
The biology of nitric oxide and other reactive intermediates in
systemic lupus erythematosus

Jim C. Oatesa,* and Gary S. Gilkesona,b
aDepartment of Medicine, Division of Rheumatology, Medical University of South Carolina, 96
Jonathan Lucas Street, Suite 912, PO Box 250637, Charleston, SC 29425, USA
bRalph H. Johnson VA Medical Center, Charleston, SC, USA

Abstract
Formation of reactive nitrogen and oxygen intermediates (RNI and ROI) is an essential part of the
innate immune response. Markers of systemic RNI production are increased in the setting of systemic
lupus erythematosus (SLE) activity. Several lines of evidence suggest mechanisms through which
the activity of inducible nitric oxide synthase (iNOS) is pathogenic in SLE, including the ability of
peroxynitrite (ONOO−, a product of iNOS activity) to modify proteins, lipids, and DNA. These
modifications can alter enzyme activity and may increase the immunogenicity of self antigens,
leading to a break in immune tolerance. In humans, observational data suggest that overexpression
of iNOS and increased production of ONOO− lead to glomerular and vascular pathology. Therapies
designed to target iNOS activity or scavenge ROI and RNI are in development and may provide the
means to reduce the pathogenic consequences of ROI and RNI in SLE.
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Introduction
Systemic lupus erythematosus (SLE) is a classic autoimmune disease defined by the formation
of immune complexes with autoantigens. However, the innate immune system plays an integral
role in propagating inflammatory responses initiated by this acquired immune response. An
important part of that innate immune response is the production of reactive nitrogen and oxygen
intermediates (RNI and ROI). One of the most widely studied RNI, nitric oxide (NO), is
overproduced in the setting of lupus activity. Its pathogenic potential in lupus or any other
disease lies largely in the extent of its production and the proximity of its synthesis to ROI
such as superoxide (SO). NO and SO react to form peroxynitrite (ONOO−), a much more
reactive and potentially pathogenic molecule. There is convincing evidence in murine lupus
nephritis that inducible nitric oxide synthase (iNOS) activity increases with the progression of
disease and leads to glomerular, joint, and dermal pathology. In addition, ONOO−-mediated
modifications of proteins and DNA may increase the immunogenicity of these self antigens,
leading to a break in immune tolerance. Redox-sensitive signaling pathways can be activated
by the production of ROI/RNI, leading to further transcription of inflammatory mediators. In
humans, there are observational data suggesting that overexpression of iNOS and increased
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production of ONOO− lead to glomerular and vascular pathology. Therapies designed to target
iNOS activity or scavenge ROI/RNI have not been tested in humans in part due to concerns
over the specificity of many available compounds for their targets. However, several new
compounds are in development that offer promise for human trials.

Biology of reactive nitrogen intermediates (RNI)
Free radicals are highly reactive molecules with unpaired electrons. They represent an
important arm of host defense against a variety of pathogens [1]. Not only are reactive oxygen
and nitrogen intermediates (RONI) directly toxic to invading pathogens, they activate redox-
sensitive signaling pathways such as nuclear factor-kappa B (NF-κB) and activator protein-1
(AP-1) that in turn regulate the transcription of proinflammatory proteins such as cytokines
[2]. In systemic lupus erythematosus (SLE), overproduction of free radicals in the absence of
infection may lead to a break in immune tolerance, increased tissue damage, and altered enzyme
function. In this review, the discussion of reactive intermediates (RI) will be confined to
reactive oxygen and nitrogen free radicals. Examples of ROI include superoxide (SO),
hydrogen peroxide, and hydroxyl radicals, while nitric oxide (NO) and peroxynitrite
(ONOO−) are the RNI to be discussed. Reactive oxygen and nitrogen intermediates (RONI)
play an important role in cellular signaling processes when produced at low levels. At higher
levels, these molecules can cause direct toxicity to cells and induce modifications to lipids,
amino acids, and DNA.

NO is a membrane-permeable free radical molecule synthesized by nitric oxide synthase (NOS)
using arginine and oxygen as substrates. Three isoforms of NOS are transcribed from three
separate genes. All isoforms dimerize in the presence of cofactors to become active. Each
monomer contains a reductase and oxygenase domain. The reductase domain catalyzes the
transfer of two electrons to heme iron in the oxygenase domain. Calmodulin, nicotinamide
adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) are required cofactors for the reductase domain. Electrons from the
reductase domain are transferred to the oxygenase domain of the adjacent monomer, where
heme and tetrahydrobiopterin (BH4) act as cofactors. Here, a reaction between O2 and L-
arginine is catalyzed, resulting in formation of NO and citrulline (Fig. 1). Two isoforms
(endothelial or eNOS and neuronal or nNOS) are generally constitutively expressed and are
dependent on sufficient concentrations of calcium for activity. In the vascular system, NO
produced by eNOS is a potent vasodilator and regulator of vascular tone in response to shear
stress. Nitroglycerin mimics the activity of eNOS by acting as a donor of NO [3]. The beneficial
effect of NO produced by the constitutively expressed NOS isoforms is blunted when NO is
produced in an environment high in ROI as discussed later.

A third NOS gene (NOS2) produces an inducible isoform (iNOS) that is primarily expressed
in immune cells, most notably macrophages and macrophage-derived cells. INOS is expressed
in response to inflammatory stimuli that are well characterized in murine cells. Among these
stimuli are several cytokines and toll-like receptor ligands such as lipopolysaccharide,
interleukin-6 (IL6), interferon-γ (IFNγ), IL1β, and tumor necrosis factor-α (TNFα). In human
cells, complex mixtures of cytokines are necessary for induction. In most cells, signaling
pathways converge on the janus kinase/signal transducer and activator of transcription (JAK/
STAT) and/or the nuclear factor-kappa B (NF-κB) pathways [4]. Nuclear hormone receptors
may play a role in regulation of iNOS induction. There is evidence to support a role for estrogen
as an inducer [5] and PPARγ ligands as inhibitors [6] of iNOS induction in response to IFNγ
or IFNγ + LPS stimulation respectively in murine cells. iNOS is expressed during pathologic
states in human endothelial cells, synovial fibroblasts, polymorphonuclear cells, lymphocytes,
and natural killer cells [7]. In normal human tissue, expression is strong in myocytes, skeletal
muscle, and Purkinje cells [8].
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iNOS produces log-fold higher amounts of NO than the constitutively expressed isoforms. In
a low arginine environment, iNOS cannot transfer nitrogen to molecular oxygen, and electrons
from the reductase domain combine with oxygen to produce SO [9]. NO, when combined with
SO, forms peroxynitrite (ONOO−), a more reactive and toxic molecule than NO itself.
ONOO− produced by immune cells is capable of killing intracellular pathogens and tumors
cells. Glutathione peroxidase, catalase, superoxide dismutase, heme oxygenase, and
antioxidants serve to protect host cells during inflammatory states by reducing the total ROI
burden that can contribute to ONOO− production [10,11].

NO has the potential to induce both physiologic and pathologic effects, a dichotomy that
pervades the literature. The ability of NO to induce cellular pathology is largely dependent on
its conversion to more unstable nitrogen intermediates such as ONOO−. In turn, the production
of ONOO− is dependent on levels of SO in the cellular microenvironment in which NO is
released. The following will serve as examples of this concept. When NO is produced in
proximity to mitochondria in a highly oxidative state, it can react with SO to form ONOO−.
This molecule can in turn induce apoptosis of that cell via cytochrome c-mediated caspase
activation [12]. Mitochondria in this state can be found in activated T cells of lupus subjects
more frequently than in healthy controls [13]. Alternatively, if NO is produced in low levels
in the absence of ROI, it promotes cell survival. This effect may occur as a result of nitrosation
and inactivation of procaspases, which prevents caspase-mediated apoptosis [12]. Another
example lies in the interaction between RNI and eicosanoid synthesis. ONOO− can act as a
peroxide substrate for cyclooxygenase-2 (COX2) and increase its catalytic activity [14]. The
opposite occurs with prostacyclin synthase; ONOO− reduces enzyme activity, possibly by
nitrating a tyrosine residue near the heme binding site [15]. Thus, the fate of NO and its ultimate
pathogenicity depends on the redox state of its immediate cellular milieu (Fig. 2).

Nitric oxide biology in murine models of lupus
Observational studies

While iNOS activity can suppress parasitemia or tumor growth, its overexpression in the setting
of lupus disease activity appears to lead to organ damage and an altered immune response.
Several studies involving murine models of lupus support this hypothesis. Both MRL/MpJ-
Faslpr/J (MRL/lpr) and (New Zealand Black × New Zealand White)F1 (NZB/W) mice develop
spontaneous proliferative lupus nephritis. MRL/lpr mice developed increasing levels of urine
NO metabolites (nitrate + nitrite or NOX) in parallel with the onset of glomerulonephritis
[16]. This increase in iNOS activity was associated with formation of 3-nitrotyrosine (3NTyr),
a product of ONOO− and tyrosine (Tyr). Such modifications reduced the activity of catalase
in the MRL/lpr kidney. Because catalase removes superoxide, its inactivation may have
exposed cells to increased oxidative stress and accelerated tissue damage or modification of
biologically active molecules [17].

Immune complex formation and tissue deposition do not appear to be dependent on iNOS
activity in murine lupus, as iNOS inhibitor therapy, while improving renal histopathology, had
no effect on glomerular immune complex deposition in MRL/lpr mice [16]. The expression of
iNOS may instead be a result of downstream innate immune responses to immune complex
formation with autoantigens. For example, serum 3NTyr levels were increased after
implantation of human β2-glycoprotein I antibody producing hybridomas into mice with severe
combined immunodeficiency syndrome [18]. A similar link between autoantibody deposition
and iNOS expression/3NTyr formation has been observed in passive transfer models of anti-
glomerular basement membrane (GBM) and myeloperoxidase (MPO) antibody
glomerulonephritis. Expression of iNOS protein and/or formation of 3NTyr in glomerular
tissue followed passive transfer of antibodies [19–21]. While immune complex deposition is
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not dependent on iNOS activity, ONOO− can increase the immunogenicity of autoantigens by
forming neoepitopes as discussed below.

Manipulation of iNOS in murine lupus
Several studies utilizing competitive inhibitors of iNOS suggest that iNOS activity is
pathogenic in murine lupus. Inhibiting iNOS activity in MRL/lpr mice before disease onset
with the nonspecific arginine analog L-NG-monomethyl-L-arginine (L-NMMA) reduced 3NTyr
formation in the kidney, partially restored renal catalase activity, and inhibited cellular
proliferation and necrosis within the glomerulus [16,17,22]. This effect occurred in the absence
of a change in immunoglobulin or complement deposition in the glomerulus, suggesting that
increased iNOS expression occurred downstream of immune complex deposition and
complement activation [16]. The partially selective iNOS inhibitor L-N6-(1-iminoethyl)lysine
(L-NIL) had a similar effect when used to treat these mice prior to disease onset. In this study,
the L-NIL-treated mice exhibited significant improvements in glomerular histopathology
compared to controls and slight improvements compared to L-NMMA-treated mice. However,
proteinuria was only partially inhibited in the L-NIL-treated mice, whereas L-NMMA-treated
mice developed no significant proteinuria [22]. L-NMMA therapy in NZB/W mice that were
already expressing clinical nephritis had a similar but less profound effect on proteinuria and
renal histopathology than did preventative therapy. However, L-NMMA as monotherapy for
the treatment of active disease was less effective in the rapidly progressive MRL/lpr model
[23].

Some interventions that do not directly inhibit iNOS enzyme activity may derive additional
benefit by their ability to reduce expression of iNOS. For instance, chemical induction of heme
oxygenase-1 and oral administration of mycophenolate mofetil were both effective therapies
for treating glomerulonephritis in MRL/lpr mice, and both reduced iNOS expression in the
kidney [24—26]. The histone deacetylase inhibitor Trichostatin A, which attenuated renal
disease in MRL/lpr mice, also inhibited NO production in cultured mesangial cells from the
same murine model of lupus [27].

In contrast to the effectiveness of pharmacologic iNOS inhibition in murine lupus is the
observation that iNOS−/−MRL/lpr mice, while having reduced signs of vasculitis and IgG
rheumatoid factor production, had similar glomerular pathology to their MRL/lpr wild-type
littermates [28]. One possibility is that inhibition of iNOS with arginine analogs may reduce
pathology through non-iNOS-mediated mechanisms. The mechanisms behind the disparate
effects of pharmacologic and genetic blockade of iNOS are still under investigation.

Potential mechanisms for pathogenicity of RNI suggested by studies in murine models of
lupus

The mechanisms through which iNOS activity may be pathogenic in SLE has been studied in
animal models and in vitro (Table 1). As mentioned above, ONOO−, a byproduct of iNOS
activity, can nitrate protein amino acids and change the catalytic activity of enzymes. One such
enzyme, catalase, serves to protect host tissues from free radical attack [17]. In vascular tissue,
prostacyclin synthase [29] and eNOS [30] are inactivated by ONOO−, leading to
vasoconstriction. These observations suggest that one mechanism through which iNOS activity
is pathogenic is via deactivation of tissue protective enzymes.

Increasing attention is focusing on the manner in which immune tolerance is broken by
presentation of autoantigens in a novel manner. Two such processes are noteworthy: (1)
presentation of nuclear antigens in the proinflammatory context of late apoptotic blebs and (2)
post-translational modification of self antigens to form novel epitopes or neoepitopes. Because
nuclear antigens are presented in late apoptotic blebs [31], regulation of apoptosis and clearance
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of apoptotic cells are important areas of investigation. NO and ONOO− are both integral in
regulating non-receptor-mediated apoptosis in many cellular systems [12]. To investigate the
role of iNOS activity in apoptosis, MRL/lpr mice with active disease were treated with L-
NMMA, an iNOS inhibitor. Compared to controls, treated mice exhibited reduced levels of
splenocyte apoptosis. Treatment of cultured splenocytes isolated from mice with active disease
with a NO donor resulted in increased levels of apoptosis [32]. NO or other RNI appeared to
increase non-receptor-mediated apoptosis despite the well-described defect in receptor-
mediated apoptosis in this murine model of lupus [33].

Another mechanism for inducing autoimmunity is via formation of neoepitopes in
autoantigens. ONOO− can nitrate self antigens in a manner that leads to a break in immune
tolerance. For instance, normal mice immunized with nitrated IgG produced anti-nitrotyrosine
antibodies that cross reacted with single stranded DNA (ssDNA) [34]. Human native DNA
modified with ONOO− induced greater immunogenicity in experimental animals than native
DNA without modifications [35,36].

The literature is rife with reports of the seemingly antithetic properties of NO. As discussed
above, many of the pathologic consequences of NO production arise from its synthesis in the
setting of high reactive oxygen stress. NO can diffuse freely across membranes due to its
uncharged nature but has a half-life of only approximately 30 s in biological systems [7]. Thus,
iNOS activity can lead to ONOO− production only if it occurs within or in close proximity to
a cell with high reactive oxygen content. One mechanism for production of SO and NO in close
proximity is through the parallel production of SO by the reductase domain of iNOS itself.
This process has been observed in murine macrophages [9]. Support of this mechanism in lupus
comes from experiments involving pharmacologic inhibition of iNOS in the MRL/lpr and
NZB/W models. Mice given L-NIL or L-NMMA demonstrated significant reductions in markers
of systemic oxidant stress (urine F2-isoprostanes) compared to mice treated with distilled water
[37]. This observation raises the possibility that some of the pathogenic effects of iNOS activity
in SLE arise from its ability to produce ROI in proximity to NO.

Reactive nitrogen intermediate (RNI) biology in human SLE
Observational studies

While there is compelling evidence for aberrant reactive nitrogen production in the
pathogenesis of murine lupus nephritis, the lack of appropriately selective iNOS inhibitors for
human use limits human studies to observation. Increased expression of the iNOS enzyme has
been reported in multiple tissues among SLE subjects. Several laboratories have described
increased expression in the glomeruli of subjects with proliferative lupus nephritis [38—40].
In one study, glomerular iNOS staining colocalized with markers of apoptosis and staining for
p53, a proapoptotic signaling molecule [39]. These data suggest that one mechanism for iNOS-
mediated glomerular damage is increased signaling for apoptosis.

The skin often reflects disease activity in SLE, and iNOS expression in this organ appears to
parallel that activity. Immunostaining for iNOS protein and mRNA was elevated in 33% of
epidermal tissue samples from cutaneous lupus subjects before exposure to ultraviolet B
irradiation but all samples after exposure [41]. Among subjects with systemic disease, skin
biopsy specimens from the buttocks revealed higher iNOS expression in endothelial cells and
keratinocytes than in controls. Endothelial expression correlated with lupus disease activity.
The presence of iNOS in unaffected skin endothelial cells suggests systemic expression [42],
while its induction with UV exposure offers one mechanism for increased expression during
disease activity.
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Studies of iNOS tissue expression are generally limited by practical concerns to organs that
are frequently or easily biopsied. Therefore, serum and urine markers of systemic NO
production have been studied in larger SLE populations. In humans, the use of these surrogate
markers is complicated by the genetic and dietary heterogeneity of the population and
concurrent diseases. Several studies have reported increased serum levels of NOX in lupus
patients in association with disease activity [40,43—46]. Diets high in NOX can dramatically
influence the ability to accurately measure systemic NO production through measures of serum
or urine NOX [47]. One study, in which a low NOX diet was used to reduce dietary sources of
NOX as a confounding factor, also reported a correlation between NOX and SLE disease activity
[40].

Because ONOO− has more pathogenic potential than NO itself, assays for 3-nitrotyrosine
(3NTyr) were developed to measure the effect of ONOO− production on serum proteins
containing tyrosine (Tyr). In an Australian lupus cohort composed primarily of Caucasian and
Asian subjects, serum 3NTyr levels were elevated in comparison to controls, and levels
correlated with disease activity. Protein-bound carbonyls, markers of systemic oxidation, were
also elevated during disease activity in this population [48]. Serum 3NTyr levels correlated
with disease activity, particularly renal disease activity, in African-American but not Caucasian
SLE subjects in one largely African-American cohort [40]. One possible mechanism for the
unfavorable outcomes observed in some African-Americans with lupus is an increased
predisposition towards RNI and ROI production in response to the inflammatory stimuli
associated with lupus disease activity [40]. This predisposition may be inherited. In a study of
two NOS2 polymorphisms in African-American female SLE and control subjects, a
significantly increased prevalence of these polymorphisms was observed in those with SLE
[49]. Supporting a functional role for the polymorphisms described are studies reporting
increased markers of systemic NO production and improved malaria survival in some African
populations with these polymorphisms [50—52].

One mechanism through which ONOO− can be pathogenic in the setting of SLE is through the
creation of neoepitopes on self antigens. Serum from lupus patients exhibited increased binding
to NO- and ONOO−-modified plasmid DNA when compared to calf thymus and native plasmid
DNA [36,53]. The serum from SLE subjects also had greater binding to nitrated poly-L-tyrosine
than unmodified poly-L-tyrosine [54]. These combined studies suggest that ONOO−

modifications of self antigens can create neoepitopes with increased binding affinity over
native antigens. Whether binding to these epitopes later leads to epitope spreading to
unmodified epitopes has not been investigated.

ONOO− can modify lipids as well. Peroxidation of arachidonate by ONOO− can lead to
formation of isoprostanes that can stimulate monocyte adhesion to endothelial cells [55] and
induce vasoconstriction in smooth muscles [56]. ONOO− can also oxidize LDL. Circulating
complexes of anti-phospholipid antibodies and oxidized LDL were found in increased amounts
in SLE subjects with secondary anti-phospholipid syndrome [57]. Some phospholipids within
oxidized LDL have platelet activating factor-like activity and can stimulate growth of smooth
muscle cells [58]. Not all lipid peroxidation products of ONOO− are pathogenic, however.
Nitro-linoleate, a product of ONOO− and linoleic acid, can have anti-inflammatory properties
in neutrophils [59] and inhibit platelet activation [60]. Thus, the complete clinical effect of
ONOO− formation and lipid peroxidation on lupus disease phenotype and cardiovascular
disease associated with SLE is unknown. Studies using ONOO− scavenging agents in SLE
may shed light on this issue.

Translation of current knowledge into human therapies
Expression of iNOS is an important arm of the innate immune response when it occurs in the
setting of infectious stimuli. In the setting of lupus, its expression occurs outside of this context
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with additional expression in non-immune cells such as endothelial cells and keratinocytes
[42]. It is generally accepted that ONOO− is one of the more pathogenic and abundant of the
RNI derived from iNOS activity. Both eNOS and nNOS-derived NO can combine with SO
produced in close proximity to produce ONOO; however, because iNOS produces log-fold
higher amounts of NO and is a known source of SO production, it is the most logical isoform
target for prevention of ONOO− production [3]. Pharmacologic inhibition of iNOS has been
performed in murine models of lupus using a number of competitive inhibitors of the L-arginine
substrate. For an inhibitor to be highly selective, it must have 50- to 100-fold more selectivity
for iNOS than eNOS and nNOS. This is important for development of drugs in humans as
inhibition of eNOS can lead to hypertension and reduced glomerular filtration rate [61], while
inhibition of nNOS can lead to reduced cognitive function [62]. L-NMMA, L-NIL, and
aminoguanidine, all effective in treating murine lupus [16,22,63], do not have the necessary
specificity for iNOS over eNOS or nNOS [3]. However, newer compounds such as GW273629
and GW274150 have selectivities for iNOS that are 125 and 330 times greater than for eNOS.
Their selectivity for iNOS over nNOS is 1.5 and 100 times greater. Given its superior overall
selectivity, GW274150 offers the most hope for use in humans and is being developed by
Glaxo-Smith-Kline for the treatment of rheumatoid arthritis, asthma [64], and migraine
headaches [65].

Another approach to inhibiting iNOS activity is to prevent dimerization of monomers to form
the active homodimer. Using combinatorial chemistry, a pyrimidine imidazole compound
((N-[(1,3-benzodioxol-5-yl)methyl]-1-[2-(1H-imidazol-1-yl)pyrimidin-4-yl]-4-
(methoxycarbonyl)-piperazine-2-acetamide or BBS2) is a selective inhibitor of iNOS activity
that acts by binding to the surface of the oxygenase domain and preventing homodimer
formation. Its IC50 is approximately 1 nM in cell-based assays, and its selectivity for inhibiting
iNOS is >1000-fold greater than for eNOS. However, its selectivity for iNOS versus nNOS is
only five-fold [66]. It has been reported to be effective in preventing endotoxemic shock [67]
and smoke inhalation injury in animal models [68]. The effect of its low selectivity for nNOS
after chronic administration in humans is not known.

Conclusion
Production of NO from constitutive NOS signals for vasodilation and neurotransmission under
physiologic circumstances. Increased expression of iNOS in response to infection or
malignancy is an important arm of the innate immune response. In such circumstances,
ONOO− is often produced. However, increased expression of iNOS in response to
inflammatory stimuli present in SLE may lead to increased tissue damage, altered enzyme
activity, and increased expression of neoepitopes in self antigens. There is compelling evidence
that pharmacologic inhibition of iNOS leads to reduced disease activity and damage in murine
models of lupus. Observational studies in humans indicate that RNI are overproduced during
lupus disease activity and that expression of iNOS occurs in tissues damaged during such
activity. Studies of therapies designed to inhibit iNOS or scavenge pathogenic ROI and RNI
have not been performed in humans with lupus. Several compounds designed to inhibit iNOS
activity, prevent dimerization of iNOS, or scavenge ROI and RNI are in development and offer
hope that such studies will occur in the next few years.
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Figure 1.
NO synthesis from arginine by iNOS and cofactors. Electrons (e–) are donated by NADPH to
FAD and FMN in the reductase domain. This step requires Ca2+ (much higher levels for eNOS
and nNOS than for iNOS) and calmodulin. Two cycles of electrons are then transferred by
these carriers to heme iron in the oxygenase domain of the adjacent dimer. This reaction is
similar to that in P450 enzymes. The role of tetrahydrobiopterin (BH4) in this process is unclear,
but it may assist in the coupling of NADPH oxidation and NO formation, thus preventing SO
formation. With arginine and O2 as substrates, donated electrons then catalyze two reaction
steps, the formation of Nω-hydroxy-L-arginine (NHA) followed by conversion of NHA to NO
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and citrulline. SO is formed when L-arginine substrate is limited, and electrons from the
reductase domain react directly with oxygen [3]. This figure is reprinted from [77].
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Figure 2.
Cellular microenvironment changes the fate of NO. After synthesis by iNOS, eNOS, or nNOS,
NO freely diffuses across membranes, forming a concentration gradient. Within this
microenvironment also exists a redox gradient (represented by the black rectangle) formed by
the presence of oxidant/reductant-coupled species. The redox state thus determines whether
NO ultimately forms what are usually benign vs. pathogenic RNI. As an example, when formed
in the presence of O2, NO can oxidize to NO2 and NO3. Whereas when formed in the presence
of superoxide (SO or O2

•−), NO oxidizes to form peroxynitrite (ONOO−) [12]. This figure is
reprinted from [77].
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Table 1
Pathogenic effects of ONOO− on cellular molecules

1 Proteins

a. Nitration of tyrosine residues with reduction in enzyme activity of

i. Endothelial nitric oxide synthase [29]

ii. Prostacyclin synthase [29]

iii. Catalase [17]

b. Nitration of tyrosine residues leading to increased binding of antibodies to self antigens [72]

c. Damage to mitochondrial complex I/II with release of cytochrome c, resulting in apoptosis [12]

2 DNA

a. Formation of DNA strand breaks [73]

b. Nitration, leading to increased immunogenicity [34–36]

3 Lipids

a. Peroxidation of arachidonate to form isoprostanes [74]

b. Oxidation of LDL, leading to enhanced binding of anti-phospholipid antibodies in SLE patients [75,76]

Much of the pathogenic potential for NO lies in its ability to oxidize to ONOO− in the presence of O2•− (see Fig. 2). The following are examples of the

effects of ONOO− on various cellular molecules. This figure is adapted from [77].
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Table 2
Selectivity of various compounds for iNOS and mechanisms of action

Compound IC50 for iNOS (µM) Selectivity in vitro (fold) Mechanism of action

iNOS vs. eNOS iNOS vs. nNOS

L-NMMAa 6.6 0.5 0.7 Competitive inhibition
L-NILa 1.6 49 23 Competitive inhibition
Aminoguanidinea 31 11 5.5 Competitive inhibitionc

GW274150a 1.4 333 104 Competitive inhibition
1400Wa 0.23 >4000 32 Competitive inhibition
BBS2b 0.028 1000 5 Prevents dimerization
AEOL-10113d e e e Scavenges ONOO−

These are the results of in vitro assays of purified enzyme [3,66]. Reported is the fold selectivity of various compounds for iNOS vs. other isoforms and

the IC50 of each compound for iNOS. Generalized mechanisms of action are stated. L-NMMA = NG-monomethyl-L-arginine. L-NIL = L-N6-(1-iminoethyl)
lysine.

a
Results are from Boyd et al. [12].

b
Results are from Blasko et al. [66].

c
Aminoguanidine has NO-independent anti-inflammatory activities [78].

d
Results from [69].

e
Does not inhibit iNOS activity. This table is adapted from [77].
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