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ABSTRACT

Dinitrogen trioxide (N2O3) mediates low-molecular weight and protein S- and N-nitrosation, with recent reports suggesting a role in the formation of nitrating
intermediates as well as in nitrite-dependent hypoxic vasodilatation. However, the reactivity of N2Os in biological systems results in an extremely short half-life that
renders this molecule essentially undetectable by currently available technologies. As a result, evidence for in vivo N2Os formation derives from the detection of
nitrosated products as well as from in vitro kinetic determinations, isotopic labeling studies, and spectroscopic analyses. This review will discuss mechanisms of N3O3
formation, reactivity and decomposition, as well as address the role of sub-cellular localization as a key determinant of its actions. Finally, evidence will be discussed
supporting different roles for N,O3 as a biologically relevant signaling molecule.

1. Dinitrogen trioxide reactivity

Dinitrogen trioxide exists in an equilibrium with nitric oxide (*"NO)
and nitrogen dioxide ("NO,), where k; = 8.1 x 10* s’l, andk;=1.1 x
10° M 17! [1] (Reaction 1).

N,032°NO, +°*NO R. 1)

Thus, concentrations of 1 uM of *NO, and °*NO each, result in the
formation of just 13.6 nM N3O3 at equilibrium, indicating that this re-
action system favors NoO3 dissociation. Notably, N»O3 dissociation in-
creases with temperature and decreasing solvent polarity, and is
particularly efficient in the gas phase where the produced radicals are
not constrained by a solvent cage [2]. Nitrogen dioxide is a strong
one-electron oxidant, capable of reacting with thiols with rate constants
of 1.9 x 107 and 4.8 x 107 M5! for glutathione (GSH) and cysteine
(Cys), respectively [3]. Based on these rates and considering a concen-
tration of approximately 5 mM GSH in the cytosol, Ford et al. calculated
that the rate of NyO3 formation from *NO and *NO, is 100 times slower
than the rate of *NO2 consumption by thiols, while results from Madej
et al. suggest an even larger difference in favor of thiol oxidation [3,4].
As a result, it is likely that the dissociation of N2O3 will be an essentially
irreversible process under most physiological conditions. In addition,
N,Og is also hydrolyzed upon reacting with water to generate nitrite
(NO3), with an observed first order rate constant of k; = 530 s 'and a
t1/2 = 1.3 ms (Reaction 2) [1]. Furthermore, bicarbonate and phosphate

accelerate NoO3 hydrolysis [5,6].
N,03 +H,0— 2 NO;, +2H" (R. 2)
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From a biological perspective, perhaps the best-characterized reac-
tion of N3Os is its ability to react with nucleophilic thiols and amines to
generate the corresponding nitrosated products with rate constants kg >
6 x 10’ M~ !s7! [6,7]. (Reaction 3).

N>03 +RS™ —RSNO + NO, R. 3)

Although controversial [8,9], thiol S-nitrosation has been associated
with not only the regulation of individual protein function but also with
conserved homeostatic processes, and with having a pivotal role in many
diseases when dysregulated [10-12]. Many of the challenges associated
with stringently defining physiological roles for protein S-nitrosation as
a bonafide signaling process stem from the use of differential labeling
techniques for the identification of labile S-nitrosated proteins in bio-
logical matrices. In particular, the biotin switch method and other
SNO-capture techniques rely on the use of thiol alkylating agents to
block non-nitrosated cysteine residues, followed by selective reduction
of S-nitrosothiols to generate the corresponding free thiols that are then
labeled with thiol-reactive reagents to enable detection [13-15].
Notably, these approaches are susceptible to artifacts due to incomplete
blocking or non-specific oxidized thiol reduction [8,16,17]. However,
the more recent development of phosphine probes capable of specif-
ically reacting with SNO moieties while preserving both the S and N
atoms in the resulting disulfide-iminophosphorane product has allowed
the direct quantification of endogenous S-nitrosoglutathione in resting
and activated macrophages, as well as in cancer cell lines [18].
Furthermore, the use of biotin-tagged phosphine-based SNOTRAP re-
agents has confirmed the presence of an endogenous S-nitrosated pro-
teome, and has suggested a potential role for its dysregulation in the
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progression of neurodegenerative diseases [19-21].

From a structural perspective, N3Os is in equilibrium between at
least three different conformations: asymmetric (asymN,03), symmetric
(symN203) and trans-cis-N2Os, with theoretical and experimental mea-
surements suggesting similar isomeric stabilities [22-25]. Reactivity
modelling indicates that all three isomers are susceptible to nucleophilic
attack by thiols or amines, resulting in the transfer of a nitroso moiety
and the production of nitrous acid (Scheme 1, adapted from Ref. [26]);
with calculations showing that symN,O3 and trans-cis-N2O3 are the more
effective nitrosating agents [2,26,27]. Interestingly, while N»O3 has
mostly been associated with nitrosative chemistry, the fact that this
molecule can dissociate into *NO and *NO,, suggests a potential role in
promoting nitration reactions. In this regard, and while possibly less
efficient at promoting nitration than other *NO,-generating systems
such as peroxynitrite- or myeloperoxidase-dependent reactions, a role
for N3Os in the nitration of conjugated diene-containing fatty acids has
been demonstrated [28-31]. In these experiments, Vitturi et al. showed
that while nitrosonium tetrafluoroborate (NOBF,) is unable to promote
the nitration of conjugated linoleic acid (CLA) by itself, addition of ni-
trite (NO2) results in the formation of NO5-CLA. These results, in com-
bination with studies assessing the isotopic distribution of nitrosation
and nitration products obtained from the reaction between *NO, O3 and
5[N] 18[O]z-labeled NO3, strongly suggested that NO3 reacts with NoO3
resulting in the formation of a symmetrical isomer of this molecule [31].
This was the first demonstration of the formation of symN»O3 under
physiologically relevant conditions in vitro and in vivo, as experimental
proof for the existence of alternative N»O3 conformations had been
limited to studies in inert low-temperature liquid matrices [22,25,32].

Despite substantial evidence of its ability to participate in nitrosation
reactions, NyOg formation is not the only pathway that can lead to
nitrosative chemistry in vivo. In principle, any molecule capable of
oxidizing a thiol or an amine by one electron in the presence of *NO has
the potential to promote nitrosation. Potential oxidants include *NO,
and the carbonate radical anion (CO%), with the resulting thiyl or aminyl
radicals reacting with *NO with rate constants approaching the diffusion
limit to generate the corresponding nitrosated products (Reactions 4-5)
[4,7,33,34].

*NO, +RS™ —RS* +NO; (R. 4)

RS® +°*NO — RSNO (R. 5)

Besides free radical intermediates in solution, alternative mecha-
nisms involving metal center-assisted nitrosation have been proposed.
For instance, a reaction between glutathione (GSH) and cytochrome c in
the presence of *NO has been proposed as a significant source of intra-
cellular S-nitrosothiols. In this pathway, GSH binds to hexa-coordinated
ferric (Fe'™) cytochrome c facilitating a reaction in which *NO reduces
the heme to the ferrous state (Fe') and simultaneously generates S-
nitrosoglutathione (GSNO, Reactions 6, 7) [35,36]. A similar reaction is
observed with ceruloplasmin, except that in this case it is the copper
atoms that mediate GSNO formation from GSH and *NO [37]. Subse-
quent transnitrosation reactions between GSNO and other nucleophilic
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thiolates enables downstream protein S-nitrosation [38].

Fe"'Cyt ¢ + GSH 2Fe™Cyt c-GSH (R. 6)

Fe"Cyt c-GSH+°*NO - Fe"Cyt ¢ + GSNO R.7)

Unlike cytochrome ¢ and ceruloplasmin, thiol nitrosation by dini-
trosyl iron complexes (DNIC) is independent from existing metal-
containing prosthetic groups. In this case, nitrosothiol formation re-
quires the generation of nitrosyl complexes with the labile iron pool, a
weakly coordinated form of endogenous intracellular iron that is
accessible to exogenous chelators [39-41]. According to one proposed
mechanism of DNIC-dependent nitrosation, the coordination of two *NO
molecules to a ferrous iron atom results in a redistribution of electrons
leading to the production of bound NO~ and NO™ equivalents, which
upon reaction with a third *NO molecule and a proton, generates a
Fe"(NO™), complex and nitroxyl (HNO). Reaction of this Fe™(NO™),
complex with a nucleophilic thiol results in S-nitrosation (Scheme 2)
[42,43]. Alternatively, another mechanism posits that S-nitrosation oc-
curs as a consequence of the formation of DNIC with low molecular
weight thiol ligands. These authors suggest that DNIC are formed first
via a mononitrosyl FeH(NO)(RS)Z intermediate that undergoes autor-
eduction to generate Fe!(NO)(RS) and a thiyl radical, which in the
presence of excess *NO, results in the formation of an S-nitrosothiol
together with the stable [Fe'(NO)2(RS),]" DNIC product (Scheme 3)
[44-46].

The co-existence of several proposed mechanisms for biological S-
nitrosation is in part a reflection of the challenges associated with dis-
secting reaction pathways that involve transient intermediates and that
lead to the formation of relatively labile products detected by artifact-
prone methods [47-50]. Furthermore, S-nitrosation reactions do not
occur in isolation, and are often accompanied by conditions that are
conducive to nitrative and oxidative processes. In this regard, kinetic
simulations of complex systems suggest that oxidation reactions often
predominate over both nitration and nitrosation under inflammatory
conditions [33]. Nevertheless, the relative yields of these pathways is
determined by the mechanism of formation of the precursor reactive
species, their sub-cellular compartmentalization, the presence of
competing substrates, and by changes in tissue acidity.

2. Nitric oxide autoxidation
The contributions of NyO3 as a nitrosating agent have often been

studied in the context of the reaction between *NO and oxygen (O5), a
process also known as “’°NO autoxidation” (Reactions 8-10) [1,51,52].

*NO + 0,2 ONOO* + *NO 2N,0,4 (R. 8)
N,0,2°NO, +°NO, R.9)
*NO, + °*NO=N,05 (R. 10)

Although this reaction system generates N,Og, its yield of formation is
dictated by the relative concentrations of *NO and other substrates
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Scheme 1. Structural isomers and nitrosating reactivity of dinitrogen trioxide.
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NO*
. THNO —> Fel++*NO + RS™ + RSNO
NO

Scheme 2. Proposed mechanism for thiol nitrosation via Fel(RS)2(NO+)2 formation.
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Scheme 3. Proposed mechanism for thiol nitrosation via Fell(RS)2(NO) autoreduction.

capable of reacting with *NO; (Reaction 4). In the case of nitrosation
reactions, and assuming that *NO concentrations are not limiting, some
substrates will exhibit preferential reactions towards N»O3 and others
will follow the radicalar pathway illustrated in Reactions 4-5 [7]. Under
experimental conditions, this differential reactivity can be elucidated by
assessing the dependence between the yields of the S- or N-nitrosated
product and the concentration of *NO. Thus, if a substrate is exclusively
nitrosated via the radicalar pathway, the yields will be expected to
decrease at higher *NO concentrations, as excess *"NO would divert *NO,
from substrate oxidation to generate NOs. In contrast, if nitrosation is
exclusively dependent on N2O3 formation, then the yield of the reaction
should be independent of *NO concentration. Following this approach,
Goldstein and Czapski concluded that while cysteine, GSH, dithio-
threitol and penicillamine are preferentially S-nitrosated via the radi-
calar pathway (Reactions 4, 5); N-acetyl-penicillamine, morpholine and
captopril are preferentially nitrosated by N,O3 [7].

Regardless of the nitrosation mechanism, the rate limiting step for
the formation of *NO, and N,O3 is Reaction 8. This reaction exhibits first
order dependence on O, concentration and second order dependence on
*NO, resulting in global third-order kinetics with k = 2.9 x 10° M™%~}
(Equation (1)) [1].

—d|NO]
dt

Using this information, Lancaster calculated the half-life of *NO
under constant physiological concentrations of O, to be between 42 s
and 5.8 days for initial *"NO concentrations of 1 pM and 5 nM, respec-
tively [48]. These results not only indicated that *NO is stable under
physiological O levels, but also that the formation of N2O3 and *NO3 via
*NO autoxidation is too slow to be relevant in vivo. However, it was
subsequently found that this reaction is accelerated between 30 and 300
times in the presence of lipid membranes, and more modestly by pro-
teins [53-55]. This effect has been observed in a variety of biological
samples and biomimetic ensembles, including hepatocyte membranes,
purified mitochondria, phospholipids, low-density lipoproteins (LDL),
proteins, detergent micelles, and perfluorocarbon emulsions [53-57].
This acceleration was termed “lens effect”, and it occurs because both
*NO and O; are slightly hydrophobic molecules and are more soluble in
the hydrophobic regions of lipid membranes and proteins than in the
aqueous surrounding [58]. As mentioned, the rate of *NO autoxidation
has a second-order dependence on *NO concentration, and a first-order
dependence on O concentration (Eq. (1).) [1,59]. Therefore, an in-
crease in the local concentration of *NO and O5 in hydrophobic regions
will result in significant acceleration of the reaction [53]. Chemical ef-
fects altering the rate constant could also be involved in accelerating the
reaction in hydrophobic phases, but this possibility has been dismissed
after careful consideration [58,60].

The concentration of molecules such as *°NO and O in lipid hydro-
phobic regions relative to water are conveniently expressed as the
partition coefficient Kp. The Kp for O5 and *NO in egg yolk phosphati-
dylcholine (EYPC) membranes is approximately 3, meaning that both O,
and °NO are 3 times more concentrated in the lipid membrane than in
the aqueous surrounding. If we include these Kp values in Eq. (1), a

=4k[NOJ*[0)] (Eq. 1)

theoretical acceleration factor equal to 3 x 3 x 3 = 27 can be obtained.
Using an *NO-selective electrode, it was observed that adding EYPC li-
posomes resulted in a 28-fold increase in the rate of *NO autoxidation,
consistent with the calculations derived from the Kp values [54]. Of
note, the accelerated formation of *NO; could similarly be observed
[54]. Nitrogen dioxide is also more soluble in organic than in aqueous
solvents, and by combining experimental data with quantum calcula-
tions, a Kp of 1.5 was estimated between lipid membranes and water [60,
61]. Molecular dynamics also support the hydrophobicity of *NO; [62,
63]. Therefore, *NO, reaction with *NO to make N,O3 will also be
promoted by hydrophobic phases. In this regard, the rate of thiol
nitrosation is increased by membranes and LDL, supporting a role of
hydrophobic phases in biological nitrosation [54].

The acyl chain region of lipid membranes is often considered as
comparable to hydrocarbon solvents such as decane or hexadecane.
However, although they are similar in polarity, the hydrocarbon chains
in lipid bilayers are oriented parallel to each other and restricted in
motion, resulting in general in a lower solubility of solutes because of an
exclusion effect. To exemplify this, the Kp of Oy in decane relative to
water at 25 °C is 8.7, whereas the Kp of O in dilauroyl PC membranes
relative to water is 3.2 [61]. Furthermore, lipid composition can alter
the order in the bilayer and this has effects on Kp. For instance, PC
composed of saturated acyl chains such as dimyristoyl PC and dipal-
mitoyl PC undergo phase transitions from an ordered gel phase to a
disordered fluid phase at 24 and 43 °C, respectively. The Kp of Oz be-
tween these membranes and water in the gel phase is approximately 1,
but in the fluid phase Kp is above 3 [64]. Another factor that can modify
the solubility of hydrophobic molecules is cholesterol, mostly by
ordering membranes and reducing free volume [65,66]. Therefore, it is
expected that more compact and less fluid membranes, such as those
rich in sphingomyelin and cholesterol will also show lower Kp for O5 and
*NO.

A provocative study suggested extremely high acceleration of *NO
autoxidation by proteins, but these observations could not be repro-
duced and the acceleration effect was later shown to be only modest [55,
67,68]. In proteins, hydrophilic amino acid residues are usually
distributed on the protein surface and exposed to the solvent, whereas
hydrophobic amino acid residues form the protein core. In theory, this
hydrophobic core could be a favorable site for *NO and O, partition and
accelerated autoxidation, but proteins have an average density of 1.37
g/mL and are densely packed, thus resembling molecular crystals and
providing limited room to accommodate other molecules. Nevertheless,
most proteins are dynamic structures, as illustrated by the ability of
different exogenously added molecules to quench the fluorescence of
internal tryptophan residues [69]. Furthermore, some proteins such as
serum albumin can accommodate hydrophobic ligands such as fatty
acids in interior sites that are not evident in the crystal structure [70].
Thus, protein dynamics would allow for *NO and O, to accommodate in
the hydrophobic core and accelerate their reaction. It was found that the
degree of *NO autoxidation correlated with protein size and even more
with their compressibility, indicating the importance of protein dy-
namics and cavities within the hydrophobic core of proteins [55].
Denaturing albumin, which leads to higher exposure of hydrophobic
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surface and lower compressibility, resulted in a decrease in *NO
autoxidation, indicating that the hydrophobic core rather than a hy-
drophobic surface is necessary to accelerate *NO autoxidation [55]. An
overall 1.38-fold acceleration of *NO autoxidation was calculated for
human albumin, but under normal vascular conditions, the very fast
reaction between *NO and intraerythrocytic hemoglobin will outcom-
pete this process [55].

The accelerated rate of *"NO autoxidation and the downstream gen-
eration of NoO3 suggest that nitrosation reactions should be favored in
close proximity to membranes. In addition, while the half-life of NoO3 in
the cytosol is limited by hydrolysis (Reaction 2), the hydrophobic
environment of the membrane protects NoO3 and should increase its
chances of reacting with targets. To test this concept, peptides incor-
porating thiols at different depths within a lipid bilayer were designed,
and it was found that nitrosation yields decreased as thiols were located
deeper into the membrane [71]. This paradoxical result is explained by
the lower ionization of thiols in non-polar environments. Thiolates
rather than thiols are the main substrates for nitrosation reactions, and
the low polarity of the membrane interior results in decreased thiolate
availability.

The ‘lens effect’ suggests that the formation of *NO-derived oxidizing
and nitrosating species will occur mainly within lipid membranes.
Considering that membranes account for 3 % of the cellular volume and
that *NO autoxidation occurs 30 times faster in this compartment, it was
estimated that 50 % of all the *NO autoxidation will occur within
cellular membranes [58]. As a result, biomolecules in close proximity to
membranes will be exposed to higher fluxes of oxidizing and nitrosating
species. However, as these species are diffusible, the yields of oxidative
and nitrosative reactions will be significantly affected by individual
substrate reactivity.

3. Gastric NyO3 formation

Nitrate and nitrite are central components of the human diet and are
particularly abundant in green leafy vegetables, red beetroot, celery,
fennel, and leeks; as well as in cured and uncured meats [72,73]. Dietary
nitrate has a high bioavailability with close to 100 % of any given dose
recovered in plasma over 24 h following ingestion [74,75]. Importantly,
nitrate reabsorption by salivary glands results in its active uptake from
the circulation and secretion into the saliva, where bacterial components
of the oral flora reduce it to nitrite [76-78]. In this regard, the con-
centration of nitrite in saliva increases from a basal value of approxi-
mately 2 mg/mL to over 70 mg/mL following consumption of 400 mg
nitrate, the equivalent to 200 g of spinach [79]. In the stomach, parietal
cells secrete between 1 and 2 L of hydrochloric acid daily, resulting in a
strong acidic environment in the gastric lumen (pH < 3) [80]. Under
these conditions, dietary nitrite is in equilibrium with nitrous acid
(HNO,, pKa ~3.2), with the protonated form 15- to 150-fold more
abundant than the anion. Notably, nitrous acid undergoes dispropor-
tionation with k = 13.4 M~ !s! leading to the formation of NyO3 and
thus *NO and *NO, (Reactions 11-12) [81-83].

NO;, + Ht*2HNO, (R. 11)

HNO, +HNO,2N,0; + H,0 (R. 12)

The formation of nitrosating intermediates in the stomach has been
studied extensively due to its potential to generate carcinogenic nitro-
samines, nitrosamides and related compounds, although the patholog-
ical relevance of this pathway is a subject of debate [84,85]. From a
mechanistic perspective, both radical and NyOs-mediated nitrosation
pathways are likely to occur in the stomach, but these are modulated by
the presence of other dietary components [86-88]. An interesting
feature of the gastric compartment is that unlike other organs, it com-
prises both aqueous and lipid phases as well as a gas phase containing
approximately 60 mmHg O, [89,90]. As discussed previously, *NO and
O, tend to partition preferentially into lipidic compartments where

Redox Biochemistry and Chemistry 8 (2024) 100026

N2O3 and NyO4 are protected from hydrolysis. This observation has
important implications for reactivity, as indicated by assessing the effect
of ascorbate on the yields of nitrosamine formation in the presence or
absence of lipid phases. In this regard, Combet et al. found that while
ascorbate potently inhibits nitrosamine formation from nitrite acidifi-
cation in a monophasic solution, the addition of 10 % lipid to the re-
action system results in ascorbate significantly increasing nitrosation
yields [91]. Furthermore, the same physicochemical properties that
dictate the preferential partition of *NO, O, and N,Oj3 into hydrophobic
layers, also determine an even more favorable partition into the gas
phase. As a result, nitrous acid disproportionation and N»O3 dissociation
are main contributors to gastric *NO formation as evidenced by its
detection in the exhaled breath [92]. Additional mechanisms contrib-
uting to intragastric *NO formation include univalent reduction of nitrite
by dietary ascorbate and polyphenols [93,94]. The formation of *NO and
*NO; in the stomach has important roles in gastric physiology, including
regulating tissue blood flow and mucosal thickness, as well as prevent-
ing the proliferation of pathogenic microorganisms such as Helicobacter
pylori, Escherichia coli and Candida albicans [95-97]. Importantly, a
recent study of over 80,000 hospitalized patients found that disruption
of gastric NoO3 formation secondary to elimination of the oral micro-
biome with mouthwash is associated with a small but significant in-
crease in death rates, particularly in those patients at the lower risk of
mortality [98]. Although indirect, this evidence suggests an important
contribution of gastric NO3 formation to °*NO homeostasis and
cyto-protective signaling [99]. Finally, gastric *NOy generation sec-
ondary to NoO3 homolysis is also conducive to nitration reactions as
originally appreciated by the groups of Joao Laranjinha and Marco
d’Ischia [88,100,101]. In particular, the nitration of dietary derived CLA
is thought to be the main route for the endogenous formation of
NO,-CLA, a potent electrophilic fatty acid capable of promoting anti-
oxidant and anti-inflammatory signaling in the gastrointestinal tract and
beyond [102-104]. Importantly, the formation of NO2-CLA has been
proposed as an anti-hypertensive mechanism associated with the con-
sumption of a Mediterranean diet, as well as a potentially protective
factor in the context of the cardiac arrest survival and recovery
[105-107].

4. Vascular N,O3; formation

In 1998, Lancaster published a provocative manuscript in which
mathematical modelling of the half-life of *°NO in the vascular
compartment suggested that hemoglobin at a concentration approxi-
mately 10 % of that found in blood would be expected to scavenge over
90 % of all *°NO produced by endothelial cells [108]. This conclusion was
based on the fact that *NO reacts with both oxyhemoglobin and deox-
yhemoglobin with rate constants between 107-108 M~!s™! (Reactions
13-14) [109,110], and thus questioned the ability of free *°NO to func-
tion as a vasodilator in vivo [111].

*NO + HbFe"0, — HbFe™ + NO; (R. 13)

*NO + HbFe"—HbFe"NO (R. 14)

Notably, it was later found that *NO scavenging by intraerythrocytic
hemoglobin at 50 % hematocrit is 50-150 times slower than by the same
concentration of cell-free hemoglobin, with earlier microvessel bioassay
determinations suggesting this difference to be approximately three
orders of magnitude [112,113]. Different mechanisms have been pro-
posed to explain these observations, including the presence of a cell-free
zone adjacent to the vascular endothelium, the existence of a
*NO-depleted unstirred layer around the extracellular side of the
erythrocyte membrane, and controversially, the potential existence of
an intrinsic membrane barrier to *°NO diffusion in the erythrocyte [114].
However, these observations also led to hypotheses proposing the ex-
istence of stabilized forms of *NO that could escape scavenging by
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hemoglobin and could become activated along the arterial to venous
gradient [115,116]. One such mechanism proposed that nitrite is
reduced to *NO by deoxyhemoglobin, with allosterically controlled
reduction rates that are maximal at hemoglobin fractional saturations
approaching 50 % (Reaction 15) [117,118].

NO, +HbFe" + H" - *NO + HbFe™ + OH" (R. 15)

This reaction elegantly links *NO generation from nitrite to the lower
hemoglobin oxygen fractional saturations typically found in resistance
arterioles, and to hypoxic vasodilation responses in general [119,120].
In this regard, nitrite addition to deoxygenated erythrocytes leads to the
induction of extracellular *NO-dependent responses such as the inhibi-
tion of platelet aggregation, inhibition of mitochondrial respiration and
vasorelaxation [116,117,121-123]. However, a main challenge to the
mechanism proposed in Reaction 15 is that nitrite reduction occurs
intracellularly in the presence of a large excess of oxygenated and
deoxygenated hemoglobin (20 mM heme, corresponding to four hemes
per hemoglobin tetramer), thus suggesting that any °*NO generated
would be immediately consumed (Reactions 13-14) [108,124]. These
arguments, together with previous work on reductive heme nitro-
sylation by Ford et al. (Scheme 4a), suggested the possibility that the
diffusible product of nitrite reduction by deoxyhemoglobin might not be
*NO but rather NyO3 [125,126]. It was hypothesized that this mecha-
nism would limit *°NO scavenging by hemoglobin through the generation
of diffusible NyO3 that can then homolyze to produce °NO in the
extracellular compartment (Reaction 1). Notably, this proposal is in line
with observations that nitrite supplementation is often associated with
increased intraerythrocytic S-nitrosothiol formation in vitro and in vivo
[116,126-128]. While several related mechanisms have been proposed
for the hemoglobin-catalyzed generation of NyO3 from nitrite, the for-
mation of a nitrosyl-methemoglobin complex that can then react with
nitrite in the distal heme pocket through either an outer or inner sphere
reaction appears to be the more favored possibility (Scheme 4b)
[129-132].

Mathematical models and experiments performed in glassy matrices
and in solution/sol-gel suggest that this reaction scheme is feasible, and
that it can extend the half-life of *°NO in the circulation [130,132-135].
However, whether the physiological levels of nitrite in the erythrocyte
are sufficient to sustain *NO formation at functionally relevant con-
centrations remains to be established. Finally, a new mechanism that is
independent of N2O3 formation has been recently proposed suggesting
that nitrite reduction by deoxyhemoglobin leads to the formation of a
diffusible nitrosyl-ferroheme species in the erythrocyte membrane that
can transfer to circulating albumin and eventually promote
c¢GMP-dependent signaling in the smooth muscle [136].

5. Conclusion

Although impossible to detect directly by current methods, the
physiological formation of N»Og is a possible phenomenon, particularly
in lipid compartments and in the acidic conditions of the stomach
(Fig. 1). These locational preferences are defined either by the favorable
partition of precursor species into nonpolar environments that exclude
competing thiolates and water, or by conditions that simultaneously
decrease thiolate availability by protonation and promote N»O3 gener-
ation from relatively abundant dietary nitrite via nitrous acid dispro-
portionation. Regardless of its mechanism of formation, N3Os is
expected to exist at very low steady-state levels even in the absence of
substrates, as this species is not only susceptible to hydrolysis but it also
quickly dissociates into *NO and °NO,. Despite its short lifetime, the
consequences of NyOg reactivity are highly pervasive and include the
generation of stable carcinogenic nitrosamines, the modulation of
cysteine-dependent signaling pathways via S-nitrosation, the production
of local and systemically distributed bioactive nitrated fatty acids, and
potentially the regulation of vascular physiology in health and disease
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NO, + HbFe!! 4\‘;/ OH"

'NO + HbFe!" === {HbFe"NO «>HbFeNO'}

N,O;+ HbFe!! </b4 NOy

Scheme 4. Reductive nitrosylation (a) and nitrite dehydration (b) pathways
of hemoglobin.

RSNO NO,CLA G0

S e

HN02 \N203)=‘ NOZ + *NO

Ny L\.&o

0
- + 2
NO, + 2 H N203

Fig. 1. Summary of the main reactions leading to N>O3 formation and con-
sumption under physiological conditions. 1: k; = 13.4 M 's™! [81]; 2: pKa =
3.2[138);3:ks=530s 1 [1];4:kys>6 x 107 M 's7 ! [7];5:ks = 8.1 x 10*s7!
[11, ks =1.1 x 10° M s [1]; 6: Kpg = 1.5 [61]; 7: Kpy = 3.6 [54]; 8: Kpg =
3.2 [54]; 9: ko = 2.9 x 10° M~ %s7! [11; 10: CLA nitration follows a complex
mechanism. For a detailed discussion see Refs. [102,139].

[82,85,103,104,137]. Therefore, understanding the factors that deter-
mine the formation, reactivity and decomposition of N2Os3 is essential
for the elucidation of key signaling mechanisms that contribute to both
homeostatic and pathological states.

Funding:

DAYV acknowledges funding from National Institutes of Health grants
RO3HL157878, R56AI165479, and RO1AI178864.

CRediT authorship contribution statement

Matias N. Moller: Writing — review & editing, Writing — original
draft, Visualization, Conceptualization. Dario A. Vitturi: Writing — re-
view & editing, Writing — original draft, Visualization, Funding acqui-
sition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Dario A. Vitturi reports financial support was provided by National
Institutes of Health. If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.



M.N. Moller and D.A. Vitturi

References

[1]

[2]

[3]

[4]

[5]
(6]

[71

[8]

[91
[10]
[11]
[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]

[33]

[34]

[35]

S. Goldstein, G. Czapski, Kinetics of nitric-oxide autoxidation in aqueous-solution
in the absence and presence of various reductants - the nature of the oxidizing
intermediates, J. Am. Chem. Soc. 117 (49) (1995) 12078-12084.

A.A. Nedospasov, Is N203 the main nitrosating intermediate in aerated nitric
oxide (NO) solutions in vivo? If so, where, when, and which one? J. Biochem.
Mol. Toxicol. 16 (3) (2002) 109-120.

E. Ford, M.N. Hughes, P. Wardman, Kinetics of the reactions of nitrogen dioxide
with glutathione, cysteine, and uric acid at physiological pH, Free Radic. Biol.
Med. 32 (12) (2002) 1314-1323.

E. Madej, et al., Thiyl radicals react with nitric oxide to form S-nitrosothiols with
rate constants near the diffusion-controlled limit, Free Radic. Biol. Med. 44 (12)
(2008) 2013-2018.

J.L. Caulfield, et al., Bicarbonate inhibits N-nitrosation in oxygenated nitric oxide
solutions, J. Biol. Chem. 271 (42) (1996) 25859-25863.

R.S. Lewis, S.R. Tannenbaum, W.M. Deen, Kinetics of N-nitrosation in oxygenated
nitric oxide solutions at physiological pH: role of nitrous anhydride and effects of
phosphate and chloride, J. Am. Chem. Soc. 117 (14) (1995) 3933-3939.

S. Goldstein, G. Czapski, Mechanism of the nitrosation of thiols and amines by
oxygenatedeNO solutions: the nature of the nitrosating intermediates, J. Am.
Chem. Soc. 118 (14) (1996) 3419-3425.

K. Wolhuter, P. Eaton, How widespread is stable protein S-nitrosylation as an
end-effector of protein regulation? Free Radic. Biol. Med. 109 (2017) 156-166.
K.A. Broniowska, N. Hogg, The chemical biology of S-nitrosothiols, Antioxidants
Redox Signal. 17 (7) (2012) 969-980.

N. Gould, et al., Regulation of protein function and signaling by reversible
cysteine S-nitrosylation, J. Biol. Chem. 288 (37) (2013) 26473-26479.

S.M. Haldar, J.S. Stamler, S-nitrosylation: integrator of cardiovascular
performance and oxygen delivery, J. Clin. Invest. 123 (1) (2013) 101-110.
M.W. Foster, D.T. Hess, J.S. Stamler, Protein S-nitrosylation in health and disease:
a current perspective, Trends Mol. Med. 15 (9) (2009) 391-404.

S.R. Jaffrey, et al., Protein S-nitrosylation: a physiological signal for neuronal
nitric oxide, Nat. Cell Biol. 3 (2) (2001) 193-197.

X. Li, et al., Thiol redox proteomics: characterization of thiol-based post-
translational modifications, Proteomics 23 (13-14) (2023) e2200194.

L.B. Poole, C.M. Furdui, S.B. King, Introduction to approaches and tools for the
evaluation of protein cysteine oxidation, Essays Biochem. 64 (1) (2020) 1-17.
X. Wang, et al., Copper dependence of the biotin switch assay: modified assay for
measuring cellular and blood nitrosated proteins, Free Radic. Biol. Med. 44 (7)
(2008) 1362-1372.

Y. Zhang, et al., Characterization and application of the biotin-switch assay for
the identification of S-nitrosated proteins, Free Radic. Biol. Med. 38 (7) (2005)
874-881.

U. Seneviratne, et al., Mechanism-based triarylphosphine-ester probes for capture
of endogenous RSNOs, J. Am. Chem. Soc. 135 (20) (2013) 7693-7704.

U. Seneviratne, et al., S-nitrosation of proteins relevant to Alzheimer’s disease
during early stages of neurodegeneration, Proc. Natl. Acad. Sci. U. S. A. 113 (15)
(2016) 4152-4157.

H. Yang, et al., Mechanistic insight into female predominance in Alzheimer’s
disease based on aberrant protein S-nitrosylation of C3, Sci. Adv. 8 (50) (2022)
eade0764.

P.T. Doulias, et al., S-Nitrosylation-mediated dysfunction of TCA cycle enzymes in
synucleinopathy studied in postmortem human brains and hiPSC-derived
neurons, Cell Chem. Biol. 30 (8) (2023) 965-975 e6.

R.F. Holland, W.B. Maier, Infrared absorption spectra of nitrogen oxides in liquid
xenon. Isomerization of N203 a), J. Chem. Phys. 78 (6) (1983) 2928-2941.
AH. Jubert, et al., A theoretical study of the relative stability of the isomeric
forms of N203, Theor. Chim. Acta 64 (4) (1984) 313-316.

A.W. Shaw, A.J. Vosper, Dinitrogen trioxide. Part IX. Stability of dinitrogen
trioxide in solution, J. Chem. Soc. A (1971) 1592, 0.

E.L. Varetti, G.C. Pimentel, Isomeric forms of dinitrogen trioxide in a nitrogen
matrix, J. Chem. Phys. 55 (8) (1971) 3813-3821.

Z. Sun, et al., Theoretical investigation of the isomerization of N203 and the N-
nitrosation of dimethylamine by asym-N203, sym-N203, and trans-cis N203
isomers, J. Mol. Struct. 908 (1-3) (2009) 107-113.

I.I. Zakharov, O.1. Zakharova, Nitrosonium nitrite isomer of N203: quantum-
chemical data, J. Struct. Chem. 50 (2) (2009) 212-218.

R. Radi, Nitric oxide, oxidants, and protein tyrosine nitration, Proc. Natl. Acad.
Sci. U. S. A. 101 (12) (2004) 4003-4008.

J.M. Souza, G. Peluffo, R. Radi, Protein tyrosine nitration—functional alteration or
just a biomarker? Free Radic. Biol. Med. 45 (4) (2008) 357-366.

M. Carreno, et al., Inmunomodulatory actions of a kynurenine-derived
endogenous electrophile, Sci. Adv. 8 (26) (2022) eabm9138.

D.A. Vitturi, et al., Convergence of biological nitration and nitrosation via
symmetrical nitrous anhydride, Nat. Chem. Biol. 11 (7) (2015) 504-510.

W.G. Fateley, H.A. Bent, B. Crawford, Infrared spectra of the frozen oxides of
nitrogen, J. Chem. Phys. 31 (1) (1959) 204-217.

J.R. Lancaster Jr., Nitroxidative, nitrosative, and nitrative stress: kinetic
predictions of reactive nitrogen species chemistry under biological conditions,
Chem. Res. Toxicol. 19 (9) (2006) 1160-1174.

R.M. Uppu, et al., Nitration and nitrosation by peroxynitrite: role of CO2 and
evidence for common intermediates, J. Am. Chem. Soc. 122 (29) (2000)
6911-6916.

S. Basu, et al., A novel role for cytochrome c: efficient catalysis of S-nitrosothiol
formation, Free Radic. Biol. Med. 48 (2) (2010) 255-263.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Redox Biochemistry and Chemistry 8 (2024) 100026

K.A. Broniowska, et al., Cytochrome c-mediated formation of S-nitrosothiol in
cells, Biochem. J. 442 (1) (2012) 191-197.

K. Inoue, et al., Nitrosothiol formation catalyzed by ceruloplasmin. Implication
for cytoprotective mechanism in vivo, J. Biol. Chem. 274 (38) (1999)
27069-27075.

B.C. Smith, M.A. Marletta, Mechanisms of S-nitrosothiol formation and selectivity
in nitric oxide signaling, Curr. Opin. Chem. Biol. 16 (5-6) (2012) 498-506.

J.C. Toledo Jr., et al., Nitric oxide-induced conversion of cellular chelatable iron
into macromolecule-bound paramagnetic dinitrosyliron complexes, J. Biol. Chem.
283 (43) (2008) 28926-28933.

W. Breuer, M. Shvartsman, Z.I. Cabantchik, Intracellular labile iron, Int. J.
Biochem. Cell Biol. 40 (3) (2008) 350-354.

C.A. Bosworth, et al., Dinitrosyliron complexes and the mechanism(s) of cellular
protein nitrosothiol formation from nitric oxide, Proc. Natl. Acad. Sci. U. S. A. 106
(12) (2009) 4671-4676.

A.F. Vanin, How is nitric oxide (NO) converted into nitrosonium cations (NO(+))
in living organisms? (Based on the results of optical and EPR analyses of
dinitrosyl iron complexes with thiol-containing ligands), Appl. Magn. Reson. 51
(9-10) (2020) 851-876.

A.F. Vanin, 1.V. Malenkova, V.A. Serezhenkov, Iron catalyzes both decomposition
and synthesis of S-nitrosothiols: optical and electron paramagnetic resonance
studies, Nitric Oxide 1 (3) (1997) 191-203.

D.R. Truzzi, O. Augusto, P.C. Ford, Thiyl radicals are co-products of dinitrosyl
iron complex (DNIC) formation, Chem. Commun. 55 (62) (2019) 9156-9159.
D.R. Truzzi, et al., Dynamics of dinitrosyl iron complex (DNIC) formation with
low molecular weight thiols, Inorg. Chem. 58 (19) (2019) 13446-13456.

D.R. Truzzi, et al., Dinitrosyl iron complexes (DNICs). From spontaneous
assembly to biological roles, Inorg. Chem. 60 (21) (2021) 15835-15845.

M.N. Moller, et al., Detection and quantification of nitric oxide-derived oxidants
in biological systems, J. Biol. Chem. 294 (40) (2019) 14776-14802.

J.R. Lancaster Jr., How are nitrosothiols formed de novo in vivo? Arch. Biochem.
Biophys. 617 (2017) 137-144.

A.R. Diers, A. Keszler, N. Hogg, Detection of S-nitrosothiols, Biochim. Biophys.
Acta 1840 (2) (2014) 892-900.

A. Keszler, et al., Thiolate-based dinitrosyl iron complexes: decomposition and
detection and differentiation from S-nitrosothiols, Nitric Oxide 65 (2017) 1-9.
B. Galliker, et al., Intermediates in the autoxidation of nitrogen monoxide,
Chemistry 15 (25) (2009) 6161-6168.

D.A. Wink, P.C. Ford, Nitric oxide reactions important to biological systems: a
survey of some kinetics investigations, Methods 7 (1) (1995) 14-20.

X. Liu, et al., Accelerated reaction of nitric oxide with O2 within the hydrophobic
interior of biological membranes, Proc. Natl. Acad. Sci. USA 95 (5) (1998)
2175-2179.

M.N. Moller, et al., Membrane "lens" effect: focusing the formation of reactive
nitrogen oxides from the *NO/O2 reaction, Chem. Res. Toxicol. 20 (4) (2007)
709-714.

M.N. Moller, A. Denicola, Acceleration of the autoxidation of nitric oxide by
proteins, Nitric Oxide 85 (2019) 28-34.

S. Shiva, et al., Nitric oxide partitioning into mitochondrial membranes and the
control of respiration at cytochrome c oxidase, Proc. Natl. Acad. Sci. USA 98 (13)
(2001) 7212-7217.

O. Rafikova, et al., Control of plasma nitric oxide bioactivity by perfluorocarbons:
physiological mechanisms and clinical implications, Circulation 110 (23) (2004)
3573-3580.

M.N. Moller, et al., Acceleration of nitric oxide autoxidation and nitrosation by
membranes, [UBMB Life 59 (4-5) (2007) 243-248.

P.C. Ford, D.A. Wink, D.M. Stanbury, Autoxidation kinetics of aqueous nitric
oxide, FEBS Lett. 326 (1-3) (1993) 1-3.

G.L. Squadrito, E.M. Postlethwait, On the hydrophobicity of nitrogen dioxide:
could there be a “lens” effect for NO2 reaction kinetics? Nitric Oxide 21 (2)
(2009) 104-109.

S. Signorelli, et al., Nitrogen dioxide solubility and permeation in lipid
membranes, Arch. Biochem. Biophys. 512 (2) (2011) 190-196.

R.M. Cordeiro, Reactive oxygen and nitrogen species at phospholipid bilayers:
peroxynitrous acid and its homolysis products, J. Phys. Chem. B 122 (34) (2018)
8211-8219.

M.C. Oliveira, et al., Unraveling the permeation of reactive species across nitrated
membranes by computer simulations, Comput. Biol. Med. 136 (2021) 104768.
M.N. Moller, et al., Solubility and diffusion of oxygen in phospholipid
membranes, Biochimica.Biophys. acta (bba)-Biomembr. 1858 (11) (2016)
2923-2930.

R.J. Dotson, et al., Influence of cholesterol on the oxygen permeability of
membranes: insight from atomistic simulations, Biophys. J. 112 (11) (2017)
2336-2347.

R.J. Dotson, E. McClenahan, S.C. Pias, Updated evaluation of cholesterol’s
influence on membrane oxygen permeability, in: Oxygen Transport to Tissue XLII,
Springer, 2021, pp. 23-30.

O. Rafikova, R. Rafikov, E. Nudler, Catalysis of S-nitrosothiols formation by
serum albumin: the mechanism and implication in vascular control, Proc. Natl.
Acad. Sci. USA 99 (9) (2002) 5913-5918.

A. Keszler, Y. Zhang, N. Hogg, Reaction between nitric oxide, glutathione, and
oxygen in the presence and absence of protein: how are S-nitrosothiols formed?
Free Radic. Biol. Med. 48 (1) (2010) 55-64.

J.R. Lakowicz, G. Weber, Quenching of protein fluorescence by oxygen. Detection
of structural fluctuations in proteins on the nanosecond time scale, Biochemistry
12 (21) (1973) 4171-4179.


http://refhub.elsevier.com/S2773-1766(24)00007-5/sref1
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref1
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref1
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref2
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref2
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref2
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref3
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref3
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref3
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref4
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref4
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref4
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref5
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref5
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref6
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref6
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref6
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref7
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref7
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref7
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref8
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref8
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref9
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref9
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref10
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref10
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref11
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref11
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref12
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref12
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref13
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref13
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref14
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref14
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref15
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref15
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref16
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref16
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref16
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref17
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref17
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref17
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref18
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref18
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref19
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref19
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref19
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref20
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref20
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref20
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref21
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref21
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref21
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref22
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref22
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref23
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref23
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref24
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref24
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref25
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref25
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref26
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref26
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref26
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref27
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref27
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref28
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref28
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref29
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref29
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref30
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref30
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref31
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref31
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref32
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref32
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref33
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref33
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref33
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref34
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref34
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref34
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref35
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref35
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref36
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref36
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref37
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref37
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref37
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref38
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref38
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref39
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref39
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref39
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref40
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref40
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref41
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref41
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref41
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref42
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref42
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref42
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref42
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref43
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref43
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref43
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref44
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref44
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref45
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref45
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref46
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref46
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref47
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref47
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref48
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref48
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref49
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref49
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref50
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref50
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref51
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref51
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref52
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref52
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref53
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref53
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref53
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref54
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref54
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref54
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref55
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref55
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref56
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref56
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref56
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref57
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref57
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref57
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref58
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref58
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref59
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref59
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref60
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref60
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref60
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref61
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref61
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref62
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref62
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref62
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref63
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref63
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref64
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref64
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref64
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref65
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref65
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref65
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref66
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref66
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref66
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref67
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref67
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref67
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref68
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref68
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref68
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref69
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref69
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref69

M.N. Moller and D.A. Vitturi

[70]

[71]

[72]

[73]

[74]
[75]

[76]

[77]
[78]
[79]

[80]

[81]
[82]
[83]
[84]
[85]
[86]

[87]

[88]

[89]

[90]

[91]
[92]

[93]

[94]
[95]
[96]

[97]

[98]

[99]

[100]

[101]

[102]
[103]

[104]

S. Curry, P. Brick, N.P. Franks, Fatty acid binding to human serum albumin: new
insights from crystallographic studies, Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 1441 (2-3) (1999) 131-140.

H. Zhang, et al., Decreased S-nitrosation of peptide thiols in the membrane
interior, Free Radic. Biol. Med. 47 (7) (2009) 962-968.

N.G. Hord, Y. Tang, N.S. Bryan, Food sources of nitrates and nitrites: the
physiologic context for potential health benefits, Am. J. Clin. Nutr. 90 (1) (2009)
1-10.

M.T. Nunez De Gonzalez, et al., Survey of residual nitrite and nitrate in
conventional and organic/natural/uncured/indirectly cured meats available at
retail in the United States, J. Agric. Food Chem. 60 (15) (2012) 3981-3990.
A.G. van Velzen, et al., The oral bioavailability of nitrate from nitrate-rich
vegetables in humans, Toxicol. Lett. 181 (3) (2008) 177-181.

A.S. Pannala, et al., The effect of dietary nitrate on salivary, plasma, and urinary
nitrate metabolism in humans, Free Radic. Biol. Med. 34 (5) (2003) 576-584.
M. Govoni, et al., The increase in plasma nitrite after a dietary nitrate load is
markedly attenuated by an antibacterial mouthwash, Nitric Oxide 19 (4) (2008)
333-337.

J.O. Lundberg, M. Govoni, Inorganic nitrate is a possible source for systemic
generation of nitric oxide, Free Radic. Biol. Med. 37 (3) (2004) 395-400.

S.R. Tannenbaum, M. Weisman, D. Fett, The effect of nitrate intake on nitrite
formation in human saliva, Food Chem. Toxicol. 14 (6) (1976) 549-552.

W. Zetterquist, et al., Salivary contribution to exhaled nitric oxide, Eur. Respir. J.
13 (2) (1999) 327-333.

E.M. Quigley, L.A. Turnberg, pH of the microclimate lining human gastric and
duodenal mucosa in vivo. Studies in control subjects and in duodenal ulcer
patients, Gastroenterology 92 (6) (1987) 1876-1884.

J.Y. Park, Y.N. Lee, Solubility and decomposition kinetics of nitrous acid in
aqueous solution, J. Phys. Chem. 92 (22) (1988) 6294-6302.

T.A. Heinrich, et al., Biological nitric oxide signalling: chemistry and
terminology, Br. J. Pharmacol. 169 (7) (2013) 1417-1429.

A.R. Butler, J.H. Ridd, Formation of nitric oxide from nitrous acid in ischemic
tissue and skin, Nitric Oxide 10 (1) (2004) 20-24.

N.S. Bryan, et al., Ingested nitrate and nitrite and stomach cancer risk: an updated
review, Food Chem. Toxicol. 50 (10) (2012) 3646-3665.

H. Bartsch, et al., Exposure of humans to endogenous N-nitroso compounds:
implications in cancer etiology, Mutat. Res. 238 (3) (1990) 255-267.

S.R. Tannenbaum, J.S. Wishnok, C.D. Leaf, Inhibition of nitrosamine formation by
ascorbic acid, Am. J. Clin. Nutr. 53 (1 Suppl) (1991) 2475-250S.

T.Y. Fan, S.R. Tannenbaum, Factors influencing the rate of formation of
nitrosomorpholine from morpholine and nitrite: acceleration by thiocyanate and
other anions, J. Agric. Food Chem. 21 (2) (1973) 237-240.

M. d’Ischia, et al., Secondary targets of nitrite-derived reactive nitrogen species:
nitrosation/nitration pathways, antioxidant defense mechanisms and
toxicological implications, Chem. Res. Toxicol. 24 (12) (2011) 2071-2092.

G. He, et al., Noninvasive measurement of anatomic structure and intraluminal
oxygenation in the gastrointestinal tract of living mice with spatial and spectral
EPR imaging, Proc. Natl. Acad. Sci. U. S. A. 96 (8) (1999) 4586-4591.

P. Kunz, et al., Effect of ingestion order of the fat component of a solid meal on
intragastric fat distribution and gastric emptying assessed by MRI, J. Magn.
Reson. Imag. 21 (4) (2005) 383-390.

E. Combet, et al., Fat transforms ascorbic acid from inhibiting to promoting acid-
catalysed N-nitrosation, Gut 56 (12) (2007) 1678-1684.

J.0. Lundberg, et al., Intragastric nitric oxide production in humans:
measurements in expelled air, Gut 35 (11) (1994) 1543-1546.

B.S. Rocha, et al., Dietary polyphenols generate nitric oxide from nitrite in the
stomach and induce smooth muscle relaxation, Toxicology 265 (1-2) (2009)
41-48.

B.S. Rocha, et al., Diffusion of nitric oxide through the gastric wall upon reduction
of nitrite by red wine: physiological impact, Nitric Oxide 22 (3) (2010) 235-241.
H.H. Bjorne, et al., Nitrite in saliva increases gastric mucosal blood flow and
mucus thickness, J. Clin. Invest. 113 (1) (2004) 106-114.

R.S. Dykhuizen, et al., Helicobacter pylori is killed by nitrite under acidic
conditions, Gut 42 (3) (1998) 334-337.

H. Bjorne, E. Weitzberg, J.O. Lundberg, Intragastric generation of antimicrobial
nitrogen oxides from saliva—physiological and therapeutic considerations, Free
Radic. Biol. Med. 41 (9) (2006) 1404-1412.

M. Deschepper, et al., Effects of chlorhexidine gluconate oral care on hospital
mortality: a hospital-wide, observational cohort study, Intensive Care Med. 44 (7)
(2018) 1017-1026.

S. Blot, M. Deschepper, S. Labeau, De-adoption of chlorhexidine oral care and ICU
mortality, Intensive Care Med. 48 (5) (2022) 624-625.

B.S. Rocha, et al., Intragastric nitration by dietary nitrite: implications for
modulation of protein and lipid signaling, Free Radic. Biol. Med. 52 (3) (2012)
693-698.

B.S. Rocha, et al., Dietary nitrite in nitric oxide biology: a redox interplay with
implications for pathophysiology and therapeutics, Curr. Drug Targets 12 (9)
(2011) 1351-1363.

G. Bonacci, et al., Conjugated linoleic acid is a preferential substrate for fatty acid
nitration, J. Biol. Chem. 287 (53) (2012) 44071-44082.

M. Delmastro-Greenwood, et al., Nitrite and nitrate-dependent generation of anti-
inflammatory fatty acid nitroalkenes, Free Radic. Biol. Med. 89 (2015) 333-341.
L. Villacorta, et al., In situ generation, metabolism and immunomodulatory
signaling actions of nitro-conjugated linoleic acid in a murine model of
inflammation, Redox Biol. 15 (2018) 522-531.

[105]

[106]
[107]
[108]

[109]

[110]
[111]
[112]
[113]

[114]

[115]
[116]
[117]
[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]
[137]

[138]

[139]

Redox Biochemistry and Chemistry 8 (2024) 100026

R.L. Charles, et al., Protection from hypertension in mice by the Mediterranean
diet is mediated by nitro fatty acid inhibition of soluble epoxide hydrolase, Proc.
Natl. Acad. Sci. U. S. A. 111 (22) (2014) 8167-8172.

M. Fazzari, et al., Olives and olive oil are sources of electrophilic Fatty Acid
nitroalkenes, PLoS One 9 (1) (2014) e84884.

D.A. Vitturi, et al., Nitrite elicits divergent NO-dependent signaling that associates
with outcome in out of hospital cardiac arrest, Redox Biol. 32 (2020) 101463.
J.R. Lancaster Jr., Simulation of the diffusion and reaction of endogenously
produced nitric oxide, Proc. Natl. Acad. Sci. U. S. A. 91 (17) (1994) 8137-8141.
S. Herold, M. Exner, T. Nauser, Kinetic and mechanistic studies of the NO*-
mediated oxidation of oxymyoglobin and oxyhemoglobin, Biochemistry 40 (11)
(2001) 3385-3395.

Z. Huang, et al., Kinetics of nitric oxide binding to R-state hemoglobin, Biochem.
Biophys. Res. Commun. 292 (4) (2002) 812-818.

J.R. Lancaster Jr., A tutorial on the diffusibility and reactivity of free nitric oxide,
Nitric Oxide 1 (1) (1997) 18-30.

J.C. Liao, et al., Intravascular flow decreases erythrocyte consumption of nitric
oxide, Proc. Natl. Acad. Sci. U. S. A. 96 (15) (1999) 8757-8761.

1. Azarov, et al., Nitric oxide scavenging by red blood cells as a function of
hematocrit and oxygenation, J. Biol. Chem. 280 (47) (2005) 39024-39032.
D.B. Kim-Shapiro, A.N. Schechter, M.T. Gladwin, Unraveling the reactions of
nitric oxide, nitrite, and hemoglobin in physiology and therapeutics, Arterioscler.
Thromb. Vasc. Biol. 26 (4) (2006) 697-705.

L. Jia, et al., S-nitrosohaemoglobin: a dynamic activity of blood involved in
vascular control, Nature 380 (6571) (1996) 221-226.

K. Cosby, et al., Nitrite reduction to nitric oxide by deoxyhemoglobin vasodilates
the human circulation, Nat. Med. 9 (12) (2003) 1498-1505.

J.H. Crawford, et al., Hypoxia, red blood cells, and nitrite regulate NO-dependent
hypoxic vasodilation, Blood 107 (2) (2006) 566-574.

Z. Huang, et al., Enzymatic function of hemoglobin as a nitrite reductase that
produces NO under allosteric control, J. Clin. Invest. 115 (8) (2005) 2099-2107.
M.T. Gladwin, et al., Nitrite as a vascular endocrine nitric oxide reservoir that
contributes to hypoxic signaling, cytoprotection, and vasodilation, Am. J. Physiol.
Heart Circ. Physiol. 291 (5) (2006) H2026-H2035.

A.G. Tsai, P.C. Johnson, M. Intaglietta, Oxygen gradients in the microcirculation,
Physiol. Rev. 83 (3) (2003) 933-963.

K. Akrawinthawong, et al., A flow cytometric analysis of the inhibition of platelet
reactivity due to nitrite reduction by deoxygenated erythrocytes, PLoS One 9 (3)
(2014) e92435.

S. Srihirun, et al., Platelet inhibition by nitrite is dependent on erythrocytes and
deoxygenation, PLoS One 7 (1) (2012) e30380.

S. Shiva, et al., The detection of the nitrite reductase and NO-generating
properties of haemoglobin by mitochondrial inhibition, Cardiovasc. Res. 89 (3)
(2011) 566-573.

D.A. Vitturi, R.P. Patel, Current perspectives and challenges in understanding the
role of nitrite as an integral player in nitric oxide biology and therapy, Free Radic.
Biol. Med. 51 (4) (2011) 805-812.

P.C. Ford, B.O. Fernandez, M.D. Lim, Mechanisms of reductive nitrosylation in
iron and copper models relevant to biological systems, Chem. Rev. 105 (6) (2005)
2439-2455.

S. Basu, et al., Catalytic generation of N203 by the concerted nitrite reductase and
anhydrase activity of hemoglobin, Nat. Chem. Biol. 3 (12) (2007) 785-794.

M. Angelo, D.J. Singel, J.S. Stamler, An S-nitrosothiol (SNO) synthase function of
hemoglobin that utilizes nitrite as a substrate, Proc. Natl. Acad. Sci. U. S. A. 103
(22) (2006) 8366-8371.

D.A. Vitturi, et al., Regulation of nitrite transport in red blood cells by hemoglobin
oxygen fractional saturation, Am. J. Physiol. Heart Circ. Physiol. 296 (5) (2009)
H1398-H1407.

J. Tejero, et al., Low NO concentration dependence of reductive nitrosylation
reaction of hemoglobin, J. Biol. Chem. 287 (22) (2012) 18262-18274.

C.J. Roche, et al., Generating S-nitrosothiols from hemoglobin: mechanisms,
conformational dependence, and physiological relevance, J. Biol. Chem. 288 (31)
(2013) 22408-22425.

B.O. Fernandez, P.C. Ford, Nitrite catalyzes ferriheme protein reductive
nitrosylation, J. Am. Chem. Soc. 125 (35) (2003) 10510-10511.

K.H. Hopmann, et al., Hemoglobin as a nitrite anhydrase: modeling
methemoglobin-mediated N203 formation, Chemistry 17 (23) (2011)
6348-6358.

Y. Liu, et al., A mathematical model for the role of N(2)O(3) in enhancing nitric
oxide bioavailability following nitrite infusion, Nitric Oxide 60 (2016) 1-9.
M.S. Navati, J.M. Friedman, Reactivity of glass-embedded met hemoglobin
derivatives toward external NO: implications for nitrite-mediated production of
bioactive NO, J. Am. Chem. Soc. 131 (34) (2009) 12273-12279.

C.J. Roche, J.M. Friedman, NO reactions with sol-gel and solution phase samples
of the ferric nitrite derivative of HbA, Nitric Oxide 22 (2) (2010) 180-190.
A.W. DeMartino, et al., Thiol-catalyzed formation of NO-ferroheme regulates
intravascular NO signaling, Nat. Chem. Biol. 19 (10) (2023) 1256-1266.

M.R. Dent, et al., Endogenous hemoprotein-dependent signaling pathways of
nitric oxide and nitrite, Inorg. Chem. 60 (21) (2021) 15918-15940.

G. da Silva, E.M. Kennedy, B.Z. Dlugogorski, Ab initio procedure for aqueous-
phase pKa calculation: the acidity of nitrous acid, J. Phys. Chem. A 110 (39)
(2006) 11371-11376.

M. Fazzari, et al., Endogenous generation of nitro-fatty acid hybrids having dual
nitrate ester (RONO2) and nitroalkene (RNO2) substituents, Redox Biol. 41
(2021) 101913.


http://refhub.elsevier.com/S2773-1766(24)00007-5/sref70
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref70
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref70
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref71
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref71
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref72
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref72
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref72
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref73
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref73
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref73
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref74
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref74
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref75
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref75
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref76
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref76
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref76
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref77
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref77
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref78
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref78
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref79
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref79
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref80
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref80
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref80
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref81
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref81
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref82
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref82
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref83
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref83
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref84
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref84
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref85
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref85
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref86
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref86
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref87
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref87
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref87
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref88
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref88
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref88
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref89
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref89
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref89
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref90
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref90
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref90
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref91
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref91
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref92
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref92
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref93
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref93
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref93
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref94
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref94
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref95
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref95
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref96
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref96
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref97
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref97
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref97
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref98
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref98
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref98
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref99
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref99
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref100
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref100
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref100
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref101
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref101
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref101
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref102
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref102
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref103
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref103
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref104
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref104
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref104
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref105
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref105
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref105
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref106
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref106
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref107
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref107
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref108
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref108
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref109
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref109
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref109
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref110
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref110
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref111
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref111
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref112
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref112
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref113
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref113
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref114
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref114
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref114
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref115
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref115
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref116
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref116
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref117
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref117
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref118
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref118
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref119
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref119
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref119
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref120
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref120
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref121
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref121
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref121
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref122
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref122
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref123
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref123
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref123
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref124
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref124
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref124
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref125
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref125
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref125
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref126
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref126
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref127
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref127
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref127
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref128
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref128
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref128
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref129
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref129
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref130
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref130
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref130
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref131
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref131
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref132
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref132
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref132
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref133
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref133
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref134
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref134
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref134
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref135
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref135
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref136
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref136
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref137
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref137
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref138
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref138
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref138
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref139
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref139
http://refhub.elsevier.com/S2773-1766(24)00007-5/sref139

	The chemical biology of dinitrogen trioxide
	1 Dinitrogen trioxide reactivity
	2 Nitric oxide autoxidation
	3 Gastric N2O3 formation
	4 Vascular N2O3 formation
	5 Conclusion
	Funding:
	CRediT authorship contribution statement
	Declaration of competing interest
	References


