [81,82]. iNO was also known to benefit therapy in other diseases,
including myocardial or cerebral ischemia, sickle cell disease, cerebral
malaria and ischemia-reperfusion injury. iNO may be used in surgery or
organ transplants according to animal experiments. Although there were
no obvious side effects after iNO treatment, it is necessary to continu-
ously monitor the levels of met-myoglobin and nitrogen dioxide (NO2),
as well as changes in blood clotting [81,83].

Coronavirus mainly infects humans through the respiratory tract. In
severe cases, it causes complications, such as respiratory failure and
irreversible damage to the lungs. Based on the above therapeutic fea-
tures, iNO had been studied by researchers as an adjuvant therapy for
respiratory failure caused by coronaviruses.

5.2. Use of NO in SARS and MERS

The global mortality rate of SARS patients was 10.5%, with around
20% patients developed ARDS, accompanied by severe lung infiltration
and extensive consolidation [84-86]. Corticosteroids and ribavirin were
widely used to reduce pulmonary infection in patients, but extensive use
of these drugs had serious side effects, including osteonecrosis of
femoral heads [87]. The optimal treatment strategy for SARS had not
been released yet. Appropriate preventive measures were certainly
needed to slow down aggravation of this disease.

During May-July 2003, one rescue trial of SARS suggested that
exogenous inhaled NO could effectively improve arterial oxygenation in
severe patients and inhibit the virus [85]. This trial involved 14 SARS
patients (8 females and 6 males, ages 19-63) who were treated in the
intensive care units (ICU) of Chao Yang Hospital and China-Japan
Friendship Hospital. Patients were divided into two groups, one treat-
ment group (6 subjects) and one control group (8 subjects). These six
subjects received iNO for at least 3 days, decreasing dose day by day
from 30 ppm, 20 ppm-10 ppm, and then to O ppm on the 4th day. After
that, the subjects continued to inhale 10 ppm NO if arterial oxygenation
deteriorated. Blood oxygen saturation (SpO2) was continuously moni-
tored and the inhaled oxygen fraction (FiO2) was measured intermit-
tently in 4 patients in the treatment group and 5 in the control group.
Results showed that after iNO treatment, the average SpO2 increased
from 93% to 99%, and the oxygen supply decreased from 6 L/min to 2
L/min. The ratio of PaO2 (the partial pressure of oxygen)/FiO2 moni-
tored (4 subjects) increased from 97 mmHg to 260 mmHg. Also,
continuous positive airway pressure (CPAP) and bilevel mask positive
airway pressure (BiPAP) ventilation were reduced and even dis-
continued in all 4 subjects. In addition, SpO2 remained at a high level
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after stopping NO inhalation. The density of pulmonary infiltration in 5
patients also decreased significantly, and chest radiography showed a
decreased spread or decreased density of the lung infiltrates in 5 of the 6
patients. In the control group, two patients died, with the other six pa-
tients recovering and leaving the hospital within 8 weeks after the end of
the study. Taken together, these results showed the great potential of
iNO for SARS treatment [85].

During the MERS outbreak in 2012, noninvasive ventilation (NIV)
was commonly used for patients who had related acute hypoxemic
respiratory failure (AHRF), although the overall effectiveness remained
controversial [88]. Analysis on a multicenter retrospective cohort of
severe MERS patients from 14 participating tertiary care hospitals in 5
cities in Saudi Arabia admitted between September 2012 and October
2015 were reported on August 9, 2018. This analysis included 302 MERS
patients. 105 (35%) patients initially used NIV, whereas 197 (65%)
patients were only managed with invasive mechanical ventilation (MV).
Through the Mann-Whitney U or Student’s t tests, the main in-
terventions for patients initially managed with NIV were compared to
those managed only with invasive MV. Results showed that patients
managed initially with NIV were more likely to subsequently require
iNO compared to invasive MV patients [20.0% vs 11.7%, P = 0.05], and
suggested the important role of iNO as an adjunctive therapy in the
treatment of MERS [89].

According to the above promising outcomes among SARS and MERS
patients, investigations of iNO therapy are warranted for the treatment
of COVID-19, and have been put into practice for a number of clinical
trials as discussed below.
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5.3. Use of NO in the treatment of COVID-19

5.3.1. Use of NO in moderate and severe COVID-19 patients

Studies have shown that about 26% of COVID-19 patients needed
ICU treatment, out of whom 61% developed ARDS [90,91]. Once ARDS
occurs in patients with hypoxemia, invasive therapy has been shown to
be indispensable [92]. Moreover, there is no other treatment that could
replace oxygen ventilation support in critically ill patients. As such, iNO
has been studied as an alternative rescue method in COVID-19%.

In March 2020, one multicenter clinical trial was organized by
Harvard University and Air Force Medical University (China) to inves-
tigate whether continuous inhalation of NO could be used as a rescue
therapy to effectively improve oxygenation and the survival rate of
COVID-19 patients. Exclusion criteria included a history of intubation
less than 72 h before treatment, lung malignant tumors, brain function
damages, etc. 200 patients were recruited and randomly divided into the
iNO-treatment and control groups. The treatment group first received
80 ppm NO, and then 40 ppm until symptoms of hypoxia completely
disappeared. Once PaO2/FiO2 was >300 mmHg within 24 h, patients
could be weaned from iNO step by step. Levels of NO2 (<2 ppm) and
methemoglobin (non-invasive combined oximeter, <5%) were closely
monitored throughout the study to ensure the steady progress of the
experiment (Table 1, NCT04306393) [94]. Outcomes of this trial have
not been released yet.

University Health Network submitted a clinical trial in May 2020 on
whether the use of high dose iNO (>160 ppm, high medical dose) was
safe and could reverse virus burden and respiratory failure in COVID-19
patients on mechanical ventilation. It was expected to recruit 20 pa-
tients, each of whom would be given 160 ppm iNO for 6 h, once per day
for two days. The primary outcome measured COVID-19 PCR status at

Table 1
Clinical regimens of iNO for prevention or treatment of COVID-19.
Subjects (patients) Dose (ppm) Number/time of action Total Existing/possible results Ref/NCT/EUCTR
days
Moderate/severe 80 — 40 All day 2 Arterial oxygen saturation increased about 20% 04306393
(200) 87¢
ICU (20) 160 6 h/day once a day 2 High dose iNO could have beneficial effects 04383002
Severe (100) 1-80 / / Reduced organ damage, mechanical ventilation, death 2020-001329-30-
AT
Moderate/severe 20 1.5 times/hour 14 Reduced progressive systemic deoxygenation, intubation, or 04388683"
(42) death
Moderate/severe 160 / 26 Reduced oxygen therapy, BIPAP, CPAP, intubation, mechanical =~ 03331445"
(20) ventilation®
Severe pregnant (6) 160 — 200 twice a day <17 Improved cardiopulmonary function, newborns were in good 90"
condition
Mild (260) 140 — 300 20-30 min/time / Improved short term respiratory status, prevent hospitalization 04338828
Mild/moderate (67) 140 — 180 20-30 min/time twice a day 14 iNO has beneficial effects 04305457
Mild (300) / Nasal Spray + Nasal Irrigation/day 14 Treat and prevent exacerbation 04443868
Mild (240) 140 — 180 20-30min/time twice a day 28 Safely slow down or stop deterioration 91"
Mild (20) 200/200 + 30 min/time twice aday (20 ppmall 14 Improved oxygenation 04476992"
20 day)
Mild (39) 30(start) Up or down through the course of 2.1 Reduced endotracheal intubation (53.9%), improved 92
disease oxygenation
Mild (female) 20/day 12-14 h/day (2 h/night) 10 Progressive dyspnea and fatigue etc. Completely disappeared 93"
10 - 0/
night
Close contacts (470) 160 30 min/times twice a day 14 Reduce the incidence to 5% 04312243
95°
Close contacts (200) / NOG/morning 14 Inactivate SARS-CoV-2 04337918
NONI/evening
NONS<5 times/day”
Mild (50) 80/150 40 min/time four times/day <14 / 04456088
All (20) 80 40 min/time four times/day / 04397692
Moderate/severe 20 All day <14 INOpulse is safe and effective 04421508
(500)
Mild/moderate 20 8-24 h/day / INOpulse is safe and effective 2020-002394-94-

BE

@ Levels of NO, (<2 ppm) or methemoglobin (<5%) are closely monitored throughout the experiment.
b Nitric Oxide Gargle (NOG), Nitric Oxide Nasophyaryngeal Irrigation (NONI), Nitric Oxide Nasal Spray (NONS).
¢ Biphasic intermittent positive airway pressure (BIPAP), continuous positive airway pressure (CPAP).
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completion of treatment (day 7) from tracheal aspirate (Table 1,
NCT04383002)95. Similar trials were carried out, including
EUCTR2020-001329-30-AT [96], which focused on iNO therapy in pa-
tients with pulmonary failure (Table 1, all underway).

In the same month, Tufts Medical Center carried out a pilot
randomized-controlled (2:1) open label investigation of iNO to prevent
progression to more advanced disease among 42 COVID-19 patients
with dyspnea. Subjects received NO using one an iNO pulse device with
a dose of 125 mcg/kg IBW/hr (equivalent to approximately 20 ppm).
The primary outcome of this study is to determine whether iNO treat-
ment slows down progressive systemic hypoxia within 28 days (Table 1,
NCT04388683) [95]. A similar trial including NCT03331445, which
focuses on patients with respiratory distress, is being carried out by
Nitric Solutions-Mobile Unit (Table 1, all underway) [95].

On August 26, 2020, a clinical trial of iNO in severe pregnant pa-
tients with COVID-19 in Massachusetts General Hospital was reported.
Six pregnant women with severe COVID-19 from April to June 2020
were admitted and received iNO therapy. They were treated with high-
dose NO (160-200 ppm) via mask twice a day, and a total of 39 treat-
ments was administered. An improvement in cardiopulmonary function
was observed after commencing NO gas, as evidenced by an increase in
systemic oxygenation in each administration session among those with
evidence of baseline hypoxemia, and reduction of tachypnea in all pa-
tients in each session. Three patients delivered a total of four neonates
during hospitalization and they were home after 28 days with their
newborns in good condition. Five of six patients had two negative test
results by nasopharyngeal swab for SARS-CoV-2 within 28 days from
admission. The result of the study showed that 160-200 ppm iNO
appeared to be well tolerated, and might benefit pregnant patients with
hypoxic respiratory failure (Table 1) [97].

5.3.2. Use of NO in mild patients

In addition to the treatment of moderate or severe COVID-19 pa-
tients, iNO was also applied to treat patients with a mild form of the
disease.

In April 2020, a clinical trial on mild COVID-19 patients (defined by
a positive RT-PCR test for SARS-CoV-2) was carried out at Massachusetts
General Hospital. This trial was expected to recruit 420 patients with
mild COVID-19 (210 subjects, and the other 210 as a control group) and
the iNO treatment would be administered at 140-300 ppm for 20-30
min. The primary goal was to prevent the deterioration of mild COVID-
19 patients, which was defined as whether patients needed to return to
the emergency department or be intubated (Table 1, NCT04338828)%°.
Similar trials include NCT04305457 (Massachusetts General Hospital)
and NCT04443868 (Sanotize Research and Development Corp) (Table 1,
all underway) [95].

In May 2020, Xijing Hospital and Massachusetts General Hospital
also designed a joint trial on early-stage COVID-19 patients, who still
breathed on their own, in order to determine whether high-dose iNO
treatment could safely slow down or prevent the deterioration of this
disease. 240 patients with mild symptoms such as fever and cough were
recruited. They were treated with 140 ppm iNO twice daily and the
number of patients who needed endotracheal intubation within 28 days
was recorded (Table 1, underway) [98]. Similar trials include
NCT04476992 (Safety Study on the Use of Intermittent Versus Contin-
uous Inhalation of NO in Spontaneous Breathing COVID-19 Patients)
carried out in Research Institute of Cardiology (Table 1, underway) [95].

The combined use of NO and other medicines were also studied.
Boston University conducted a small clinical trial on the therapeutic
effect of iNO in patients with COVID-19 spontaneous respiration. In this
study, 39 COVID-19 patients with an average age of 61 years, who could
breathe on their own, were treated with iNO for an average course of 2.1
days. The initial dose of iNO was 30 ppm (increased or decreased ac-
cording to the course of disease in the later stage), and SpO2/FiO2 was
used to evaluate the oxygenation status during ventilation. During this
period, patients were treated with IL-6 receptor antagonists (34 cases,
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87.2%), hydroxychloroquine (24 cases, 61.5%), azithromycin (21 cases,
53.9%) and autologous immunomodulators (23 cases, 59%). After
SASv9.4 analysis, the results showed that a total of 21 patients (53.9%)
did not need follow-up invasive mechanical ventilation after iNO
treatment, of which 20 cases were successfully discharged from the
hospital, with 1 case resulting in death. The median ratio of SpO2/FiO2
(IQR) decreased from 108 (96-118) to 54.9 (30-86.1) (Table 1) [99].

Inhaled NO has not been widely promoted for the treatment of
COVID-19. To date, no outcomes from large-scale clinical trials have
been released. Besides the trials mentioned above, there was a single
case involving one patient who significantly improved after treatment
with only iNO. This female patient had idiopathic pulmonary artery
hypertension (IPAH) before being diagnosed with COVID-19, and had
symptoms such as progressive dyspnea and fatigue that might have
aggravated into pulmonary hypertension before treatment. She was
evaluated with a non-canister iNO system, GENOSYL, which is
commonly used to treat PPHN in newborns. The patient was first treated
with 20 ppm NO plus 2 LPM intranasal supplementation of O, for 12-14
h during the daytime, and the dose was gradually reduced at night (10,
5, 0 ppm) for 2-3 h. After 6 days of inhalation treatment, the above
symptoms were improved, and completely disappeared within only 10
days after the dose was gradually reduced (Table 1) [100]. Although it
was unclear whether she was completely recovered from COVID-19, her
treatment was carried out entirely at home and did not require any
emergency care or hospitalization. Certainly this single case is not
representative of most COVID-19 patients, or even similar co-infection
patients. However, it does indicate the potential of a portable NO
inhalation system for treating mild COVID-19 patients at home to
improve dyspnea and other symptoms [33], in order to achieve the ef-
fect of shunt treatment.

5.4. Use of NO in COVID-19 prevention

With the COVID-19 pandemic infecting tens of millions worldwide,
identifying safe and effective preventive measures to stop the spread of
the disease has become paramount. NO has been known to prevent viral
transmission, and promote viral clearance and host recovery. Therefore,
researchers speculated that exogenous NO might be effective for SARS-
CoV-2 infection prevention, and recently iNO has been put into clinical
trials for this purpose [101].

One randomized clinical trial of iNO (160 ppm) was conducted to
prevent COVID-19 infection among healthcare workers at Massachusetts
General Hospital. It was aimed at helping healthcare workers who were
in close contact with COVID-19 patients. 470 people (235 in the iNO
group) were expected to be recruited and given 160 ppm NO inhalation
administration for 30 min twice daily. The incidence of COVID-19 was
compared between the iNO and control groups. Based on the clinical
data available in China and Italy, iNO inhalation was expected to reduce
the incidence to 5% (previously 15%). In addition, a portable NO
inhalation device was invented for this study. The device was small in
size and easy to carry, with a gas storage capacity of 3 L. It also mini-
mized the production of NO,, which facilitates wide clinical application
of iNO (Table 1, NCT04312243, underway) [101]. A similar trial,
NCT04337918, is also underway (Sanotize Research and Development
Corp, Table 1) [95].

During the SARS outbreak in China, an interesting phenomenon
observed was that only 8% of smokers (mostly male) have been infected
with SARS-CoV-1 [102]. In this COVID-19 pandemic, less than 10% of
smokers have been infected, much lower than the percentage of male
smokers among the whole male population (~52%) [103]. In addition,
there were similar reports in France, the United States and Italy, where
smokers infected with SARS-CoV-2 were only 5-6% when the reference
number was 25.4%, 13.7% and 14.9%, respectively [93]. With a range
of 250-1350 ppm, NO is the main nitrogen oxide in cigarette smoke (the
concentration of NO, is very low or undetectable), and is much higher
than the medical use of iNO, which is generally no more than 80-160
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ppm. It appears that high concentrations of NO may have a preventative
effect on COVID-19. In view of existing iNO experiments, intermittent
high concentrations of NO administration may be tested using a NO
inhalation system independent of gas tank supply [93]. A similar med-
ical device (GENOSYL DS®) has been approved by the US FDA, and has
been used for the treatment of PPHN with good outcomes.

6. Limits of NO in the treatment of COVID-19

Inhaled NO has been suggested as an alternative rescue method
before invasive treatment, especially for the relief of hypoxemia. How-
ever, according to recent clinical trials in Italy, NO appears unable to
reverse oxygenation in patients with extensive mechanical ventilation
who had developed persistent hypoxemia [104,105]. Since the targeted
effectors of NO in the vascular system and immune system were usually
cells or viruses, the inefficacy of NO in the treatment of patients with
severe mechanical ventilation might be explained by damage from ef-
fectors and excessive viral infection. It also suggests that oxygenation
treatment for critically ill COVID-19 patients should instead focus on
more effective antiviral drugs, instead of ordinary ventilation support.
Therefore, the treatment of iNO in critically ill patients should be
evaluated comprehensively with multiple factors.

Although a large number of studies have been carried out focusing on
the therapeutic effects of iNO in COVID-19, the safe and effective dose
for iNO is still uncertain. Therapeutic doses for COVID-19 patients have
ranged from 20 to 300 ppm. Only a few investigations examined the
safety and effectiveness of 80,150 and 160 ppm iNO (Table 1,
NCT04456088, NCT04397692, NCT04383002) [95]. The results of
these trials have not been published yet. Among those clinical devices
available for iNO use, including GENOSYL, LungFit Delivery System and
INOpulse, only few trials have verified their feasibility or safety in the
treatment of COVID-19 (Table 1, NCT04421508,
EUCTR2020-002394-94-BE) [95].

7. Conclusion

NO level and bioavailability decreased in patients with COVID-19,
which indicated exogenous supplementation of NO might help prevent
infection or treat patients. Here, we covered the general features and
potential mechanisms of how NO functions in COVID-19 etiology, as
well as its potential clinical applications. Inhaled NO might participate
in multiple stages of COVID-19 prevention or therapy, including pre-
vention of infection, intervention of mild patients, alternative rescue
treatment of moderate and severe patients, and adjuvant treatment of
mechanically ventilated patients. Although promising, the safety and
effectiveness of iNO needs comprehensive and careful evaluation.
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