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1. ABSTRACT

On October 12, 1998, the Nobel Assembly
awarded the Nobel Prize in Medicine and Physiology to
scientists Robert Furchgott, Louis Ignarro, and Ferid Murad
for their discoveries concerning nitric oxide as a signalling
molecule in the cardiovascular system. In contrast with the
short research history of the enzymatic synthesis of NO, the
introduction of nitrate-containing compounds for medicinal
purposes marked its 150th anniversary in 1997. Glyceryl
trinitrate (nitroglycerin; GTN) is the first compound of this
category. Alfred Nobel (the founder of Nobel Prize)
himself had suffered from angina pectoris and was
prescribed nitroglycerin for his chest pain. Almost a
century later, research in the NO field has dramatically
extended and the role of NO in physiology and pathology
has been extensively studied. The steady-state
concentration and the biological effects of NO are critically
determined not only by its rate of formation, but also by its
rate of decomposition. Biotransformation of NO and its
related N-oxides occurs via different metabolic routes
within the body and presents another attractive field for our
research as well as for the venture of drug discovery.

2. INTRODUCTION

NO research has enormously extended in the past
20 years and the role of NO in physiology and pathology

has been extensively studied (1-3). This review focuses on
the pathways of NO synthesis and metabolism in biological
systems. The importance and relevance of interconversions
between NO and other nitrogen oxides are stressed. The
utilization of intact cell cultures, tissues and cell-free
preparations along with the use of pharmacological,
biochemical and molecular biological approaches to
characterize, purify and reconstitute these regulatory
pathways could lead to the development of new therapies
for various pathological conditions which are characterized
by un-balanced production of NO (4, 5).

3. THE GENERATION OF NO

3.1. Enzymatic synthesis of NO
3.1.1. Nitric Oxide Synthase
The first nitric oxide synthase (NOS) isoform to be purified
was the neuronal or brain NOS or type I NOS (nNOS or
NOS-1; 6). This was followed shortly thereafter by
inducible NOS, also known as type II NOS (iNOS or NOS-
2; 7, 8), and then by endothelial NOS or type III NOS
(eNOS or NOS-3; 9-11). All three isoforms of the enzyme
function as a homodimmer consisting of two identical
monomers, which can be functionally and structurally
divided into two major domains: a C-terminal reductase
(carboxy) domain, and an N-terminal oxygenase (amino)
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Figure 1.  Functional structure of NOS homodimmer.

Figure 2.  The NOS-catalysed nitric oxide formation.

domain (12, 13). The catalytically active isoforms exist as
homodimers with tetrahydrobiopterin and heme serving to
facilitate dimer formation (Figure 1; 14, 15). The carboxy
terminal domain has considerable homology between the
isoforms, and is homologous to cytochrome P450 (16).
However, the amino terminal domain has less homology.
The homology of the three isoforms is about 50 to 60%
while the homology of a given isoform between species can
be as great as 85 to 92%.

NOS converts L-arginine to L-hydroxyarginine
and subsequently to nitric oxide and citrulline, as
summarized in Figure 2. The NOS enzyme catalyzes the 5
electron oxidation of one Nω-atom of the guanidino of L-
arginine to NO and L-citrulline through the cofactors
including: NADPH; flavin adenine dinucleotide (FAD);
flavin mononucleotide (FMN); and tetrahydrobiopterin
(H4B)(17-19). Despite the research progress that has been
made, the precise role of each cofactor remains unresolved.
This area still attracts attention for further investigation.
Current X-ray crystallography studies with enzyme
fragments should help elucidate the role of the cofactors
and the enzyme mechanism.

3.1.2. NOS Function Regulation & NOS-2 Selective
Inhibition

All NOS isoforms have a calmodulin-binding site
in their midregion, which is important for the transfer of
electrons from the reductase region bound FMN to the

oxygenase region heme iron in order to initiate the catalytic
machinery (20, 21). The endothelial and neuronal isoforms
of NOS are expressed constitutively (cNOS), and the
production of NO by cNOS is regulated on a moment-to-
moment basis by calmodulin binding, triggered by transient
elevations in intracellular-free calcium levels (22). In
contrast, NOS-2 is unique because 1) it requires de novo
synthesis in most cells; 2) upon exposure to stimuli such as
endotoxin (LPS) and proinflammatory cytokines, it is
rapidly expressed and results in the production of much
larger quantities of NO relative to the two other isoforms;
and 3) it is widely distributed in various cell types (23-25).
NOS-2 does not appear to be present under normal
conditions in most cells. The activation of NOS-2 and the
subsequent production of large amounts of free radical gas
NO is an important anti-infectious and anti-tumor
mechanism of innate immunity. However, overproduction
of NO has been implicated in several pathological
conditions that include (but are not limited to): 1) Tissue
injury and various inflammatory disorders (26, 27); 2)
Neuronal disease (28, 29); 3) Auto-immune diseases (30,
31); 4) Cancer or tumor cell proliferation (32-35); 5)
Angiogenesis and related pathological changes (36, 37);
and 6) Diabetes mellitus (38, 39).

Thus, selective inhibition of NOS-2 may have
therapeutic potential for treatment of diseases mediated by
the overproduction of NO (40). In contrast to NOS-2, NOS-
1 and NOS-3 are constitutively expressed and are important
physiological regulators in various organ systems,
including the cardiovascular, nervous, and gastrointestinal
system. It is not surprising that non-selective inhibition of
NOS, which blocks constitutive isoforms of NOS as well as
NOS-2, has deleterious effects. It follows then that
selective inhibitors of NOS-2 will have considerable
therapeutic potential. So far, two major categories of NOS-
2 inhibitors have been developed: 1) L-arginine analogues,
which show limited isoform selectivity and affect the
substrate for all NOS enzyme (41, 42) and 2) guanidine
inhibitor (aminoguanidine) which has some selectivity
towards NOS-2 inhibition, but has low efficacy and causes
severe side effects (42). The recent discovery made by us
indicates that an alternative approach is possible (43). We
have found NOS-2 expression can be selectively down
regulated by T. sprialis  infection (43). The features of this
inhibition include: a) Systemic: local jejunal infection by
T. spiralis  induce systemic inhibition of NOS-2 expression
in the ileum, colon, kidney, lung and uterus. b) mRNA
level inhibition: inhibition of NOS-2 expression appears to
be regulated at gene transcriptional level. This serves as a
very attractive mechanism by which we can develop a
novel and selective NOS-2 inhibitor since expression of
NOS-2 requires de novo synthesis in most cells and is
primarily regulated at the transcriptional level. c) Potent:
the effect of inhibition can override endotoxin (LPS)-
stimulated NOS-2 expression that is the major cause of
septic shock and multiple organ failure (MOF). d)
Selective : the inhibition does not extend to the expression
of other isoforms of NOS; to paxillin, a housekeeper
protein; or to cyclo-oxygenase-2 (COX-2), another
inducible protein by proinflammatory cytokines (5). More
recently, our study with a variety of genetically modified
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mice has shed new light on our path to identify this
selective NOS-2 inhibitor. We have demonstrated (44) that
inhibition of NOS-2 expression by T. sprialis  infection is
dependent on the signaling pathway that includes the IL-4
receptor a subunit, receptor-associated kinases, Janus
tyrosine kinase, and Stat6 in the suppression of NOS-2. It is
surprising that activation of the IL4Ra/Stat6 pathway is T-
cell independent, and is not affected by lack of endogenous
IL-4. Furthermore, the serum levels of IL-13 during
infection are not consistent with the change of NOS-2.
Thus, we propose that a yet undefined signal or alternative
IL4Rα ligand could be involved in the IL-4Rα/Stat6
stimulating pathway which plays an important role in
helminth provoked host immunoresponses. Further
elucidation of this pathway could lead to the development
of new therapies for inflammatory conditions characterized
by overproduction of nitric oxide, but could also offer more
information to the hygiene hypothesis that has been very
influential in directing strategies to prevent allergic diseases.

3. 2. NOS-independent NO generation
3.2.1. Nitric oxide and the Nobel Prize

On October 12, 1998, the Nobel Assembly
awarded the Nobel Prize in Medicine and Physiology to
scientists Robert Furchgott, Louis Ignarro, and Ferid Murad
for their discoveries concerning nitric oxide as a signalling
molecule in the cardiovascular system. In the 1970s, Ferid
Murad and his colleagues demonstrated that soluble
guanylate cyclase was stimulated by nitrite-containing
compounds, causing an increase in cGMP, which in turn
brought about vascular relaxation. Murad (45, 46) first
suggested that the activation of soluble guanylate cyclase
may occur via the formation of NO. He was fascinated by
the idea that a gas could regulate smooth muscle function
and proposed that hormones and other endogenous factors
may also act through NO. In 1980, Furchgott and his
colleagues published an article (47) underlining the role of
endothelial cells in the ACh induced relaxation of arterial
smooth muscle and recognized that vasodilation by
bradykinin, histamine, ATP was due to the same relaxing
substance, which they named endothelial derived relaxing
factor (EDRF). It was Ignarro (48-50) who went on to
conclude that EDRF from the artery and vein is either NO
or a chemically related radical species in the 1987
December issue of Circulation Research.

In contrast with the short research history of the
enzymatic synthesis of NO, the introduction of nitrate-
containing compounds for medicinal purposes marked its
150th anniversary in 1997. Glyceryl trinitrate (nitroglycerin;
GTN) is the first compound of this category, and was
synthesised by Sombrero in 1847 (51). Another nitrate-
containing compound, amyl nitrite, was discovered a few
years later and was used by Guthrie in 1859. During his
discovery of dynamite (trinitrotoluene [TNT]), Alfred
Nobel had suffered from angina pectoris and was
prescribed nitroglycerin for his chest pain in 1895 (51). He
was certainly taken aback since he could not imagine how
the nitro containing substance could be taken into the body.
Almost a century later, organic nitrates and their gaseous
metabolic end product, NO, were implicated in a vast array
of biologically diverse activities.

3.2.2. Organic nitrates (RONO2s)
Organic nitrates (RONO2) are simple nitric and

nitrous acid esters of alcohols. Clinically used RONO2
compounds include GTN, pentaerythrityl tetranitrate
(PETN), isosorbide dinitrate (ISDN), isosorbide dinitrate,
and triethanolamine trinitrate biphosphate. The organic
nitrates are susceptible to alkaline hydrolysis, but are
generally stable in neutral or weakly acidic solution, which
is one of the major differences comparing with the
NONOates that will be discussed next. The medical usage
as well as the biological effects of organic nitrates can be
attributed to their intracellular conversion to nitrite ions and
then to NO (52), which in turn activates guanylate cyclase
and increases the cGMP content in cells (53, 54). Elevated
cGMP ultimately leads to de-phosphorylation of the
myosin light chain, resulting in smooth muscle relaxation.
It has been suggested that multiple pathways contribute to
NO formation from organic nitrates in vivo; however, the
metabolic mechanism is poorly understood. It is not until
recently, that researchers at Duke University Medical
Center, have been able to make significant progress in the
identification of the enzymatic mechanism of GTN
bioactivation, eventhough the compound’s discovery
occurred over 150 years ago. Chen et al (55) purified a
nitrate reductase known as mitochodrial aldehyde
dehydrogenase (mtALDH) that specifically catalyzes GTN
to form 1,2-glyceryl dinitrate and nitrite, which are
eventually converted to NO. This finding demonstrates that
the biotransformation of GTN occurs predominantly in
mitochondria and indicates that attenuated
biotransformation of GTN by mtALDH underlies the
induction of nitrate tolerance. Although the study has not
clarified every aspect of the pathway, patients taking
organic nitrates esters for the treatment of acute ischemic
syndromes and congestive heart failure will benefit from
awareness of the contraindicated effect of certain classes of
drugs that inhibit mtALDH activity, such as sulfonylurea
hypoglycemics, chloral hydrate, and acetaminophen.

3.2.3. S-nitrosothiols (RSNO)
As early as 1981, Ignarro’s group demonstrated

that the bioactivities of certain pharmacological nitrogen
oxide (NOx) donors were attributed to reactions with
cellular thiols (56), which is several years before making
the observation that NO is actually synthesized
endogenously in mammalian cells. There is now a large
body of literature that implicates S-nitrosothiol (SNO) as an
intermediate in nitric oxide–dependent and guanylyl
cyclase–independent signaling processes. Reactive protein
thiols are becoming regarded as major intracellular target of
nitric oxide (57).

S-nitrosothiols (for detail see reviews: 58-62) are
thio-esters of nitrite with the general structure R-S-N=O
(RSNO); naturally occurring examples include S-
nitrosocysteine, S-nitrosoglutathione and S-nitrosoalbumin,
in which R is an amino acid, polypeptide and protein
respectively. RSNOs are direct analogs of the nitrite esters
of alcohols—the organic nitrites reviewed above. S-
nitrosothiols can be synthesized from the reaction between
thiols and nitrous acid (Equation 1) in extremely acidic
condition (pH < 3).
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The decomposition of RSNOs is heat, UV light
and metal ion (Cu2+) dependent, which results in the
formation of NO and the corresponding disulphide (RSSR;
Equation 2). The reaction can be enhanced by the presence
of ascorbate, thiols, high oxygen tension and pH > 3. In
addition, the enzymic decomposition by γ-glutamyl
transpeptidase, glutathione peroxidase and xanthine oxidase
has also been demonstrated.

Although RSNOs such as S-nitroso-N-acetyl-
penicillamine (SNAP), N-acetyl-S-nitrosopenicillaminyl-
S-nitrosopenicillamine and S-nitrosoglutathione (GSNO)
are commercially available, none of them has been used
therapeutically due to the unpredictable rate of
decomposition in the body. In contrast, an increasing
number of proteins have been found to undergo S-
nitrosylation in vivo. These S-nitrosothiol proteins have
demonstrated an important role in many physiological as
well as pathological processes. The study of S-
nitrosohemoglobin is an example through which the
significance of the process may be understood.

Hemoglobin (Hb) is one of the most well
understood proteins in the human body. In addition to its
well recognized function of O2/CO2 transportation, the
allosteric transition of Hb has been shown to capture and
deliver a third gas, NO (63). Hb exists in two alternative
structures, known as R (for relaxed, high O2 affinity) and T
(for tense, low O2 affinity). The allosteric transition of Hb
(from R to T; see Equation 3) controls the reactivity of one
pair of highly conserved cysteines (Cys93) that are located
in a protected pocket within R conformation and are
exposed in the T conformation. At high pO2, endothelium-
derived NO is captured by heme-iron in R-state Hb and the
captured NO can then be transferred to Cys93 on R-state
Hb, forming SNO-Hb (64). While reaching low pO2
regions, allosteric conversion of SNO-Hb to the T-state
promotes transnitrosation in which NO groups are
transferred to acceptor thiols such as glutathione, or those
in the red blood cells. The interaction of Hb with red blood
cells membrane through the chloride/bicarbonate anion
exchange protein AE1 is the best example for this proposed
transition. AE1 contains two reactive cysteine residues that
can be oxidatively crosslinked to the reactive β-chain
cysteine in Hb through a disulphide bond. The study by
Dr.Stamler’s group indicated that transnitrosylation of a
vicinal thiol in the cytoplasmic domain of AE1 is a strong
candidate mechanism for the transfer of the NO group from
the β-chain Cys93 of SNO-Hb to the red blood cells
membrane 65, 66).

S-nitrosation of cysteine residues in proteins also takes
place in other cases. Albumin is an abundant circulating

protein that may serve as an effectively reservoir of NO in
its nitrosated form (67). The angiotensin-converting
enzyme (ACE) inhibitor captopril is considered as a
reduced thiol that has been reported acting as an NO donor
after being nitrosated (68). Plasminogen activator (tPA) is
another popular medicine with the ability to undergo
nitrosation (69).

3.2.4. NONOates (diazeniumdiolates)
Anionic [N(O)NO]- groups (70) are chemically

active and able to covalently attach to sulfur (forming
O3S[N(O)NO]), oxygen ( forming O[N(O)NO]), and
carbon (forming CH2([N(O)NO]-)2). While the [N(O)NO]-

group bound to nitrogen, NO is spontaneously released
from the compounds (Equation 4 and 5).

The decomposition of the compounds containing
X-[N(O)NO]- is pH-dependent; an acidic pH will extremely
facilitate the proceeding which is different comparing with
the organic nitrates (RONO2) described previously. The
decomposition theoretically follows first-order kinetics and
is able to spontaneously generate up to two molecules of
NO per [N(O)NO]- unit. The decomposition rate (also
referred as half life of NO release) is the most important
criteria for selecting proper NONOates for various
purposes. Keefer (71) has proposed a unified nomenclature
system in which X-[N(O)NO]- containing compounds are
referred to as “diazeniumdiolates”, rather than as
“NONOates”, “Drago complexes”, “NOC” compounds,
etc. The reason is that the “diazeniumdiolates” designation
is derived from International Union of Pure and Applied
Chemistry nomenclature rules and reflects the structure of
the functional group in a universally recognizable way.

NO is involved in various physiological
phenomena, such as vasorelaxation and neurotransmission.
The major direction of NO augmentation for therapeutic
usage should be NO signaling pathway oriented. Thus, the
pathological conditions due to functional or quantitative
NO insufficiency will be the targets for NO supplement
therapy. Considering the first-order dissociation of NO,
diazeniumdiolates (NONOates) make themselves well
suited for a variety of biomedical applications, especially
those requiring known rates of NO release. However, the
biggest challenge for us to apply NO donors in medical
practice is to design a better donor that can generate
molecular NO at the right time and the right bodily
location. An ideal polymeric-based NO donor could be
considerable promise for biomedical applications in which
local delivery of NO is desired.

3.2.5. Nitrite (nitrate)-derived NO
NO is produced in various quantities by NOS-

dependent and –independent pathways in the body.
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Although several mechanisms are responsible for NO
scavenge, the final oxidative metabolite of NO are nitrite
(NO2

-) and nitrate (NO3
-). On the other direction of the

reaction, nitrate can be reduced to nitrite and then, nitrite
can readily protonate under acidic conditions to form
nitrous acid that can be transformed into NO by self-
decomposition and reduction (see Equation 6 and 7; 72).

This enzyme-independent NO formation has been
shown to occur in humans under several physiological or
pathological conditions. For instance, NO formation may
occur from salivary nitrite, from nitrous acid in the
stomach, from bacteriostasis in the gastrointestinal tract and
in urine (73), and in the ischaemic rat heart due to local
lower pH conditions (74). Using an amiNO series of nitric
oxide sensor, we can observe the in situ NO generation by
the addition of nitrite to acidified solution (pH = 2) in the
presence of iodide ion (reducing agent) according to the
Equation 8:

Consequently, the mole ratio of nitrite to NO is
1:1. Thus, the amount of NO generated equal the amount of
nitrite added. To facilitate the equation 7 reaction, other
reducing agents are also employed. It has been reported that
NO formation is enhanced by ascorbic acid in the stomach
and chewed lettuce in low pH condition. Lettuce contains
various phenolic compounds and studies by Takahama et al
(75) have indicated that phenolics such as quercetin can
reduce nitrous acid to produce NO.

Biotransformation of NO and its related N-oxides
undergoes a continuous succession of changes. In addition
to endogenous L-arginine –derived NO synthesis that
serves as a major source of nitrite/nitrate, a number of other
factors could also influence the circulation and tissue levels
of nitrite/nitrate: 1) Dietary intake: vegetables such as
beets, celery, lettuce and other leafy vegetables are rich in
nitrates. Nitrite/nitrate are also added in various food as
preservatives. Both nitrite and nitrate are highly water
soluble. Beside reduction of nitrite/nitrate to form NO in
stomach mentioned above, the nitrate/H+ cotransporter has
been shown to play an important role in cell membrane
nitrate intake (76). 2) Respiratory intake: NO reacts with
oxygen in air to form nitrogen dioxide (NO2). Both of NO2
and NO are the major N-oxides (NOX) in gaseous phase to
which human are exposed. As described above, inhaled NO
could react with hemoglobin, forming nitrosyl-hemoglobin
from which nitrite and nitrate are generated. In the
respiratory tract, NO2 could further react with NO to form
N2O3 that then hydrolyzes to form nitrite (77). In August 16
published Science magazine, Chuck et al (78) has reported
a surprising discovery that oceans seawater is a huge source

for alkyl nitrate such as methyl nitrate and ethyl nitrite. This
observation further indicated the existence of organic nitrate in
the interaction between human and its atmosphere.

While we discuss the metabolism of
nitrite/nitrate, a brief overview of denitrification is helpful
for further understanding the interconversion of inorganic
nitrogen. Denitrification is the major biotic process in
which nitrate is reduced to dinitrogen through a series of
enzymic reactions (79). Nitrate reductase (NR), at least
three classes of nitrate reductase (NAS, NAR and NAP)
have been described (80): Bacterial assimilatory nitrate
reductase (NAS) is located in the cytoplasmic compartment
and participates in nitrogen assimilation. The bacterial
membrane-bound nitrate reductase (NAR) is anchored to
the cytoplasmic face of the membrane and is involved in
anaerobic nitrate respiration. The periplasmic respiratory
enzyme (NAP) is a two-subunit complex, located in the
periplasmic compartment. All these enzymes are able to
catalyse the reaction of nitrate to nitrite,as shown in
Eequation 9.

Nitrite reductase (NIR), is a respiratory enzyme
that can catalyse the one-electron reduction of nitrite to NO
(Equation 10; 81):

Another inorganic nitrogen metablism enzyme is
nitrous oxide reductase (N2OS; 79) that catalyses the
reduction of nitrous oxide (N2O; produced by
denitrification and other processes) to dinitrogen (N2) and
H2O (Equation 11).

Nitric oxide reductases (NORs) are found in
bacteria and belong to the large enzyme family including
cytochrome oxidases (82). At least two isoforms of NOR
have been identified. One is a cytochrome bc-type complex
(cNOR) that receives electrons from soluble redox protein
donors. The another type (qNOR) lacks the cytochrome c
component and uses quinol as the electron donor. The NOR
catalyses the two electron reduction of NO to N2O as
described in Equation 12:

It has been suggested (80) that all above enzymes
may be ancestors of energy-conserving enzymes of the
heme-copper oxidase superfamily. Thus, some aerobic
microorganisms rely on the reduction of nitrogen oxides,
especially nitrate, to gaseous products that enable them to
grow in oxygen-limiting conditions and the ability to
denitrify has been found in a wide variety of bacteria and
even in some fungi.

            Nevertheless, in the biology world, nitrate is the
major source of nitrogen (N) for plants growth and



NO, A Frontier In Bioscience

269

Figure 3.  Biological pathways for NO2-Tyr formation.

development, providing cellular components and
modulating gene expression. Although many studies on the
effects of NO in plants focused only on the aspect of air
pollutant, the present of NO signaling pathway in plants has
been suggested by several groups and the evidence for the
existence of NOS in higher plant cells has emerged since
1995 when Kuo (83) first reported that a anti-mammalian
NOS antibody positively recognized protein from wheat
germ. In 1996, the presence of NOS activities in plants has
been reported (84), however, there is still lack of proteomic
or genetic information regarding the plant nitric oxide
synthase (85). As a powerful alternative pathway for NO
production, non-enzymatic NO generation from nitrite has
been studied extensively (see above for review). Nitrate
reductase is capable of producing NO through one-electron
reduction of nitrite using NAD(P)H as an electron donor. It
has been reported that plant species, such as sunflower,
spinach, sugar cane, corn, rape, spruce, and tobacco, emit
NO gas under certain conditions (72). The significance of
NO production in plants was described as an important
player in several aspects, including symbiosis
establishment, phytoalexin production, growth regulation,
resistance to drought hardiness, and the activation of the
plant defense system against pathogens (for detail see the
reviews by 72, 85, 86).

4. NO OVERPRODUCTION & TYROSINE
NITRATION

4.1. Life sciences where the ROS and the RNS meet
As the consequence of aerobic metabolism, the

biological body is constantly generate reactive oxygen
species (ROS) which include superoxide anion (O2

•-),
hydroxyl radicals (•OH) and nonradical hydrogen peroxide
(H2O2). The discovery of nitric oxide further draw the
attention towards reactive nitrogen species (RNS) which
include •NO (nitrogen monoxide) that can under going
interconversion to form NO+ (nitrosonium), and NO-

(nitroxyl anion) in certain cellular conditions3,5,87,88.
Induction of NO synthesis during inflammatory processes
represents a defense mechanism, but excessive formation of
NO has also been implicated in host tissue injury. For
example, •NO reacts with O2

•- to form peroxynitrite
(ONOO-) that can further form its acid form, peroxynitrous
acid (ONOOH), a very unstable and reactive oxidizing

species. Involvement of ONOO- in inflammatory diseases
has been determined by detection of nitrotyrosine (NO2-
Tyr) formation in various inflamed tissues (5, 87, 88).
Nitrite (NO2

-) is another major oxidation product derived
from NO, and can be oxidized by myeloperoxidase (MPO),
lactoperoxidase (LPO), horseradish peroxidase to form a
reactive nitrogen intermediate(s) such as nitrogen dioxide
that is capable of nitrating tyrosine (Figure 3). MPO and
other peroxidase are also able to use halides and
pseudohalides as co-substrates to generate reactive
intermediate hypochlorous acid, which further forms nitryl
chloride that  results in formation of NO2-Tyr (89-91).
Thus, it is likely that multiple pathways participate in
tyrosine nitration (Figure 3; 92, 93).

For a period of time, protein nitration was
thought to be the evidence of the existence of peroxynitrite
and hence protein nitration was the foot print of
peroxynitite formation in biological systems. However, the
nitration of proteins has been postulated to alter a protein’s
conformation and structure, catalytic activity, and/or
susceptibility to protease digestion (88, 94, 95). It has also
been shown that tyrosine nitration can diminish a protein’s
effectiveness as a substrate for tyrosine kinases (96).

4.2. In vivo protein tyrosine nitration
During the past years, detection of NO2-Tyr-

containing proteins has been reported in more than 60
human diseases and animal or cellular models of disease
(97-99) in more than 200 publications. While all tyrosine
residues in proteins may theoretically be targets for
nitration, presumably the efficiency of tyrosine nitration is
dependent on various biological conditions such as the
local production and concentration of the reactive species,
the existence and availability of antioxidants and scavengers,
the accumulation of inflammatory cell and the presence of pro-
inflammatory cytokines, as well as the proximity and
compartmentation of these components (4, 5, 92, 97).

4.2.1. MPO-catalyzed NO2-Tyr formation
In above mentioned inflammatory disorders,

immunochemical studies have revealed a very close
association between the formation of NO2-Tyr and the
presence of activated granulocytes which containing
significant amount of peroxidases, such as MPO. However,
several studies (100-104) have tried to establish in vivo
NO2-Tyr formation model in which ONOOH is the most
likely mechanism underlying the nitration. The major
explanation that insists the importance of ONOO - and
ONOOH is based on the scenario that nitrogen dioxide and
nitryl chloride are 1 electron oxidants that is not powerful
enough to overcome endogenous antioxidants, while
peroxynitrous acid can catalyze 2 electron oxidation and is
not completely inhibited by these antioxidants (88). In
order to provide evidence for the contributions of MPO to
in vivo NO2-Tyr formation, we have developed an animal
intestinal inflammatory model following infection with
Trichinella spiralis , a one host helminth (105, 106). Our
studies have revealed that a severe inflammatory
histological changes occurred in T. spiralis-infected
jejunum that was associated with shortened villi, elongated
crypts and a greatly thickened smooth muscle. These
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Figure 4.  Trichenelle spiralis infection -induced elevation
of MPO. Irradiation (open circle) shows the inhibition of
MPO expression.

Figure 5.  Trichenelle spiralis infection can set into motion
systemic mechanism(s) that down regulate NOS-2
expression in both jejunum and ileum.

Figure 6.  NOS-2 deficiency failed to affect T. spiralis
infection (MPO)-induced protein tyrosine nitration. 5 distinct
bands of NO2-Tyr were detected in the jejunum tissue after 7
days of parasite infection (T.S.). Comparing with the control
(CF-1) mice, the comparable significant levels of tyrosine
nitration can be found in NOS-2 KO mice. Detected NO2-Tyr
bands were confirmed by anti-NO2-Tyr antibody that was pre-
absorbed with free L-NO2-Tyr. Each indicated lane number
represents an individual animal used in the experiment.

prominent tissue changes are paralleled by increases in
MPO activity (reflecting the presence of
polymorphonuclear neutrophils and monocytes) that is
maximally elevated at 7-10 days post infection (Figure 4).
However, a strikingly different induction of inducible NO
synthase (NOS-2) was demonstrated in the inflammed
jejunum. NOS-2 expression was detected at 1 and 3 days
post infection, but by day 7, NOS-2 was abolished and
remained suppressed for up to 20 days (Figure 5; 43, 106,
107). We have evaluated intestinal protein for NO2-Tyr
formation at different time points after parasite infection.
At 7 to 10 days post infection, 5 distinct bands of NO2-Tyr
were detected in the jejunum (Figure 6). To further
eliminate the involvement of high concentration of NO in
our in vivo NO2-Tyr formation model, we have utilized
NOS-2 knockout (KO) mice for trichinella spiralis-induced
high MPO inflammation study. Despite the failure to mass
production of NO after parasite challenge, significant levels
of tyrosine nitration can be found in NOS-2 KO mice
which are comparable to the levels in control (CF-1) mice
(Figure 6; 107). In summary, NO2-Tyr formation is
observed following trichinella spiralis  infection in
jejunum, and the degree of tyrosine nitration is correlated
with the expression of MPO, but not with NOS-2. It has
been postulated that in addition to 1 electron reaction, MPO
theoretically can catalyze 2 electron oxidation with the
formation of either NO2+ or ONOO -. While extremely brief
half life of NO2+ (~1ns) made it unlikely to perform it’s
function in physiological condition (108), there is not
enough direct evidence that support the formation of
ONOO- by MPO (92). Thus, NO2-Tyr may be formed in
vivo even with less NO circumstance, and effective
suppression of MPO activity may be important in
preventing NO2-Tyr formation.

4.2.2. Calcium Channel Protein Tyrosine Nitration
The first evidence that muscle contraction can be

altered by nitration of key protein is suggested by the study
of Schoneich’s group (109). In skeletal muscle,
sarcoplasmic-reticulum (SR) Ca2+-ATPase isoforms 2
(SERCA2a) progressively accumulates a significant
amount of NO2-Tyr with age. A correlation of the SR Ca2+-
ATPase activity and covalent protein modifications in vitro
and in vivo suggests that tyrosine nitration may affect the
Ca2+-ATPase activity. By means of partial and complete
proteolytic digestion of purified SERCA2a with trypsin or
Staphylococcus aureus V8 protease, followed by Western-
blot, amino acid and HPLC–electrospray-MS (ESI-MS)
analysis, the study localized a large part of the age-
dependent tyrosine nitration to the sequence Tyr294-
Tyr295 in the M4–M8 transmembrane domain of the
SERCA2a, close to sites essential for Ca2+ translocation.

Smooth muscle contractility is primarily
regulated by alteration in intracellular free-Ca2+

concentration that is mainly due to the influx of
extracellular- Ca2+ via Ca2+ channel or intracellular -Ca2+

release from the storages (110-112). Ca2+ -calmodulin-
induced stimulation of myosin light chain kinase (MLCK)
and subsequent phosphorylation of regulatory myosin light
chain (MLC) eventually results in the contraction of the
smooth muscle (112-114). What has become apparent from
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Figure 7.  Role of protein tyrosine nitration in smooth muscle contractility.

work over the past decade, is that tyrosine kinase pathways
are just as important for the control of rapid tissue response
such as contraction, as they are for the regulation of
delayed responses, such as gene transcription and cell
division (reviewed by Di Salvo et. al. 115). Vascular
smooth muscle function is altered in many conditions that
are characterized by inflammation and/or sepsis, conditions
that are not uncommon. Therefore, prevention and/or
reversal of the vascular muscle dysfunction would likely
have a positive impact on patient recovery. As we
described in current review, nearly all inflammatory states
are characterized by the generation of oxygen-derived free
radicals as a common feature. Superoxide rapidly oxidizes
NO to form ONOO- which not only terminates the
physiological actions of NO, but also results in protein
nitration. The experiments described here were designed to
test the HYPOTHESIS that nitration of key proteins
involved in smooth muscle contraction participates in the
inflammation altered circulation function. A rapidly
growing body of evidence suggests that enhanced protein
tyrosine phosphorylation is associated with smooth muscle
contraction (Figure 7). Emphasis of our projects was placed
on the presence and possible effect of nitration of tyrosines
contained in relevant tyrosine kinases and/or substrates that
are linked to the regulation of smooth muscle contractility.

As mentioned above, activation of MPO is a key
route for NO2-Tyr formation. MPO is a heme enzyme of
neutrophils that uses hydrogen peroxide and nitrite to
generate nitrogen dioxide and hypochlorous acid which in
turn catalyzes the nitration of tyrosine. Using our
trichinella spiralis infection model, we were able to
evaluate the NO2-Tyr formation in intestinal smooth
muscle tissue. At 7-10 days post helminth infection,
homogenates of inflamed jejunum were
immunoprecipitated with anti-NO2-Tyr and anti-Ca2+-
channel α1C antibodies. The precipitates then were
detected with anti-NO2-Tyr antibodies using Western

blotting techniques (Figure 8: left panel). Results from this
experiment indicated that the L-type Ca2+-channel protein
was nitrated during inflammation (116).

In another experiment (Figure 8: right panel), a
segment of jejunum was taken from a control animal and
strips of longitudinal muscle were removed and placed in
tissue baths such that isometric contractions could be
recorded. Treatment of a muscle strip with 50 nM MPO for
60 mins resulted in a marked delay in the onset and a
decrease in the velocity of the phasic phase of a carbachol-
induced contraction.  However, the amplitude of the tonic
phase of the contraction was not attenuated (115).  Because
the phasic phase of smooth muscle contraction has been
shown to be due mainly to the influx of Ca2+ via voltage-
gated Ca2+-channels, the response to potassium was
determined. The potassium-induced contraction also was
markedly inhibited. These preliminary results suggest that
changes in muscle contractility perhaps due to nitration of
voltage-dependent Ca2+ channels which occurs in the
presence of elevated MPO activity. Application of the
results of our experiments will add significant knowledge
to the cardiovascular field and contribute to our
understanding of the regulation of contraction of smooth
muscle under normal and inflammatory conditions.

4.3. Mechanisms underlie peroxidases-induced protein
tyrosine nitration

MPO is a tetrameric, basic (PI > 10) heme protein
with the molecular weight of ~150 kDa that is comprised of
two identical disulfide-linked protomers, each of which
possesses a protoporphyrin-containing 59-64 kDa heavy
subunit and a 14 kDa light subunit (117). MPO plays a
fundamental role in the killing of invading bacteria, viruses,
and fungi by forming strong intermediates (Figure 3) which
can result in protein oxidation and nitration. While MPO
reacts with H2O2, a dismutation product of neutrophils-
generated O2

•-, in the present of physiological
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Figure 8.  Effect of MPO on Ca2+ channel protein nitration
and smooth muscle contraction. Left panel: Homogenates
of 10 days T. spiralis-infected jejunum were
immunoprecipitated with anti-NO2-Tyr and anti-Ca2+ -
channel a1C antibodies. The precipitates then were cross
treated with anti-Ca2+-channel a1C and NO2-Tyr antibodies
using Western blotting techniques. Results from both
experiments indicated that the L-type Ca2+-channel protein
was nitrated during inflammation. Right panel: The strips
of longitudinal muscle were removed from jejunum and
placed in tissue baths and isometric contractions were
recorded. Treatment of a muscle strip with 50 nM MPO for
60 mins resulted in a marked delay in the onset and a
decrease in the velocity of the phasic phase of a carbachol-
induced contraction. The potassium-induced contraction
also was markedly inhibited.

concentration of Cl-, a radical intermediate hypochlorous
acid (HOCl) is formed (89, 118) (Equation 13):

HOCl is generally regarded as a primary
microbicide and can further react with NO2

- to form
transitory nitryl chloride (NO2Cl) that is capable of
nitrating tyrosine residue. However, the rate constant for
the HOCl- NO2

- reaction under physiological conditions is
relatively low due to the existence of numerous reductants
that are more highly reactive toward HOCl. As we have
described in the Figure 3, MPO can oxidize nitrite to a
species that is capable of causing tyrosine nitration. A
postulated reaction scheme91 is summarized in Equation
14, 15 and 16.

In addition to MPO, the family of human
peroxidases includes eosinophil peroxidase, uterine
peroxidase, lactoperoxidase, salivary peroxidase, thyroid
peroxidase and prostaglandin H1/2 synthases. As indicated,
peroxidases are enzymes that utilize hydrogen peroxide to
oxidize substrates. Furthermore, several peroxidases have
been demonstrated to cause protein tyrosine nitration. An
interesting feature of those proteins is that they are heme-
containing protein. It has been long recognized that heme is
a key molecule in the responses to environmental stress,
including oxygen. The heme molecule promotes most
biological oxidation processes involved in oxygen
transport, mitochondrial respiration, drug metabolism,
steroid biosynthesis, cellular antioxidant defenses, and
signal transduction processes (119, 120). Thus, heme is an
oxidant in several model systems and the pro-oxidant
effects of free heme and hemoprotein may be attributed to
the formation of hypervalent states of the heme iron (121,
122). Therefore, we decided to test the hypothesis that free
heme as well as iron play important role in NO2-Tyr
formation. We used bovine serum albumin (BSA) as
substrate to test the effect of tyrosine nitration by either
hemin or iron. Nitration of BSA was confirmed by Western
blotting with an antibody against NO2-Tyr. As
demonstrated in Figure 9 and 10, BSA could be strongly
nitrated by either himin or Fe2+.

While iron is essential for a number of cellular
activities, an excess of cellular iron becomes toxic that
involves many organs leading to a variety of serious
diseases such as liver disease, heart disease, diabetes
mellitus, hormonal abnormalities, dysfunctional immune
system, etc. The tissue damage associated with iron
overload is believed to result primarily from free radical
reactions mediated by iron since iron is an effective catalyst
in free radical reactions. The detection of protein nitration
by iron may offer another explanation for the pathological
changes induced by iron overload and which could be
managed or prevented by inhibition of NO2-Tyr formation.

There has been an enormous interest in NO since
its discovery. As a simple but well known conclusion, NO
is a double edge sword mediator in that it can exert
beneficial or detrimental effect depending on the
physiopathological context. Therapy targeting the action of
NO has a long history such as the organic nitrates, while
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Figure 9.  Result of Western blot with anti-NO2-Tyr
antibody shows tyrosine residue in BSA could be nitrated
under the condition of heme-NO2-H2O2 treatment system.

Figure 10.  Western blot with anti-NO2-Tyr antibody
indicates the role of iron in BSA tyrosine nitration.

still is very young due to the enormous effort in
understanding the biology of NO.
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