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Several COVID-19 patients frequently experience with happy hypoxia. Sometimes, the level of nitric oxide (NO)
in COVID-19 patients was found to be greater than in non-COVID-19 hypoxemics and most of the cases lower.
Induced or inhaled NO has a long history of usage as a therapy for hypoxemia. Excessive production of ROS and
oxidative stress lower the NO level and stimulates mitochondrial malfunction is the primary cause of hypoxia-
mediated mortality in COVID-19. Higher level of NO in mitochondria also the cause of dysfunction, because,
excess NO can also diffuse quickly into mitochondria or through mitochondrial nitric oxide synthase (NOS). A
precise dose of NO may increase oxygenation while also acting as an effective inhibitor of cytokine storm. NOS
inhibitors may be used in conjunction with iNO therapy to compensate for the patient’s optimal NO level. NO
play a key role in COVID-19 happy hypoxia and a crucial component in the COVID-19 pathogenesis that demands

a reliable and easily accessible biomarker to monitor.

1. Introduction

The impact of the SARS-CoV-2 pandemic and COVID-19 has been
widely explored, and numerous strategies have been adopted to improve
the immune systems of patients [1-3]. Few vaccines are available with
efficacy rates ranging from 60 to 95% and endurance durations are yet
to be determined.

When oxygen levels in blood drop unnaturally, one of the key life-
threatening symptoms is happy or silent hypoxia. The hypoxic situa-
tion damage the important organs in a sequential manner, and they are
unable to recover, resulting in silent death. However, the mechanism by
which the virus produces silent hypoxia has yet to be investigated.
Surprisingly, some COVID-19 patients can continue to live despite se-
vere hypoxia [4]. COVID-19 patients had a substantially higher amount
of NO inside their RBCs than non-COVID-19 hypoxemic individuals [5].
It demonstrates that a greater NO level in the blood and happy hypoxia
have a direct association. On the other hand, in contrast to healthy
controls, NO and H,S availability is decreased in COVID-19 patients
(Fig. 1). Reduced NO levels are accompanied by an increase in nitro-
tyrosine, a sign of oxidative stress, in COVID-19 patients [6].

Nitric oxide (NO) is a versatile chemical that regulates physiological
processes at low concentrations but is harmful to host cells at higher
concentrations. At appropriate cellular concentrations of NO stimulate
the immune and inflammatory systems to aid in the eradication of
harmful microorganisms and also kill tumour cells [7]. Overproduction
of nitric oxide (NOe) in cells causes cytotoxicity. Various cytotoxic
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effects have been observed including mitochondrial damage, DNA syn-
thesis inhibition, loss of cell membrane integrity, and DNA strand
breakage [8]. NOe™ induced cytotoxicity is a complicated signalling
cascade that leads to cell death by apoptosis through a complex sig-
nalling cascade. Apoptosis is a highly controlled form of cell death in
which mitochondria play an important role [9]. Mitochondria cause cell
death by releasing proteins such as cytochrome c. The Bcl-2 family
proteins Bax and Bid increase cytochrome c release into the cytosol by
binding to adaptor molecules such apoptotic protease activating factor-1
and activating pro-caspase-9, which then activates pro-caspase-3 and -7.
The primary actors in NO-induced cell death are mitochondria [10].

2. NO in hypoxic vasodilatation

Under normal conditions, NO plays a key role in controlling cardiac
functions and blood flow by primarily acting as a signalling molecule.
NO binds to soluble Guanyl Cyclase and cGMP regulates many ion
channels for muscle or endothelial cell relaxation. When a patient has
extremely low oxygen levels in their blood but no signs or symptoms of
dyspnea, this is referred as “happy/quiet hypoxemia" in COVID-19 [11].
Hypoxic vasodilation tends to increase blood flow in order to maintain
oxygen transfer [12]. The response of hypoxic vasodilation was
remarkably decreased after providing oxyhemoglobin, which poten-
tially controls NO scavenging activity. The amount of NO in Tibetan
plateau residents was found to be ten times greater than in sea-level
residents [13] which confirms the increased blood flow in the fore
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Figure: 1. Schematic illustration of nitric oxide dynamics in COVID-19 patients
and possible happy hpoxia.

arm (which was in a relaxed state) and counteracts the effects of high
altitude O4 deficit.

NO was reported to play key role in COVID-19 patients following
four common mechanisms such as vasodilation, anti-coagulation, anti-
inflammation, and antiviral. NO serves as a good pulmonary vasodilator,
having bronchodilator effects, anti-thrombotic activity, and enhanced
blood flow to the alveoli, and an essential immune regulator, including
anti-inflammatory and microbicidal activities [14]. The rate of genera-
tion and the appropriate concentration are also important factors. The
use of inhaled nitric oxide (iNO) for patients with severe hypoxemia has
been shown to be critical in reducing hypoxic development in COVID-19
patients.

The Nitric Oxide Synthase (NOS) gene is expressed at a high level in
healthy para-nasal sinus epithelial cells, resulting in continual high-level
NO generation. Other than being used in the treatment of several life-
threatening diseases, such as acute respiratory distress syndrome,
including myocardial or cerebral ischemia, cerebral malaria, and sickle
cell disease, and ischemia-reperfusion injury, iNO was approved by the
FDA in 1999 as a clinical adjuvant therapy for persistent pulmonary
hypertension in newborn babies. iNO can also be utilized in critical
surgery or organ transplants in a few circumstances. After iNO therapy,
no noticeable adverse effects were recorded.

3. NO induced silent death

NO production causes small vessel vasodilation, allowing oxygen to
flow freely to tissues. A recent research found that intracellular NO level
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is much higher in COVID-19 patients than in healthy control group,
suggesting that this may allow for the release of oxygen to tissues,
leading to the clinical presentation of silent hypoxia in these individuals
[15]. Tobin and colleagues recently described three instances of silent
hypoxemia with PaO, values ranging from 36 to 45 mmHg and no
increased alveolar ventilation [16]. Nitrite and nitrate have long been
thought to be physiologically inert and have been utilized as NO pro-
duction monitors. NO production (e.g., denitrification) to the existing
NO synthesis route via NOS. Clearly, r-arginine oxidation with its so-
phisticated substrate is a complex process. It is obvious that these simple
nitrogen oxyanions are more than just NO breakdown products; they
have biological actions of their own. In haemoglobin red blood cells,
reactive oxygen species and nitric oxide generated nitrate anion (Fig. 2).

In 1950s, an evidence pointed to the biological formation of oxygen
radicals associated with cell redox metabolism starting with the mono-
valent reduction of molecular oxygen by electron transfer proteins or
endogenous reductants to yield Oy to 0%*": Oy+e——0%"".

First, 0%*~ can react with *NO in aqueous solution to yield perox-
ynitrite anion

0>~ 4+N*0—ONOO~

Recent studies have also demonstrated that heme-peroxynitrite
complexes occur when heme compounds interact with eNO and Os.
The oxidation of eNO to NO~3, NO~3 by oxyhemoglobin in the following
reaction is a remarkable and biological example of this sort of structure.

Hb’>*0,4+NeO—[Hb*>*0,NO]>[Hb**ONOO ] >Hb**+NO 3

The intermediate [Hb3+ONOO_] complex readily isomerizes to
NO~3, NO~2 by an “in-cage” recombination of *NO, with an oxo-ferryl
(Fe**=0) intermediate. Very small amounts of *NO, leak out of the
cage and a minor percentage of oxy-Hb becomes nitrated (<1% yield) in
the presence of *NO (Fig. 2). This marginal but continuous “radical
leakage” from the [Hb*tONOO ] complex (a process that may extend to
other transition metal-containing centres) likely contributes to hemo-
globin tyrosine nitration in normal blood cells (at a-Tyr24, o-Tyr42,
B-Tyr130). Peroxynitrite itself can cross the erythrocyte membranes by
anion channels and react with oxyHb to mostly isomerize to NO™>; the
reaction also yields ~10% of oxo-ferryl intermediates, *NO,, and protein
radicals which can also contribute to hemoglobin nitration. Oxidative
modifications of hemoglobin in vivo including tyrosine nitration are
greatly enhanced in smokers and type-2 diabetes patients conditions
that disrupt vascular *NO and redox metabolism.

Furthermore, overindulgence level of NO in cytoplasm readily
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diffuses into mitochondria, and mitochondrial specific nitric oxide
synthase (mtNOS) regulates NO generation. It was also shown that
neuronal nitric oxide synthase (nNOS) alpha isoform is the key regulator
of NO generation in mitochondria. mtNOS was shown to be modulated
in response to lower O, availability and hypoxia [17].

NO produced in mitochondria and NO in cytoplasm diffuses into
mitochondria increased several folds NO level that interact and inhibit
mitochondrial function in several ways such as- (i) NO activates soluble
guanylate cyclase (sGC) and inhibits mitochondrial cytochrome ¢ oxi-
dase in vascular smooth muscles that regulates the blood flow and dis-
continues mitochondrial Oy consumption, (ii) NO interacts with
available O3 in mitochondria to form ONOO~, which initiates a
destructive cascade by inactivating the Mn-SOD and Fe-S centre of
aconitase, (iii) NO directly nitrosylate critical cysteine threonine, (iv)
NO directly nitrosylate critical cysteine threonine [18], (v) NO directly
nitrosylate cysteine, (v) At low concentrations of NO, it is sufficient to
limit electron transport by reversibly binding to heme a3 in cytochrome
oxidase and directly interacting with cytochrome c oxidase (complex
IV), whereas peroxynitrite inhibits mitochondrial complex I by S-nitro-
sation (Fig. 3) [19]. Reactive oxygen species such as NO and ONOO ™, on
the other hand, stimulate cell defence response mechanisms that acti-
vate nuclear factor B (NF-B) and AMP kinase at extremely low con-
centrations (nM).

Low Oge levels, as well as greater NOe and ONOO™ radical concen-
trations, are shown to enhance the expression of hypoxia inducible
factor-1 (HIF-1). The NF-kB pathway is completely responsible for
mitochondrial dynamics [20]. Increased affinity of NO for oxygen may
be a key source of physiological and/or pathological symptoms of happy
hypoxia, as it entirely stops electron transport and ATP generation. Prior
to invasive therapy, inhaled NO has been recommended as an alternate
rescue strategy, particularly for the treatment of hypoxemia. However,
among patients with extensive mechanical ventilation who had devel-
oped persistent hypoxemia, NO is unable to reverse oxygenation [21,
22].

The levels of erythrocytic iron-nitrosyl complex (HbNO) in the blood
were compared by Montiel and colleagues (2022) among 30 patients
with severe COVID-19 and 15 healthy controls who were matched for
cardiovascular risk factors using electron paramagnetic spectroscopy.
Patients with severe COVID-19 had lower levels of HbNO and lower
levels of nitrite/nitrate, by-products of NO metabolism, as well as higher
levels of lipid peroxides is the indicator of oxidative stress [23].
Therefore, endothelial oxidative stress with a consequent decrease in NO
bioavailability appears to be a likely pathogenic factor of endothelial
dysfunction in the intensive care unit COVID-19 patient. Even though
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dysfunction (c).

iNO administered at 20-40 ppm for a short period of time does not al-
ways improve oxygenation in patients with severe COVID-19, it may
have other positive effects when administered at higher concentrations
or for longer durations, even outside of the pulmonary vasculature [24,
25].

4. Conclusion and perspectives

High amount of intracellular NO may neutralise the effects of silent
hypoxia®, according to a recent investigation on COVID-19 patients. It is
hypothesised that increasing NO levels by external NO treatment will
downregulate NOS expression, reducing illness severity. Additional
research is needed to determine whether NO therapy is effective in the
treatment of silent hypoxia or not. L-NMMA (L-N(G) methyl arginine
hydrochloride) is a nitric oxide synthase inhibitor that limits increased
blood flow during hypoxia. Although NO bioavailability may be reduced
by the release of circulating cell-free haemoglobin, NO release normally
counteracts hypoxia circumstances and so enhances hypoxic vasodila-
tion. Mitochondrial breakdown causes harmed tissue in the case of acute
hypoxia conditions. Surprisingly, in the case of COVID-19 patients, there
is no substantial increase in carbon dioxide partial pressure during the
most critical intervals [26].

Furthermore, before the onset of a respiratory insufficiency, the
percentage of PaO2/FiO3 in the lung of COVID-19 patients is rather low
[11]. Interestingly, pre-incubation of the RBC solution with the NOS
inhibitor .-NAME, prevented vasodilation. These findings back with the
theory that RBC-derived NO plays a role in local blood flow control [27].
Exogenous NO therapy may be beneficial in COVID-19 individuals since
NO is a pulmonary vasodilator and also has antiviral efficacy against
coronavirus strains. Although there is no evidence that direct oxygen
therapy is effective in the treatment of severe COVID-19 patients with
breathlessness, our findings imply that NO therapy may be beneficial in
COVID-19 patients with hypoxia [28]. As a result, it is required to begin
alternative therapy by treating iNO at an optimum dose while contin-
uously monitoring met-myoglobin, nitrogen dioxide (NO3), and blood
coagulation levels. In COVID patients, iNO may not only enhance
oxygenation but also act as a powerful inhibitor of cytokine storm. The
NOS inhibitor may be an appropriate choice in conjunction with iNO
therapy to compensate for the patient’s NO level, however NOS sig-
nalling must be stopped for a few hours until the patient is released from
silent hypoxia. Further study on the subject is necessary given the suc-
cess of NO gas as a therapeutic option and the development of evidence
linking NO to COVID-19 severity. Only optimum level of NO is helpful
with a reliable and easily accessible biomarker.
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