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itric oxide (NO), first identified as an endo-
Nthelium—derived relaxation factor, is now rec-

ognized to regulate the functions of many
mammalian cells and tissues. Nitric oxide is synthe-
sized via the oxidation of arginine by a family of nitric
oxide synthases (NOS), which are either constitutive
and calcium dependent (cNOS) or inducible and cal-
cium independent (iNOS). The endogenous produc-
tion of nitric oxide plays a vital role in the regulation of
physiological processes (e.g., blood vessel tone, neu-
rotransmission) as well as in host defense and immu-
nity. There is increasing evidence that nitric oxide also
plays a complex role in the modulation of the inflam-
matory response. The induction of nitric oxide syn-
thase (iNOS) in tissues can lead to the sustained pro-
duction of high concentrations of nitric oxide which
may exert pro-inflammatory effects including vasodi-
lation, edema, cytotoxicity, and the mediation of cy-
tokine dependent processes. Conversely, the produc-
tion of NO by endothelial cell cNOS may serve a pro-
tective, or anti-inflammatory, function by preventing
the adhesion and release of oxidants by activated neu-
trophils in the microvasculature. In this review we
describe the multifaceted role of nitric oxide in in-
flammation, particularly focusing on the regulation of
inflammatory cells and the repertoire of molecular pro-
cesses targeted by NO that control cellular functions.

Biosynthesis of Nitric Oxide

Nitric oxide is synthesized via L-arginine oxida-
tion by a family of nitric oxide synthases (NOS). Iso-
meric forms of nitric oxide synthase, representing at
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least three distinct gene products, have been cloned in
bovine, rat, mice, and human tissues (1-5) (Table I).
The three isoforms of the enzyme vary in calcium de-
pendence, kinetics, and regulation. However, all nitric
oxide synthases are flavoproteins which require
NADPH and tetrahydrobiopterin as co-factors. The
amino acid sequences deduced from the cDNA of the
endothelial and neuronal cNOSs and iNOS have been
reported (1-3, 6). The various NOS proteins show sim-
ilar domains/motifs in their structure. For example,
¢NOS and iNOS share sequence homology of the
N-terminal region which may be the arginine binding
and catalytic site (7, 8). Moreover, the C-terminal re-
gion of endothelial cNOS and iNOS show significant
homology to FAD, FMN, and NADPH binding re-
gions of cytochrome P450 reductase from rat liver (1,
3, 6). By modeling analysis, those C-terminal regions
share multistranded B sheet and surrounding « helices
that are similar to portions of the nucleotide binding
domains of the crystallized ferredoxin NADPH reduc-
tase (2).

The isoforms of nitric oxide synthase have distinct
properties. In general, NOS isoforms are either cal-
cium dependent and constitutively expressed (cNOS;
e.g., neurons, endothelium) or calcium independent
and inducible (iNOS; e.g., macrophage, hepatocytes,
chondrocytes). The subcellular localization among the
isoforms also varies: for example, endothelial ctNOS is
mostly membrane bound, whereas the neuronal cNOS
has been identified in the cytosol of central and pe-
ripheral neurons (9). NO derived from the cNOS iso-
forms acts as a physiologic regulator by relaxing vas-
cular smooth muscle or by functioning as a neurotrans-
mitter. Constitutively expressed NO synthases
produce low (pico-to nanomoles) amounts of NO for
short periods in a calcium/calmodulin-dependent man-
ner in response to receptor stimulation (e.g., acetyl-
choline, bradykinin). In contrast, inducible NOS must
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Table I. Contrasting Properties of Constitutive
and Inducible Forms of Nitric Oxide Synthase

Constitutive Inducibie
forms form
Present in: Endothelium Macrophages,
(ecNOS), endothelial
Brain (ncNOS) cells,
chondrocytes,
hepatocytes,
synoviocytes,
smooth muscle
cells, etc.
Stimuli Acetylcholine, Endotoxin
ADP vy-Interferon
Thrombin Interleukin-1,
Shear stress tumor necrosis
factor-a
Calcium Yes No
dependency
Amounts of Low (pico, High (nano,-
nitric oxide nanomolar) micromolar)
produced
Duration of Short Long
production
Function Physiological Host defense,
regulation, cytotoxicity,
anti-inflam- inflammation
mation (?)

Note. Depending on the cell type, endotoxins and certain cyto-
Kines, such as interleukin-1 (IL-1) and tumor necrosis factor-a
(TNF-a), promote the expression of iINOS. Often, combinations
of different cytokines are required for full induction. Various
other cytokines, for example, transforming growth factor-g
(TGFB), agents such as glucocorticoids inhibit the induction of
NOS.

be expressed following exposure to diverse stimuli,
such as the inflammatory cytokines (e.g., interleukin-1
[IL-1], tumor necrosis factor [TNF]) and lipopolysac-
charide (LPS); once expressed the inducible enzyme
generates significantly larger and sustained amounts of
NO than does the constitutive isoform.

It is important to note that while the expression of
¢NOS in endothelium and brain among species is sim-
ilar, the expression of iNOS varies markedly. Human
monocytes express iNOS only after exposure to gran-
ulocyte-stimulating factor plus TNF or y-interferon
INF-vy plus TNF or LPS (10-12). In contrast, murine
monocyters express iNOS after LPS alone. In addi-
tion, the quantity of NO produced by human mono-
cytes/macrophages, lymphocytes, and neutrophils is
considerably less than that seen in the murine coun-
terpart. The two human cell types that can be most
readily induced to express iNOS in vitro are hepato-
cytes and chondrocytes. Therefore, one must exercise
caution in the interpretation of observations made in
animal systems since the expression of human iNOS,
particularly in leukocytes, appears to be more tightly
regulated than in other species.
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Biochemical Properties of Nitric Oxide

Nitric oxide, a gaseous free radical, is labile and in
the presence of oxygen is rapidly metabolized to ni-
trates and nitrites (13, 14). The chemistry of nitric ox-
ide is complex (15, 16) and may involve interrelated
redox forms (17). The most important reactions bio-
logically are believed to be those with oxygen, with
transitional metal ions and with free thiols (17). In ad-
dition, nitric oxide reacts rapidly with superoxide an-
ion to yield peroxynitrite, which can rearrange into
nitrate in a reaction that may produce the toxic hy-
droxyl radical (17). The chemistry and biological ac-
tivity of peroxynitrite were recently reviewed by Pryor
and Squadrito (18).

Reactions with Iron. The binding of NO to the
heme group of soluble guanylate cyclase activates this
enzyme, raising intracellular levels of cGMP, in many
but not all types of cells (19, 20). There are several
other important reactions of nitric oxide with the
heme-associated iron. These include: (i) formation of
met-hemoglobin via an interaction in the heme group
between NO and O,- which concomitantly oxidizes
the heme (oxyhemoglobin) iron from Fe®* to Fe’™*,
and (ii) the reversible inactivation of cytochrome P450
via a direct interaction between NO and iron (21). Ni-
tric oxide also has a high affinity for nonheme iron. It
binds to iron-sulfur clusters in aconitase and to com-
plexes I and II of the mitochondrial respiratory chain
thus inhibiting oxidative phosphorylation (22-25). Fi-
nally, the formation of stable, nitrosylated iron-
containing protein derived from L-arginine can be
demonstrated in cytokine-activated macrophages by
electron paramagnetic resonance, suggesting a func
tion for iron-nitrosyl complexes in cytotoxicity (26, 27).

Reactions with Thiols. Under aerobic condi-
tions, free thiols react with nitric oxide forming S-ni-
trosothiol compounds (28, 29). This reaction requires
oxygen: however, the reactive nitric oxide species is
unknown (18, 30). Although peroxynitrite is a possible
candidate, the studies of Wink and co-workers indi-
cate that glutathione did not react with peroxynitrite to
form an SNO adduct as monitored by UV/visible spec-
troscopy (30). Compared with nitric oxide, which is
short-lived (¢,,< 15 sec), these S-nitrosothiol deriva-
tives are significantly more stable (e.g., t;;, > 2 hr for
S-nitrosoglutathione and S-nitrosoalbumin) and retain
nitric oxide-like properties (31). Indeed, it is generally
agreed that endothelium-derived relaxing factor
(EDRPF), originally identified as nitric oxide, reflects
the biological activity of more stable nitrosothiol de-
rivatives as well as nitric oxide (29, 32). In plasma, the
predominant redox forms of NO are S-nitrosothiols,
the most abundant of which is S-nitrosoalbumin,
present in micromolar concentrations in normal sub-
jects (31). NO also exerts effects within cells by react-
ing with intracellular thiols, particularly glutathione, to



form stable bioactive intermediaries which affect oxi-
dant production and glucose metabolism (33). S-nitro-
sothiols, unlike NO, do not readily react with super-
oxide anion (O,-) and other reactive oxygen species;
this may limit the generation of toxic free radicals and
thus protect from NO toxicity (17).

Nitric Oxide-Dependent ADP-Ribosylation.
ADP-ribosylation, the covalent binding of ADP-ribose
to acceptor amino acids, is an important post-
translational modification of cellular proteins. It was
first appreciated as an exogenous mechanism by which
various bacterial toxins affect eukaryotic cell function.
Among the most well characterized ADP-ribosylation
reactions are those promoted by pertussis and botuli-
num C2 toxins which target Gai and actin, respec-
tively. The role of endogenous ADP-ribosylation in the
regulation of cellular function is less well character-
ized. Lapetina and co-workers reported that nitric ox-
ide stimulates the ADP-ribosylation of a 37-kDa pro-
tein in platelets and other cell types (34). This protein
proved to be glyceraldehyde-3-phosphate-dehydro-
genase (GAPDH) (34, 35). ADP-ribosylation of
GAPDH by NO inhibits GAPDH activity and thereby
decreases intracellular energy stores (36). We have re-
ported that nitric oxide promotes the ADP-
ribosylation of both GAPDH and G-actin in human
neutrophils (37). This ADP-ribosylation of cytosolic
actin requires the presence of a plasma membrane co-
factor and is associated with the inhibition of actin
polymerization and actin stress fiber formation. ADP-
ribosylation may be an important mechanism by which
nitric oxide regulates the state of actin polymerization
at the inner leaflet of the plasma membrane and
thereby regulates cytoskeletal functions such as cell
adhesion, migration, and phagocytosis (38).

Pro-Inflammatory Properties of Nitric-Oxide
Host Defense and Cytotoxicity. Based largely
on animal studies, there is increasing evidence that the
excessive production of nitric oxide plays a role in
phlogistic responses, promoting classical signs of in-
flammation as well as tissue injury (Table II). Teleo-
logical support for such a role is suggested by the fact
that inflammatory cytokines such as interleukin-1 and
tumor necrosis factor promote the expression of the
inducible isoform of nitric oxide synthase and an in-
crease in nitric oxide production (2, 5, 39—41). Nitric
oxide formation may have originated as a first-line de-
fense against invading microbial organisms including
parasites, bacteria, and viruses (42). The cytotoxic ef-
fects of nitric oxide provide nonspecific immunity, not
only for invading organisms, but also for the killing of
tumor cells (22, 42). The biochemical basis for the cy-
totoxicity and cytostasis induced by nitric oxide is
most likely due to its capacity to react with iron-
containing enzymes of the respiratory cycle (eg., ac-

Table Il. Evidence That Nitric Oxide
Modulates Inflammation

Pro-inflammatory properties
Promotes vasodilation (edema, erythema)
Elevated in inflammatory synovial fluids
Elevated in sepsis
Activates PGH synthase
Inhibitors of NO synthesis ameliorate experimental
models of arthritis
Anti-inflammatory properties
¢ NO inhibits leukocyte and platelet adhesion to
endothelium
e NO inhibits lymphocyte proliferation
e NO inhibits oxidant production by phagocytes
e Inhibitors of NO synthesis increase vascular injury
in models of endotoxemia

onitase and complexes I and II of the mitochondrial
respiratory chain) and in the synthesis of DNA (22-25,
43, 44). In addition, NO reacts with and depletes in-
tracellular glutathione to increase susceptibility to ox-
idant stress (33). Finally, while nitric oxide itself is
cytotoxic, NO can react with other free radicals to
generate molecules such as peroxynitrite which en-
hance its cytotoxicity (17). It is critical to note that the
cellular regulation of NO synthesis is a key determi-
nant of cytotoxicity: the picomolar concentrations of
NO produced by ¢<NOS are nontoxic and sufficient for
intracellular signaling, while the high concentrations
generated by iNOS are potentially pro-inflammatory,
damaging the surrounding cells and tissues (2, 5, 39-41).

Inflammation and Tissue Injury. The recogni-
tion of the nonspecific effector role of NO in host de-
fense mechanisms was shortly followed by an appre-
ciation of its importance in inflammation and autoim-
mune tissue injury. NO production is increased in a
variety of diseases and several classical signs of in-
flammation are reversed by NOS inhibitors (Table III).
Kubes and coworkers studied the effect of two inhib-
itors of NO synthase, NC-pitro-L-arginine methyl es-
ter (L-NAME) and NY-monomethyl-L-arginine (L-
NMMA) on a carrageenin-induced model of vascular
permeability in rat skin. Both L-NAME and L-NMMA
inhibited the increase in vascular permeability and
edema formation provoked by carrageenan (45, 46).
Mulligan et al. (47) used a rat model of immune com-
plex lung injury to assess the involvement of nitric
oxide. Inhibitors of NO synthesis were protective in
this model, whereas L-arginine, a precursor of NO,
exacerbated tissue injury. Bronchoalveolar lavage flu-
ids from these rats contained the metabolites of NO,
nitrite and nitrate. However, in the presence of NOS
inhibitors, these products were significantly dimin-
ished. The authors speculated that the reaction of NO
with superoxide anion (O,-) to form peroxynitrite
played a significant role in the tissue injury observed in
this experimental model. Similarly, NO has been im-
plicated in the inflammation and tissue destruction of
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Table lll. Diseases Associated with Excessive

Production of Nitric Oxide

Disease NOS inhibitor in animal models
Rheumatoid Improves Adjuvant
arthritis (57, arthritis,

43) streptococcal
cell-wall
arthritis
(58-60)

Osteoarthritis Not
(61) determined
SLE (62) Improves MRL/Ipr model
of lupus (63)
Psoriasis (55) Not
determined
Inflammatory Improves (54)

bowel disease

(83)

Septic shock Worsens Vascular injury

(50) (82, 87)

Improves Hypotension
(51, 52)
Ischemia/reper- Worsens (81, 84, 85)
fusion injury
(32, 82)
Improves (83)

streptozocin-induced diabetes in the mouse: L-NAME
and NMMA, inhibitors of NOS, protect islet cells from
destruction and suppress the onset of diabetes (48).

There is increasing evidence that NO plays a role
in a variety of human diseases. Excessive production
has been observed in patients with sepsis (49-52), ul-
cerative colitis (53, 54), psoriasis (55), arthritis (43,
56-61), allograft rejection (49), and systemic lupus
erythematosus (62, 63) (Table III). Potential sources of
nitric oxide in these inflammatory processes are un-
clear, but could include vascular endothelium, vascu-
lar smooth muscle, hepatocytes, macrophages, and
chondrocytes; the inducible form of NOS has been
detected in each of these cell types (49). However,
differences between species regarding iNOS expres-
sion make it difficult to predict, based upon animal
models, the precise cellular source of NO in human
disease. For example, in psoriatic skin lesions, which
are infiltrated with leukocytes and keratinocytes, the
expression of iNOS was confined to the vascular en-
dothelium as indicated by immunohistochemical stain-
ing (55).

Nitric Oxide in Arthritis. The importance of nitric
oxide in the development of arthritis is increasingly
appreciated (43, 57-59). In a recent report (60) by Ste-
fanovic-Racic, adjuvant-induced arthritis (AIA) was
suppressed by the nitric oxide synthase inhibitor N°-
monomethylarginine (L-NMA). In the AIA animals,
the onset of symptoms was preceded by elevated pro-
duction of nitrates and nitrites. N®-monomethyl-L-ar-
ginine acetate (L-NMA), which inhibits both iINOS
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and cNOS blocked (i) NO biosynthesis, (ii) paw swell-
ing, and (iii) histopathological changes in ankle joints.
The protective effect of NOS inhibitors was reversed
by administration of the NOS substrate L-arginine. In
human arthritis, increased concentrations of nitrites
have recently been demonstrated within the joint flu-
ids of patients with both osteoarthritis and rheumatoid
arthritis (56). There is evidence that a significant
source of NO in joints are chondrocytes which express
iNOS following exposure to inflammatory cytokines
(40). While iNOS is not expressed in human chondro-
cytes obtained from nonarthritic cartilage, chondro-
cytes obtained from osteoarthritic cartilage express
iNOS by immunoblot and spontaneously produce NO
in culture for up to 72 hr (61). Nitric oxide produced by
chondrocytes may mediate the effects of IL-1. In rab-
bit chondrocytes, treatment with NOS inhibitors,
blocks the capacity of IL-1 to inhibit proteoglycan syn-
thesis (64, 65) (Fig. 1). Similarly, in bovine chondro-
cytes, IL-1-dependent susceptibility to oxidant injury
is completely reversed by NOS inhibitors (66).

The evidence implicating nitric oxide in human ar-
thritis has led to significant interest in pharmacologic
inhibitors of NO synthesis. Indeed, agents currently
utilized in the treatment of arthritis appear to affect
NO activity. Auranofin reduces the response of iso-
lated rabbit aortae to NO (67), and glucocorticoids (68)
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Figure 1. Tentative model, based on studies on animals, which
illustrates that selected catabolic IL-1 effects in chondrocytes
are mediated by the induction of iINOS. Nitric oxide in this model
not only acts as an autacoid to mediate the action of cytokines
such as IL-1 and modulate COX, but also can be released from
the cell to exert inflammatory effects of its own.
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inhibit the induction of iNOS. At therapeutic concen-
trations, aspirin inhibits iNOS expression in murine
macrophages (manuscript submitted). In addition,
methotrexate can inhibit dihydrofolate reductase
which may interfere with the synthesis of tetrahydro-
biopterin, a co-factor necessary for NOS activity (69).

Nitric Oxide and Prostaglandins. A complex re-
lationship is emerging with regard to ‘‘cross-talk’’ be-
tween the nitric oxide and cycloxygenase (COX) path-
ways. Like NOS, COX has constitutive and inducible
isoforms. COX-2 is the inducible form of this enzyme,
the synthesis of which is triggered by those cytokines
which also induce iNOS. Not unexpectedly, a variety
of cells (e.g., endothelium, macrophages, chondro-
cytes) can produce NO and prostaglandins simulta-
neously in response to cytokines and other activators.
The paracrine effects of these molecules are often sim-
ilar and include the capacity to relax smooth muscle,
inhibit platelet and neutrophil adhesion, and inhibit
neutrophil oxidant production. Recent evidence indi-
cates that these two pathways interact closely. Nitric
oxide can stimulate COX activity, possibly via reac-
tion with the heme component which binds to the ac-
tive site of the COX enzyme (40, 70~72) (Fig. 1). Fur-
thermore, NOS inhibitors decrease IL-1 induced re-
lease of PGE, in rat mesangial cells (73), indicating
that endogenous NO production enhances COX activ-
ity in these cells. Conversely, endogenous PGE, de-
creased IL-1-stimulated iNOS mRNA induction in
these same studies (73). Thus, nitric oxide and pros-
taglandin pathways appear to interact as ‘‘yin/yang”’
regulators of a variety of physiological and inflamma-
tory processes.

Anti-Inflammatory Properties of Nitric Oxide

NO: An Endothelium-Derived Defensive Mole-
cule. The continuous release of NO by vascular en-
dothelium plays an important role in maintaining the
integrity of the vascular endothelium under both phys-
iological and pathological conditions. Nitric oxide
helps to modulate blood flow to various tissues and
regulates interactions between vascular endothelium
and circulating inflammatory cells (Fig. 2). Nitric ox-
ide can inhibit platelet aggregation and reduce platelet
adhesion to endothelial monolayers (74, 75). Nitric ox-
ide also inhibits homotypic neutrophil aggregation (76)
and the adhesion of neutrophils to endothelium (77,
78), a requisite early event in the development of acute
inflammatory process. In vivo, using intravital micros-
copy to study cat mesentery, Kubes has demonstrated
that the inhibitor of NO synthesis, L-NAME, mark-
edly increased neutrophil adherence and emigration in
postcapilary venules, indicating that NO plays an im-
portant physiologic role in preventing leukocyte-
endothelial adhesion (77). Moreover, L-NAME also
caused an increase in vascular protein leakage and in-

Inhibition of constitutive NOS
provokes microvascular injury
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Figure 2. Diagram showing possible mechanisms involved in
increased vascular inflammation elicited by inhibition of nitric
oxide synthesis.

creased microvascular permeability, an early effect
which was not dependent on increased neutrophil ad-
herence. This may be secondary to the capacity of NO
to help maintain endothelial shape since the cells con-
tract following exposure to NOS inhibitors (79).

The adhesion of neutrophils to postcapillary ve-
nules depends upon a number of factors, including the
expression of adhesion molecules on the surface of
activated neutrophils (e.g., CD11b/18, L-selectin) and
endothelium (e.g., ICAM-1, E-selectin). In the studies
cited above, monoclonal antibodies to the common
subunit (CD18) of CD11b/18 completely blocked leu-
kocyte adherence and emigration induced by
L-NAME. The mechanism by which NO inhibits
CD11b/18-dependent adherence is unknown. It is pos-
sible that the inhibition by NO of actin polymerization
may result in a paucity of focal attachment points
available to interact with the cytoplasmic tail of CD18
via the actin binding protein a-actinin (38, 80).

In addition to its role in preventing neutrophil ad-
herence, nitric oxide also serves a defensive function
by inhibiting the production of superoxide anion by
activated neutrophils (76, 81). This may be particularly
important at sites of inflammation where the endothe-
lium must protect itself against toxic mediators re-
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leased from chemoattractant-stimulated, emigrating
neutrophils. Exposure of neutrophils to NO, which is
unstable (1, < 15 sec), is sufficient to inhibit O,- pro-
duction for up to 40 min (76). This effect of NO is
secondary to direct inhibition of a membrane compo-
nent of the NADPH oxidase, possible via the iron ni-
trosylation of cytochrome bssg (76).

The capacity of NOS inhibitors to increase leuko-
cyte adherence and for NO donors to overcome this
effect may have significant implication for the treat-
ment of conditions characterized by neutrophil medi-
ated vascular injury. Such syndromes would include
ischemia-reperfusion injury (32, 82-85), systemic lu-
pus erythematosus (86), and the Adult Respiratory
Distress Syndrome, the last a condition in which treat-
ment with inhaled NO has improved survival (52).

The complexity of the role of NO—whether it is
acting to protect or injure—is perhaps well illustrated
by its role in septic shock where elevated levels of
serum nitrates have been described (50). In a prelimi-
nary study the NOS inhibitor, L-NMMA was used to
successfully reverse hypotension in two septic pa-
tients; however, survival was not affected (51). In ex-
perimental sepsis, the inhibition of NOS causes in-
creased liver and intestinal damage (82, 87). This is
consistent with intravital microscopy studies by
Kubes et al., which demonstrated that NOS inhibitors
increased neutrophil adherence, protein extravasa-
tion, and microvascular injury following the infusion
of endotoxin (77). Indeed, the administration of NO
donors in experimental endotoxemia prevents micro-
thrombosis and oxygen radical-mediated damage (88,
89). Such observations have led to the appreciation of
the protective effects of endothelial cell-derived nitric
oxide with regard to defending against vascular injury.
Successful strategies to treat pathological processes in
which NO is clearly playing a pro-inflammatory role
will require specific inhibition of nonendothelial NOS,
in order not to interfere with the physiologically pro-
tective role of NO in the microvasculature (Fig. 2).

Effects of NO on Phagocyte Signaling. NO ex-
erts a variety of effects on neutrophils which could
account for its capacity to inhibit cellular functions. As
noted above, these include inhibition of the NADPH
oxidase, depletion of intracellular energy stores via the
ADP-ribosylation of GADPH, and the inhibition of
functions dependent upon actin polymerization, such
as adhesion and migration. In addition, NO can also
affect cellular signaling functions via the targeting of a
variety of intracellular proteins. These include the ca-
pacity of NO to nitrosylate intracellular thiol-
containing molecules, such as glutathione and protein
kinase C, or to react with Fe-containing enzymes,
such as guanylate cyclase and aconitase (17, 33, 90,
91). Our laboratory has demonstrated that neutrophils
exposed to NO convert intracellular glutathione to a
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nitrosylated adduct, which may act as a stable intra-
cellular intermediary of NO action (33). The NO-
dependent depletion of reduced glutathione within the
neutrophil provokes the prompt activation of the hex-
ose monophosphate shunt (HMPS) (33) (Fig. 3). These
findings are consistent with the work of Albina et al.
(92) who demonstrated that treatment of elicited rat
macrophages with L-NMA inhibited basal activity of
HMPS. Similarly, Mauel et al. (93, 94) demonstrated
in cytokine-activated macrophages that an increase in
the production of nitrite was accompanied by activa-
tion of the HMPS. Taken together, these observations
indicate that nitric oxide, in either an autocrine or
paracrine fashion, reacts with and depletes intracellu-
lar glutathione and, at least in phagocytes, activates
the HMPS (Fig. 3). This ability of NO to react with
intracellular glutathione and to activate the HMPS has
important implications for resistance to nitric oxide-
dependent cytotoxicity. Firstly, nitric oxide, as a ni-
trosothiol, is less reactive with oxygen and superoxide
anion reducing the likelihood of toxic peroxynitrite
formation (17, 95). Secondly, the nitrosylation of glu-
tathione could compete with the nitrosylation of mito-
chondrial Fe-containing proteins, as protecting critical
respiratory enzymes (24-26, 96, 97). Finally, different
capacities of various cell types to replenish reduced
glutathione stores via the hexose monophosphate
shunt could be an important individual determinant of
susceptibility to the cytotoxic effects of nitric oxide.
This hypothesis is supported by the observation that
macrophages and neutrophils, which utilize nitric ox-
ide for microbial killing, have high HMPS activity and
are resistant to attack by nitric oxide (33, 92-94, 98).

In summary, while it is clear nitric oxide plays an
important role in inflammatory states, the pathologic
processes are complex. The pro- or anti-inflammatory
properties of NO may vary according to the NO con-

GSH
NTRIC
oxI GLUCOSE
© NADP !
HMPS
GSNO @ i\) co
NADPH D-ribose 5-phosphate
® GSSG

Figure 3. Model for nitric oxide reaction with intracellular glu-
tathione and activation of the hexose monophosphate shunt in
human neutrophils. There is a depletion of reduced glutathione
when nitric oxide (under aerobic conditions) reacts with re-
duced glutathione (Reaction 1) which may require the involve-
ment of glutathione transferase. S-nitrosoglutathione is nonen-
zymatically converted to oxidized glutathione (Reaction 2). In a
reaction that requires NADPH, GSSG is converted to GSH by
glutathione reductase (Reaction 3). NADPH is restored by the
activity of the hexose monophosphate shunt pathway (HMPS).



centration, the potential for the formation of toxic de-
rivatives such as peroxynitrites, the site of the patho-
logical process, and the adaptive responses of the tar-
get cell. Successful strategies to inhibit the excessive
and damaging production of NO in tissues in response
to phlogistic cytokines must spare the physiologic
protective function of NO produced by the vascular
endothelium.
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