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Abstract: In recent years, much interest has been generated by the idea that nitrosative stress plays a
role in the aetiology of human diseases, such as atherosclerosis, inflammation, cancer, and neurologi-
cal diseases. The chemical changes mediated by reactive nitrogen species (RNS) are detrimental to cell
function, because they can cause nitration, which can alter the structures of cellular proteins, DNA,
and lipids, and hence, impair their normal function. One of the most potent biological nitrosative
agents is peroxynitrite (ONOO™), which is produced when nitric oxide (*NO) and superoxide (*O;, ™)
are combined at extremely rapid rates. Considering the plethora of oxidations by peroxynitrite, this
makes peroxynitrite the most prevalent nitrating species responsible for protein, DNA, and lipids
nitration in vivo. There is biochemical evidence to suggest that the interactions of the radicals NO
and superoxide result in the formation of a redox system, which includes the reactions of nitrosation
and nitration, and is a component of the complex cellular signalling network. However, the chemistry
involved in the nitration process with peroxynitrite derivatives is poorly understood, particularly for
biological molecules, such as DNA, proteins, and lipids. Here, we review the processes involved in
the nitration of biomolecules, and provide a mechanistic explanation for the chemical reactions of
NOS and nitrosative stress. This study reveals that these processes are based on a surprisingly simple
and straightforward chemistry, with a fascinating influence on cellular physiology and pathology.
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1. Introduction

In 1979, an article was published highlighting the role of endothelial cells in the
acetylcholine-induced relaxation of arterial smooth muscle, recognising that vasodilation
by bradykinin, histamine, and ATP was due to the same relaxing substance, which they
called endothelium-derived relaxing factor EDRF [1]. In 1987, Ignarro concluded that EDRF
was *NO or a chemically related radical species [2], after Murad suggested that EDRF was
an “endogenous nitrovasodilator” [3]. Subsequently, Salvador Moncada’s group revealed
that *NO release explains the biological activity of EDRF [4]. These early observations,
together with the discovery of the L-arginine/*NO path, led to the subsequent finding of
this ubiquitous gas in mammalian physiology [4]. This initial research on *NO and NOS
activity was recognized with the 1998 Nobel Prize for Physiology and Medicine, awarded
to Drs. Furchgott, Ignarro, and Murad [5].

Nitric oxide *NO is a ubiquitous molecule, generated by cellular signalling systems,
found in a variety of cell types and organs, including the vascular endothelium, platelets,
macrophages, and neuronal cells, as well as the active species of nitroglycerine [6]. In the
cardiovascular system, nitric oxide determines the basal vascular tone and myocardial
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contractility, inhibits platelet aggregation, limits leukocyte adhesion to the endothelium,
and regulates myocardial contractility [7]. It plays a role in the aetiology of cardiovascular
disorders, such as essential hypertension, reperfusion injury, atherosclerosis, and myocar-
dial depression associated with septic shock [8]. There is a continuous production of *NO
by vascular endothelial cells, and this basal release regulates vascular tone [9].

*NO synthesis occurs from the central nitrogen present in the guanidine group of
the amino acid L-arginine, which undergoes oxidation to form L-citrulline and the free
radical *NO, in a reaction catalysed by the enzyme *NO synthase NOS [10], Figure 1. *NO
is produced via the action of a group of enzymes called nitric oxide synthases. Oxygen and
NADPH are necessary cofactors in the reaction. There are three isoforms of NOS, named
according to their activity or the type of tissue in which they were first described. The
isoforms are neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).
These enzymes are also sometimes referred to by their number, so that nNOS is known as
NOS1, iNOS is known as NOS2, and eNOS is NOS3. All three isoforms can be found in
a wide variety of tissues and cell types. nNOS and eNOS are constitutively expressed in
mammalian cells, and synthesise NO in response to increases in intracellular calcium levels.
iNOS activity is independent of the level of calcium in the cell, however its activity—like
all of the NOS isoforms—is dependent on the binding of calmodulin.

The oxidation of the terminal guanido-nitrogen atoms of L-arginine produces the
nitric oxide radical (*NO). Different micro-environments have the ability to convert NO to
a variety of additional RNS, including the nitrosonium cation (NO*), the nitroxyl anion
(NO7), and the peroxynitrite (ONOO™). Under physiological conditions, endogenous
arginine synthesis is sufficient to meet the body’s needs, and no additional supplementation
from the diet is required. During childhood, growth, pregnancy, and diseases such as
infections and cancer, arginine is synthesised endogenously via the arginine-citrulline
cycle [11,12].
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Figure 1. Synthesis of citrulline and *NO from L-arginine, in a reaction catalysed by the enzyme NOS.

This NOS enzyme requires L-arginine and molecular oxygen as substrates, and the
presence of several cofactors, including nicotinamide-adenine-dinucleotide phosphate
NADPH, flavin adenine dinucleotide FAD, flavin mononucleotide FMN, and tetrahydro-
biopterin BH4 [13]. The cofactor BH4 is an important regulator of NOS function, as it is
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required to maintain the enzymatic coupling of L-arginine oxidation [13]. The loss or oxida-
tion of BH4 to 7,8-dihydrobiopterin (BH2) is associated with NOS uncoupling, resulting in
the production of superoxide instead of *NO. The inhibition of BH4 recycling leads to the
uncoupling of eNOS in endothelial cells, even without oxidative stress. Studies indicate that
not only the level of BH4 but also its recycling, which regulate its bioavailability, represent
real potential therapeutic targets [14]. Endothelial eNOS is mainly expressed in endothelial
cells, and its function is to keep blood vessels dilated and control blood pressure, with
vasoprotective and anti-atherosclerotic effects. Oxidative stress causes eNOS uncoupling,
reduced *NO production, and endothelial dysfunction in the vasculature [15]. Moreover,
the endothelial eNOS becomes uncoupled when its co-factor, tetrahydrobiopterin (BH4), is
oxidised by superoxide and hydrogen peroxide, and no longer produces nitric oxide *NO,
instead generating the superoxide anion [16,17], Figure 1. As a result of the excess reactive
oxygen species (ROS), the inducible NOS isoform (iNOS) is activated, which overproduces
*NO. *NO produced by iNOS reacts with the superoxide produced by uncoupled eNOS
to form peroxynitrite, which nitrosylates tyrosine residues, inactivating proteins required
for cellular energy metabolism and function, and nitrosylates the critical intracellular
antioxidant glutathione, forming non-antioxidant S-nitrosyl glutathione, Figure 2.
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Figure 2. Pathway mechanism of coupled and uncoupled eNOS. Uncoupling eNOS causes nitrosative
stress. By oxidizing its cofactor, tetrahydrobiopterin (BH4), the endothelial isoform of nitric oxide
synthase (eNOS) becomes uncoupled, generating a superoxide anion (O,). Superoxide then reacts
with nitric oxide (NO), which is generated by neighbouring, still-coupled eNOS, to form the potent
oxidant peroxynitrite (ONOO™), which in turn, increases the activity of nuclear factor kappa B (NFB)
in the cell. When the nuclear factor kappa B (NF-kB) is activated, the inducible nitric oxide synthase
(iNOS) is expressed, which creates large amounts of NO that combine with eNOS-generated O, to
enhance the synthesis of ONOO™.

All NOS enzymes (eNOS, iNOS and nNOS) contain a zinc-thiolate cluster formed by
a zinc ion, with a structural rather than a catalytic function [18].

*NO can also be generated from the inorganic anions nitrate NO3 ~ and nitrite NO, 7,
particularly in hypoxic states [19]. The oxidation of *NO produces *NO,, and the oxidation
in aqueous solution mainly produces nitrite ion NO, ™ [20], Figure 3.

Biochemically, *NO, a free radical (with an unpaired electron), moderately stable in
aqueous media, is a biological messenger in physiological solutions, and is able to diffuse
easily through biological membranes [21]. Its plasma concentration is approximately
3 nmol/L. The redox biochemistry of nitrogen monoxide is related to its biologically active
redox forms, NO* (nitrosonium), NO™~ (nitroxyl anion), and the free radical *NO [22].
These *NO redox species interact in a manner analogous to the redox biochemistry of O,,
such as the superoxide anion *O, ™ and 0,2~ (which forms H,O, in aqueous solution), but
unlike *O, ™~ and H,Op, is not cytotoxic. Under physiological conditions, endogenous *NO
(or oxidised derivatives such as NO*, N,Oj3, or nitrosylated metals) reacts in the presence
of molecular oxygen with low molecular weight thiol groups to form S-nitrosothiols;
significantly more stable in plasma, thus serving as a reservoir. Once *NO is produced, it
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readily diffuses across cell membranes to interact with specific molecules, and regulates
protein activity by reversibly binding, including heme iron and thiols.
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Figure 3. Oxidation of *NO to *NO, and oxidation in aqueous solution to nitrite ion NO, ™.

2. Superoxide Anion (*O; ) and Peroxynitrite (ONOO™)

Reactive oxygen species ROS are risk factors for the development of diseases such as
hypertension, hypercholesterolemia and diabetes mellitus DMT2. *O, ™ is the first step of
O, reduction and this reaction occurs spontaneously, with a negative free Gibbs energy
AG°: [23].

Oy +e” — 0O AG° = —101.39 Kcal/mol

ROS are mainly produced as a by-product of mitochondrial respiration. A small
percentage of the electrons escape complexes I and III, in the electron transport chain
ETC [24]. They are also generated in the immune system to eliminate invading micro-
organisms, and, in phagocytes, NADPH oxidase produces *O,~ in large quantities for the
oxygen-dependent destruction of invading pathogens [25]. Consecutive O, reduction with
H* and e~ is a reaction in which the final product is water, with a AG® < 0.

O, +4e” +4H" — 2H,0O AG° = —1162.76 Kcal/mol

Peroxynitrite derivatives induce lipid peroxidation, the inactivation of enzymes and
proteins, and mitochondrial dysfunction. They are in equilibrium with peroxynitrous acid
(ONOOH) and, under physiologically pH conditions, both species coexist [26]. Peroxyni-
trite is an anion derived from the reaction of *NO with *O,~, Figure 4.

v - o_ N
N=0 + 02 — \O/ \\0
Nitric oxide Peroxynitrite

Figure 4. Reaction between the radical *NO and superoxide anion *O,~, yielding peroxynitrite.

*NO; is also formed from the decomposition of organic peroxynitrites (RONOO). Due
to its oxidising properties, peroxynitrite can damage a wide variety of biomolecules in
cells, including lipids, DNA, and proteins, and induces the mitochondrial dysfunction
that triggers apoptosis, mediated by calcium-dependent cysteine proteases (calpains) [27].
Peroxynitrite and derivatives are associated with a variety of disease processes, such as
atherosclerosis [28], hypertension [29], inflammation [30], cancer [31], neurodegenera-
tion [32], and sepsis [33]. It is a potent oxidising [34] and nitrating agent, with a short
half-life of about 10 ms [35,36]. Due to its reduced half-life, it decomposes into oxidising
and nitrating species, including the *OH and *NO; radicals. ONOO™ is a highly reactive
oxidant, with a very important role in the destruction of foreign pathogens by immune
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cells, as macrophages [37], because it decomposes easily in the presence of the H* cation
and produces *OH and *NO, [38].

Metalloproteins such as superoxide dismutase (SOD1 and SOD2) and CO, generate the
*NO; radical, the cause of the detrimental effects attributed to peroxynitrite (given its very
short lifespan). ONOO™ can interact with carbon dioxide CO, to generate nitrosoperoxo-
carbonate ONOOCO, ~, which by homolytic fission, produces *NO; and anionic carbonate
radical *CO;3;~. Peroxynitrite does not oxidise or nitrate tyrosine directly, but rather oxi-
dises and nitrates it via its radical products. The question of whether peroxynitrite may be
generated biologically at levels high enough to play a substantial role in *°NO, dependent
disease has stimulated serious debate in the area. Peroxynitrite is a transitory species with
a biological half-life (10-20 ms) even shorter than NO (1-30 s), thus its existence must be
deduced by analytical, pharmacological, or genetic methods. Further possible reactions of
peroxynitrite and derivative radicals are as follows, Figure 5.
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Figure 5. Secondary reactions of peroxynitrite and another radical.

ONOO™ is a highly reactive oxidant, with a very important role in the destruction of
foreign pathogens by immune cells such as macrophages. If its production is deregulated,
it contributes to various cardiovascular, neurological diseases, and cancer. Its formation
occurs in those cellular compartments where superoxide anion is produced [39]. Peptide
glutathione (GSH) reaches millimolar concentrations inside cells, and for some time, was
considered a peroxynitrite scavenger. However, the reaction is slow and does not prevail
over other in vivo secondary reactions, being mainly a target for derived peroxynitrite
radicals. Since peroxynitrite can initiate various unwanted biological oxidations, cells use
the superoxide dismutase pathway, SOD, to prevent the formation of peroxynitrite and its
side reactions [40]. Peroxynitrite radical scavenging is a useful tool to assess the antioxidant
potential of polyphenols [41]. These free radicals increase protein S-nitrosylation and
nitration, resulting in nitrosative stress, which can alter the structures of proteins, and
hence impair their normal function. Additionally, nitrosative stress can damage membrane
fatty acids, DNA, and its repair mechanism. Protein activity is disrupted, and organelle
function is unsettled under such stress conditions, resulting in reduced cell mitosis and
increased apoptosis.

Metalloproteins such as superoxide dismutase (SOD1 and SOD2) and CO; generate the
*NO; radical, the cause of the detrimental effects attributed to peroxynitrite (given its very
short lifespan). ONOO™ can interact with carbon dioxide CO, to generate nitrosoperoxo-
carbonate ONOOCO, ~, which via homolytic fission, produces *NO, and anionic carbonate
radical *CO3 ™. Secondary reactions of peroxynitrite depend on interaction with H*, CO,,
and metalloproteins, Figure 6.
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Figure 6. Secondary reactions of peroxynitrite to *NO,, *OH and *CO3;~. M"-X represents a
metalloprotein, in which the co-ordinate metal moves up one valence to M™*1-X, as is the case for the
superoxide dismutase SOD1.

3. Protein Nitration

Peroxynitrite derivatives can modify proteins, promoting changes in protein function
through oxidation/nitration mechanisms, with biological relevance, by producing new
functions, protein aggregation, turnover, signalling, and immunological processes [42].
Peroxynitrite is involved in cell signalling processes, and some peroxynitrite-modified
proteins have been found to be immunogenic, and implicated in the aetiology of several
diseases. Among the molecular after-effects of peroxynitrite, the tyrosine-nitrated proteins
are of prime relevance [43]. The nitration of tyrosine residues has been observed in a
variety of processes, including those associated with oxidative stress, such as inflammatory,
neurodegenerative, and cardiovascular diseases [44]. The oxidative inflammatory environ-
ment dictates the production and pro-oxidative reactivity of NO metabolites, as well as
the pro- and antioxidant activity of *NO itself. Proteins and polyunsaturated fatty acids
(PUFAs) can be oxidised, nitrosated, or nitrated, depending on the redox state. The nitration
of protein tyrosine residues has been identified as one of the primary characteristics of
peroxynitrite and peroxynitrite-derived species’ interactions with biomolecular targets.
The chemical reactions involved in protein oxidation and nitration are outlined below, in
Figures 7 and 8.

OH — OH OH
OH OH 4° OH
~\
—_—> JH —>>
o (o]
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H,N H H,N H H:N H
Tyrosine Tyrosyl hydroxyl radical 3-Hydroxytyrosine

Figure 7. Tyrosine oxidation with hydroxyl radical *OH to hydroxytyrosine.

Protein nitration in tyrosine residue is a covalent protein modification from the addi-
tion of a nitro *NO; group adjacent to the hydroxyl group on the aromatic ring. A stable
product 3-nitrotyrosine is formed via the addition of *NO; to the ortho position of tyrosine,
Figure 8. The proximity of catalytic metal centres appears to be of critical relevance in
the process of Tyr-nitration. This allows for more selectivity and, in certain cases, greater
specificity in the nitration of the Tyr residue.

The nitration of tyrosine residues has been observed in a variety of processes, including
those associated with oxidative stress, such as inflammatory, neurodegenerative, and
cardiovascular diseases [44]. A key role in cellular defence against oxidative stress is played
by Mn superoxide dismutase MnSOD or SOD2. Several residues of MnSOD (including
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Tyr34, Tyr9 and Tyrll) are susceptible to nitration, and the loss of MnSOD activity on
Tyr34 nitration implies its inactivation [45]. Some amino acids can react directly with
peroxynitrite: cysteine, methionine, and tryptophan, and others do not react directly with
peroxynitrite (e.g., tyrosine, phenylalanine, and histidine), but can be modified through
secondary species, such as hydroxyl, carbonate, and nitrogen dioxide radicals. In contrast
to tyrosine, tryptophan has many sites to be nitrated.

H,N H
Tyrosine Tyrosyl radical -

/ X ..

o
S OH
oH [ I HN H - 3.hitrosotyrosine
N,, Ox
+0 /
o
- OH
HN H

Figure 8. Tyrosine nitration with *NO; and nitrosation with *NO to nitrotyrosine.

4. Lipid Nitration

Lipid peroxynitrite-mediated oxidation and nitration, including cell membranes and
lipoproteins, lead to the formation of new signalling modulators, modifying the role of key
lipid-metabolising enzymes [46]. The chemical reactions on lipid oxidation and nitration
are outlined below, Figure 9. It is believed that NO,-FAs are formed by the non-enzymatic
interaction of unsaturated fatty acids with NO-derived species, such as nitrogen dioxide
(NOy), nitrite (*NO,), or peroxynitrite (ONOO™); nevertheless, the exact process by which
fatty acids are nitrated in vivo is unclear as yet [47]. However, nitrated unsaturated fatty
acids have chemically electrophilic characteristics that allow them to facilitate reversible
nitroalkylation reactions (Michael reaction), with deprotonated thiolate anions such as
cysteine thiol groups in proteins, or peptides such as glutathione. Furthermore, the forma-
tion of NO,-FAs in a lipophilic environment, such as the bilayer of cellular membranes,
provides a suitable signal transduction pathway. Nitrated lipids also serve as signalling
molecules, since modest quantities of these molecules can act as effective mediators for
signal-transduction cascades when present in high concentrations.
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Figure 9. Lipid oxidation and nitration to nitrohydroxyderivatives.

5. DNA Nitration

Peroxynitrite can cause DNA strand breaks and even react with DNA, causing damage
to both the sugar and the bases in the nucleus. Of the four DNA bases, guanine has the
lowest oxidation potential (E° = 0.81 V) and is the most reactive, giving 8-oxoguanine and
8-nitroguanine, oxazolone, and its precursor, imidazolone [48]. The chemical reactions on
guanine oxidation and nitration are outlined below, Figure 10.
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Figure 10. Guanine reactions with peroxynitrite to 8-oxoguanine and 8-nitroguanine.
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6. Role of *NO as a Potential Treatment against COVID-19

COVID-19 is both a respiratory and a vascular disease, especially for patients with
severe symptoms [49]. The virus SARS-CoV-2, with a size of 80-100 nm, infects and repli-
cates in endothelial cells EC before infecting the underlying tissue, as the EC is the major
source of *NO synthesis in mammals. *NO is an antimicrobial and anti-inflammatory
molecule that plays an important role in vascular and pulmonary function against viral
infections [50]. In the case of the SARS-CoV-1 virus, it caused the severe acute respiratory
outbreak in 2003, *NO inhibited viral replication through cytotoxic reactions via inter-
mediates such as peroxynitrite [51]. *°NO derivatives are antimicrobial, with key roles in
pulmonary vascular function in the context of viral infections and pulmonary diseases. At
this point, *NO emerges as a potential treatment against COVID-19 [52].

Reactive oxygen species, such as superoxide anion *O,~, serve as the host defence
and are generated during viral infection. Excess ROS activate M1 macrophages, recruit
neutrophils, and increase peroxynitrite production [53], which act as a potent response
to the invading virus, but induce collateral damage, such as endothelial dysfunction,
vessel permeabilisation, and lipid membrane peroxidation. Factors that contribute to
regulating the inflammatory and immune response include the nitric oxide/reactive oxygen
species *NO/ROS ratio, M1 macrophage activation, and induced red blood cell RBC
damage [54]. Inducible NOS is commonly elevated during infection by viruses, as in
SARS-CoV-1 infection [31]. *NO generated from endothelial eNOS decreases with age, and
patients with chronic vascular inflammation, such as diabetes mellitus type 2, metabolic
syndrome, chronic obstructive pulmonary disease, obesity, hypertension, autoimmune
disorders, and haemoglobinopathies, may produce less eNOS. Simultaneously, this enzyme,
under oxidative stress, reduces its expression and *NO production [55].

The *NO-deprived vasculature suffers from persistent inflammation, reduced oxygen
supply, and the elimination of toxic by-products generated during infection, due to reduced
blood flow to and from the hypoxic tissue. Both NO and its generated RNS can have
substantial impacts on mitochondrial activity. Nitric oxide interacts strongly with all heme
moieties, reducing the activity of iron-containing enzymes, such as cytochrome c oxidase
(complex IV). The electron transport chain is inhibited by nanomolar *NO, which competes
with O, for electrons. Supplementation with *°NO-generating compounds prevents cytokine
storming, and restores functional capillary density, which is crucial for oxygen supply to
organs that are sensitive to oxygen deprivation, such as the kidneys [56]. Older people
with vascular stressors may have low levels of vascular *NO, increasing their vulnerability.
The supplementation of arginine for specific patient populations may be a treatment that
reduces viral load in the lungs and prevents the cascade of negative events associated with
infection [57], but above all, restoring *NO bioavailability may be a genuine preventive or
early treatment option for COVID-19 [58].

7. Conclusions

In recent years, there has been considerable interest in the idea that chronic oxida-
tive/nitrosative stress plays a role in the aetiology of a variety of human illnesses. Oxida-
tive/nitrosative stress is caused by an imbalance in the oxidant/antioxidant system, as
shown by an increase in the production of reactive oxygen and nitrogen species. NO is an
important oxidative biological signalling molecule involved in a variety of physiological
processes, such as neurotransmission, blood pressure control, defence mechanisms, smooth
muscle relaxation, and immunological modulation. In the extracellular environment, *NO
reacts with oxygen and water to form nitrate and nitrite anions. A major route of *NO
degradation is the rapid interaction of NO with superoxide anions to produce the highly
reactive product peroxynitrite (ONOO™). The *NO, radical is a key radical in cellular
nitrosative stress. Many metabolic processes involving cellular proteins (e.g., nitration,
nitrosylation, oxidation), DNA (e.g., deamination), and lipids are driven by these extremely
reactive RNS (e.g., nitration, oxidation). Typically, the result is a biomolecule’s loss of
function. A basic principle of the nitrosative stress conceptual framework is that these
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RNS-mediated chemical changes are detrimental to cellular function. In this review, we
provide a theoretical study of the chemical equations of nitration, due to peroxynitrite
anion derivatives on lipids, proteins, and DNA being presented, which are of particular
importance due to the negative side effects on health.
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