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The nitrogen oxide (NO), a free radical molecule, plays a key role in the regulation of mamr
physiology and pathophysiologe,g, in cardiovascular, nervous or immune systems. This molec
is produced from guanidino moiety of amino acidrginine with N®-hydroxy-+-arginine as inter-
mediate and.-citrulline as a co-product of this reaction. This conversion is catalyzed by an e:
called NO-synthase. The NO-synthase belongs to the cytochrome P450 superfamily and f
isoenzymes are known so far. Two (denoted NOS-I and Ill) are constitutive, generate lower ar
(pmol) of NO and are regulated by Caalmodulin system. The others (NOS-Il and IV) are indL
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ible, produce a larger quantity of NO (nmol) and are regulated at a transcriptional level. The co
tive form is present, for example, in endothelial and neuronal cells whereas the inducible i@
novo synthesized as a consequence of certain stimuli (including cytokines) in macrophages, v
smooth muscle cells and other cells. There are several target molecules for NO depending c
The most frequent target is supposed to be the soluble guanylate cyclase. However, superoxic
is a very important target for NO, too. The reaction between these two molecules leads to tt
duction of peroxynitrite, the fate of which depends on environmental conditions. Therefore, th
portance of this reaction is still debated. This review deals with the nature of NO, the mechani
its production, the role of intermedialé-hydroxy--arginine and summarizes the biology of supe
oxide anion with respect to its reaction with NO. A review with 218 references.

Key words: L-Arginine; NC-Hydroxy-L-arginine; Nitric oxide; Nitrogen(ll) oxide; NO-Synthase
Superoxide ion.

1. NITROGEN OXIDE (NO)

1.1. A View Back

Nitrogen oxide (NO) was considered to be only an irritant atmospheric pollutant
not many years ago. From 1981 to 1986, 10 publications appeared on mammali
logical effectd of NO. This changed dramatically in 1986-1987 when several sep:
directions of biomedical investigation unexpectedly converged on NO. In 1986, d
the fourth symposium devoted to vasodilatation, both Furchgott and I§Aaimulta-

neously proposed that endothelium-derived relaxing factor (EDRF)* may be NO.
initial evidence for this proposal was obtained in Furchgott's studies of the ch
teristics of the transient relaxation of rabbit aorta produced by a factor genera
NaNQ, solutions on acidification. It was found that the relaxing effect of NO \
blocked by haemoglobin and by generators of superoxide ion and was markedly
tiated by superoxide dismutase. These characteristics strongly resembled th
EDRF, known for several years. Ignarro at the same symposium also propose
EDRF might be NO or some closely related unstable radical species because EDI
NO exhibited identical properties (see Table I). Shortly afterwards, Patraét, using

* Abbreviations used: cGMP, cyclic guanosines3monophosphate; EDRF, endothelium-derived r
laxing factor; FAD, flavine adenine dinucleotide; FMN, flavine mononucleotiedAME, NC-nitro-
L-arginine methyl ester.-NMMA, NC-monomethylt-arginine; LPS, lipopolysaccharide; LTD
long-term depression; LTP, long-term potentiation; NADPH, nicotinamide adenine dinucleotide
phate, reduced form; NANC, nonadrenergic noncholinergic; NMBAmethylp-aspartate; NOS,
NO-synthase (E.C. 1.14.13.39.); NOS-I, neuronal NOS; NOS-Il, macrophage NOS; NOS-IIl,
thelial NOS; NOS:IV, hepatic NOS; cNOS, constitutive NOS; iNOS, inducible NOS, Ni@ite
and nitrate;’0,, G,, O,, superoxide ion; OH-Arg, NG-hydroxyt-arginine; ROI, reactive oxygen
intermediates; SOD, superoxide dismutase; TGF, transforming growth factor; THB, tetrahyd
pterine; IR, inositol 1,4,5,-trisphosphate; PKC, protein kinase C.
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simultaneous chemical assays and bioassays showed that NO produced by end
cells accounted for most if not all of the biological activity of EDRF. Furtherms
following these experiments, the same group demonstrétat >NO produced by
endothelial cells was produced from #¥8-guanidine residue af-arginine. Hibbset al®
had previously shown that the cytotoxic activity of activated macrophages was a
ated with a biochemical pathway synthesizingitrulline and nitrate from the aminc
acidL-arginine.

An interdisciplinary torrent of research was triggered which now bears NO o
crest as a major secretory product of mammalian cells, with critical functions in ho
stasis and host defense. It is surprising that such simple, fleeting and indiscrir
reactant can convey sufficient information in a regulated manner to help control
servomechanisms like systemic blood pressure, respiration, digestion, penis er
uterine contractility, platelet aggregation, cerebral blood flow, hormone synthesi:
neuronal synaptic plasticity. It is equally surprising that a molecule with such del
assignments should also be empowered to destroy microbes and tumor cells.

1.2. Chemical Properties of NO in Solutions

Nitrogen oxide (NO), a radical molecule with unpaired electron, is an uncharged,
tively hydrophobic gas. Under physiological conditions, NO may be interconve
among different redox forms (nitrosonium, N@nd nitroxyl anion, NQ with distinc-

TaBLE |
Comparison of characteristics of EDRF and nitric oxide (modified from) ref.

Characteristics EDRF Nitrogen oxide (NO)
Liberated by endothelial cells yes yes
Relaxes smooth muscle cells yes yes
Inhibits platelet aggregation yes yes
Induces platelet disaggregation yes yes
Inhibits platelet adhesion yes yes
Stability (half-life in seconds) in bioassay 30.1 4.1+ 0.2

Receptor
Second messenger

guanylate cyclase
cGMP

guanylate cyclase
cGMP

Inhibition by haemoglobin yes yes
Effect potentiated by SOD yes yes
Not affected by methemoglobin yes yes
Reacts with superoxide yes yes
oxygen yes yes
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tive chemistries. This is physiologically very important and contributes to the dive
of biological actions of NO (ref). Nitrogen oxide (NO) is well known for its reactio
in gas phase with Qo give nitrogen dioxide (N§). The hydrophobicity of NO result:
in a high diffusion ability in biological systems: NO readily penetrates cell membre
Studies of NO actions in bioassay systems that utilize physiological salt solutions
suggestetithat NO is highly unstable with an apparent half-life of 6 to 60 s, owin
reactions with @and superoxide anion { The reaction with ©to form NG, in-
volves two molecules of NO and thus the reaction rate falls exponentially as NO
centration is decreased linearly. At physiologically relevant levels of NO (1-50 nn
it is unlikely that this reaction proceeds at a significant rate compared to other
cesses, in particular the reaction with superoxidé. ion

The addition of NO to an aqueous saline environment, under physiological c
tions of temperature, oxygen pressure, and pH, results in accumulation of nitrit
lower amounts of nitrae Higher production of nitrate from NO requires presence
another oxidizing agetft

Nitrogen oxide (NO) also readily reacts with superoxide providing peroxyttrit
with heme and nonheme irtn'3 thiols'4, amine$® as well as with various chemica
species, such as hydroxylamther N®-hydroxy- -argininé’. Furthermore, NO is con-
sidered as a compound which is easily oxidized to nitrosofiamreduced yielding
nitroxyl*®. The compounds produced from NO by the described reactions are bel
to play important roles in biological effects of NO and are hence under intensive i
tigation.

1.3. Molecular Targets of NO

Analysis of molecular targets has shed considerable light on some mechanisms
ion of NO in homeostasis and host defense. The known NO targets are divers
include both low-molecular-weight species and macromolecules. These can be
activated or inhibited as a consequence of reacting with NO.

A cardinal mechanism of action of NO is currently thought to be activation o
luble guanylyl cyclase by nitrosation of its hethelhis mechanism is important esp
cially in vascular smooth muscle cells where such stimulated increase in cGMP 1
in vascular dilatation. ADP-Ribosyltransfer&sand cyclooxygenase-1 and -2 (fé¥.
are other heme-containing enzymes activated by NO.

Before macrophages were shown to release NO, their cytotoxic actions on
cells were linked to inhibition of tumor cell NADH : ubiquinone oxidoreducta
NADH : succinate oxidoreductase, ani-aconitase, all Fe—S enzym&sRecently,
some of these target cell lesions have been recapitulated with N&) (eefd EPR
complexes consistent with nitrosylated Fe—S complexes have been detected in N
ducing macrophagé&sand macrophage-injured target céllsThe inhibition of these
enzymes by NO is associated with the release of iron from iron—sulfur cént
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Macrophage-derived NO was also found to release Fe from fétdtieading sub-
sequently to promoted lipid peroxidation.

Nitrogen oxide (NO) has been reported to directly activate some G proteins in
ciation with an increase in GTPase actiityC-Kinase may also be subject to inhik
tion by NO (ref?®). These observations suggest that NO can influence activit
multiple proteinsvia alterations in phosphorylation status.

A prominent action of macrophage-derived NO on tumor cells is, however, inhib
of their DNA synthesis apparentya inhibition of mitochondrial respiration and henc
ATP synthesi&?4 In addition, NO can react with and inactivate ribonucleotide rec
tase, an enzyme catalyzing deoxyribonucleotide synthesis, thereby inhibiting DNA
thesis and cell proliferatigf30-34

A very important target for NO is superoxide anion (see Chapdex

2. NO-SYNTHASES

In 1990, the first NO-synthase (NOS) has been isolated from rat cerebellar hol
nates®. From that time the name NO-synthase persists in spite of the fact the
enzyme does not belong to synthases but it is an oxidoreductase with E.C. 1.14
More recently it has been established that mammalian NO synthesis is mediatec
least three NOS isoforr#fs Sequence data show that distinct, constitutiv&'/Calmo-

dulin-dependent NOS isoforms are associated with EDRF (NOS-IIl) and with s
transduction in central and peripheral neurons (NOS-I). The third NOS isoform, o
ally isolated”-*8and sequencédfrom murine macrophages contains calmodulin bu
independent on increase of intracellularCans®. Although isoforms of NOS may
differ in their expression and regulation, the overall catalyzed reaction is theisam
an electron oxidation af-arginine, in which molecular oxygen and NADPH (nicoti
amide adenine dinucleotide phosphate, reduced form) are required as well as
adenine dinucleotide (FAD) and flavine mononucleotide (FMN) for the transpol
electrons within the chat®*2 with L-citrulline and NO as products of this oxidatio
Similarly, all isoforms contain one equivalent each of tetrahydrobiopterin (THB)
heme (iron protoporphyrin 1X) per monomer when fully active

2.1. Catalytic Mechanism of NOS

In the early nineties it was established: K8-hydroxy+-arginine (OHt-Arg) is a
tightly bound intermediate in the NOS reaction, (b) the hydroxylated nitrogen of&H-
is processed to NO, (c) formation iofcitrulline and NO from_-arginine or OH:-Arg
requires 1.0 or 0.5 equivalents of NADPH, respectively, and (d) the ureido oxyg
citrulline derives from Qrather than from kD (ref$44. It was subsequently show
that hydroxyl oxygen of OH-Arg is retained in NO and the intermediacy of O#A+g
was confirmetf-4°
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The reaction sequence shown in Fig. 1 represents two consecutive monooxy
reactions (not dioxygenase reaction); both steps are mixed function oxidations.
is theN-hydroxylation of one of the two equivalent guanidino nitrogens-affginine.
This reaction exhibits all characteristics of classical P450-dependent monooxygen
with the consumption of one mole of NADPH angadd incorporation of one oxygel
atom from Qinto arginine. The second step is a three-electron oxidation of intern
ate OHt-Arg and involves an oxidative cleavage of the C=N-OH bond with forma
of citrulline and NO (ret). Although step 1 is conventional hydroxylation, step 2 has
obvious biological precedent as it consumes one mole ah@®only 0.5 mole of NADPH
(ref.4?). This problem is discussed in detail by Masters

The role of THB in the catalysis is not yet clear. Several findings suggest that
is more likely to have an allosteric than a catalytic ¥oR2 However, the finding
reported by Hevel and Marletfathat only redox-active THB analogues stimulate t
NOS activity indicates that THB is more than a simple allosteric activator and sug
that it contributes in some way to NOS catalysis.

2.2. General Structure and Properties of NOS

As mentioned above, two distinct groups of NOS are now well identified. Or
termed constitutive and its activation in response to receptor or physical stimula
level of neuronal (NOS-I) or endothelial (NOS-III) cells results in the release of s
amounts of NO (picomoles) for short periods of time. The other one is termed indt
and its activation in the liver of rats treated by lipopolysaccharide and in macropl
(NOS-II) by LPS or lymphokines results in the release of large amounts of NO (r
moles) for a long period of time. Thus, even if these two forms of NOS are |
similar in terms of substrate and final reaction products, they are not identical
vealed by purification of several isoforPAgnd as confirmed by their clonitg®’.

*OH
NH HoN o#

|
{ H,0* Y H,0# Y

N
NH :T NH ‘f NH
+ NO*

NADPH + O2* 0.5 NADPH + O#

HoN HoN

+ — + — + —
HsN~ >Coo HsN~ ~Coo HsN~ >Coo

L-arginine NG-hydroxy-L-arginine L-citrulline
Fe. 1

L-arginine/NO pathway catalyzed by NO-synthase. The symbols (*, #) determine the orig
oxygen
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The primary structure of NOS, revealed by molecular cloning, indicates tha
enzyme is am-helical protein with well-defined sites (Fig. 2) for binding of NADPI
FMN and FAD and among the sequenced mammalian proteins NOS only displ
close homology with cytochrome P450 reductase. The two proteins exhibit simila
in the C-terminal half of NOS — 58% homology over 641 amino atifRecent find-
ings also indicate that NOS is a complex and unique enzyme since, in addition
presence of FAD and FMN binding sites and striking sequence homology
NADPH-cytochrome P450 reductase, NOS also contains a heme domain on the
polypeptide. Thus, NOS can be considered as the first example of mammalian
chrome P450 reductase-type hemoprotein where reducing equivalents from NADPH
be shuttled directly through the flavins in the reductase domain to the heme center
hydroxylation ofL-arginine to OH:=-Arg (ref>%). The complex of the reduced form of NO
with CO exhibits spectral characteristics similar to analogical complex of cytoch
P450. Heme iron is also bound to mercaptide sulfur of cy8teine

All isoforms possess a consensus site for phosphorylation by protein kinase an
type Il contains a calmodulin consensus binding site as does NOS type [, althot
activity is C&*-independent. The polypeptide chain of NOS type Il is shorter than I
type | (1 144vs1 429 amino acids), primarily due to the lack of about 200 amino a
at the amino terminus, 15 amino acids at the carboxyl terminus and a 40-amin
deletion in the interior of the molecule.

CaM FMN FAD NADPH
PPi ISO Ribo Ade

NOS.I COOH
NOS-II COOH
NOS-III COOH

Cytochrome P450 reductase COCH

Fic. 2
Relationship among the sequence for NOS isoforms and cytochrome P450 reductase. Conse
qguence for the binding of the cofactors NADPH (adenine and ribose), FAD (isoalloxazine and
phosphate), FMN and of calmodulin (CaM) are labelled. The darkBiesminal region shows
65-71% sequence identity between the three types of NOS. This region contains the piatati
ginine binding region and probably the binding site for THB and heme. The gap in the NOS-|
quence represents a 40 amino acid deletion (modified frofifref.
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A striking homology exists between NOS type | (brain) and Il (endothelial c
and explains why a NOS-like immunoreactivity is detected in endothelial cells b
antiserum raised against brain NOS &%f.However, NOS type | is soluble where:
NOS type Il is partially particulate due to the presence of myristylation site and
are encoded by distinct gefigs

Recently, it has been demonstrated that fully active NOS is a homd&tirfiae
reconstitution of this homodimer from two monomers requires the presence of a |
substrate(-arginine) and a cofactor (THB; Fig. 3).

2.3. NOS Isoforms and Their Tissue Distribution

During the last two years, several isoforms responsible for NO formation have
characterized and purified from different cell types and tissues and recent mols
cloning has confirmed and extended our knowledge about NOS is8forms

Four isoforms of NOS are now individualized. They differ by their regional distri
tion, mode of regulation, molecular weight and the fact that they are produced b
tinct genes (Table II).

First of all, NOS types | and lll are constitutive (although their expression ca
regulated) whereas type 1l is inducible. Inducible NOS-II (present for example in
or lymphokine-activated macrophages) does not require calmodulin for activity altho
calmodulin consensus binding site exists on its primary sequence (Fig. 2). The fir
of lida et al®3have partially clarified this confounding observation. They demonstr:
the induction of a calmodulin-dependent NOS in the liver of rats treated with LPS
reported efficient conversion of this calmodulin-dependent NOS (termed NOS-I\
the calmodulin-independent (NOS-II) by incubation with calmodulin, strongly sugc

2+2+2THB

2 L-arginine

Fic. 3
Proposed model for the reconstitution of the NOS (modified from®ef.
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that the latter is derived from the former. Further purification and/or molecular clo
of these isoenzymes is necessary to establish the exact relationships between N(
II'and IV.

The tissue distribution of the NOS isoforms under normal and pathophysiolo
conditions has received considerable attention. Originally identified in a subset o
tral neuron&, NOS-I has now been identified by immunological staining in a var
of cells including peripheral nonadrenergic noncholinergic (NANC) neurons, ske
muscle, pancreatic islet cells, kidney macula densa cells and certain epithef&t%ell
Endothelial NOS expression previously appeared to be restricted almost exclusiv
the vascular endothelifh Although NOS-III activity was found in most organs al
tissues, such activity was generally attributable to the vascular endothelium con
in those tissues. However, NOS-IIl was recently identified immunohistochemical
kidney tubular epithelial cef$%8 CA1 neuron®and cardiac myocytés In CA1 neurons,
NOS-IIl apparently plays a role in long-term potentiation, a memory-related phen
non; in cardiac myocytes it mediates NO-dependent parasympathetic signaling; if
in kidney epithelium is unknown.

Following exposure to inflammatory cytokines or LPS, NOS-II has been identifie
murine macrophag@s®71.72 liver’3, vascular endotheliéfland smooth muscle celts”’,
chondrocyte®, myocardium® and other tissue and cell types (for reviews, s
refs’6.646§ |t is now assumed that any nucleated cell type is able to express NO¢
the proper cytokine or LPS stimulus is delivered.

TasLE Il
Isoenzymes of NOSs and their tisue distribution

Molecular weight

NOS isoforms Regulated by  of denaturated protein Location
(SDS/PAGE)

NOS-I Ca*Icalmodulin 155 000 brain, cerebellum, NANC

Cytosolic native dimer neurons, skeletal muscle,

Constitutive pancreatic islet cells,

epithelial cells

NOS-II induced by cytokines 125 000-135 000 macrophages, hepatocytes,

Cytosolic and endotoxin (LPS) native dimer kupfer cells, smooth muscle

Inducible ca* independent cells, endothelial cells

NOS-III Ca*Icalmodulin 135 000 endothelial cells, kidney

Particulate epithelial cells, CA1 neurons,

Constitutive cardiac myocytes

NOS-IV induced by cytokines ? liver

Particulate and endotoxin (LPS)

Inducible c&" independent

Collect. Czech. Chem. Commun. (Vol. 62) (1997)
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Although it is difficult to reproducibly obtain NOS-II expression in human macroph:
or monocytes, human lung macrophages have been shown to expressiN@S.

2.4. NOS Activity Regulation

Contrary to the cytochrome P450 reductase, NOS is a highly regulated enzyme
fied NOS are phosphorylated in a stoichiometric manner by cAMP-dependent pi
kinase, protein kinase C (PKC) and ?@aalmodulin-dependent protein kinase
(ref5®) and consensus sequences for phosphorylation of the enzyme have been
fied on serine sites (Fig. 2). In kidney cells transfected with NOS-cDNA, it has |
demonstrated that activation of PKC by phorbol ester leads to a rapid phosphory
of NOS and a more than 50% reduction in enzyme activity. This finding is consi
with previous physiological data demonstrating that phorbol esters inhibit acetylch
and calcium ionophore-stimulated EDRF rel4s&hus, stimulation of inositol 1,4,5.
trisphosphate (1§} turnover in a NOS-containing cell should have two opposing eff
on NOS activity: on the one hand, the increase in intracelluldt diee to the IR
production activates NOS through calmodulin whereas, on the other hand, the in
in diacylglycerol stimulates PKC and reduces NO synthesis. This down-regulatit
NOS activity by PKC is an important site for "cross-talk" between theatid NO
signalling system.

In the case of inducible NOS (iNOS), a number of cytokines including transforr
growth factor (TGFB), interleukin 1L4 and IL10 (ref?), interferon-gamnt® 4 and
several corticosteroifare known to inhibit the expression of iINOS (for review, <
ref 56).

Recently, it was demonstrated by several groups that NO can act as a negativ
back signal on NOS activity, indicating that a self-regulatory mechanism is also o
tiveB6-88

2.5. NOS Inhibitors

The fact that severa\®-methyl- or N®-nitro-L-arginine derivatives stereoselective
inhibit EDRF formationin vitro andin vivothrough NOS inhibition has been a cruci
step in the identification of the-arginine/NO pathway. N®-Monosubstituted analogue
are a large and useful class of NOS inhibitors. These analogues exhibit variable
cies in their ability to inhibit NOS activityn vitro and in vivo although recent re-
ports have outlined other important differences in their pharmacological prc
NC-Nitro-L-arginine derivatives such a¢®-nitro-L-arginine methyl ester.{NAME)
simultaneously inhibit NO and superoxid®y) formation during conversion afarginine to
L-citrulline by NOS wherea®N®-methyli-arginine derivatives such a@s$®-mono-
methylL-arginine (-NMMA) only inhibit NO synthesi¥. This finding could explain
why superoxide dismutase (SOD) attenuates the vasoconstrictor effelstM¥1A and
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suggests that superoxide may participate in the vascular effectSliMA (ref.°).
Alternatively, superoxide dismutase may exert its effect by decreased quenching
by superoxid&-*3or by another, so far unknown, mechariiénvloreover, some inhibi-
tors show modest selectivity among NOS isofcdifi$

Initial inhibition by all arginine antagonists is competitive wittarginine, which
indicates that they occupy the arginine/citrulline binding site of the enzymes. Th
tent of inhibition is diminished by-arginine and, at least initially, inhibition can b
reversed by -arginine. For some of the arginine analogues, NOS inhibition becol
however, irreversible or poorly reversible with time. Recent studies witiMMA
show that it is metabolized in an arginine-like fashion by NO®I%ehydroxyNC-
methylL-arginine (NOH-NMMA) and eventually to citrulline, NO and other pr
duct$”:%8 Although it is clear that-NMMA is a mechanism-based inactivator of NO!
it is not clear which, if any, of the metabolitesteNMMA and NOH-NMMA causes
irreversible inactivation.

Other irreversible inhibitors of NOS includ¢®-amino+-arginine andL-N5-(1-
iminoethyl)ornithine. In contrast,-NAME is not a mechanism-based inhibitor but
rather a tight-binding, slow-dissociating ligand of the arginine binding’site

Newer classes of NOS inhibitors inclu&methyl+ -thiocitrulline!®?, L-thiocitrul-
line'%, both based on arginine/citrulline analogues, and isothiot%gd$and gua-
nidine derivatives such as 1-amino-2-hydroxyguanidine

In addition toL-arginine analogues, NOS can be inhibited by flavin antagdnt§ts
by heme binderse(g, CO; ref>®) or by depleters of THB (réf.). Constitutive but not
inducible NOS can be inhibited by calmodulin bindef§8 On the contrary, inducible
NOS can be specifically inhibited by aminoguanidine, a bifunctional molecule conta
the guanidine moiety af-arginine, [(N—C(NH)-NH-NH,], and its derivative'§8109

3. N6-HYDROXY- L-ARGININE

3.1. I\P-HydroxyL-arginine and Its Metabolism to NO by NOS

NC-Hydroxy-_.-arginine (OHt-Arg) was shown to be an intermediate in the bios
thesis of nitric oxide from.-argining’®. OH-L-Arg is further converted into NO an
L-citrulline by NOS involving heme in catalysis. The appanént for L-arginine is

lower than that for OH-Arg (ref?®). This can explain the fact that QHArg is pre-

sent in the incubation medium of cells in which inducible form is expréSsetis

hence speculated that QHArg can be liberated under some condition from active
of NOS, be released into the extracellular space and circulation and then it can s
a stable NO donor and exert paracrine effects. This speculation is supported by
observation that in rats treated with LPS, the IGHMrg level in blood is markedly
increased*.
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3.2. I\P-HydroxyL-arginine and Its Metabolism to NO by other Enzymes than NO!

In 1992, the OH--Arg transformation inta_-citrulline and nitrogen oxides (NO
NO; , NG;) was found to be catalyzed in the presence of NADPH by rat liver mi
somes. This reaction was not inhibited by NOS inhibiteMAME and L-NMMA. In

contrast, cytochrome P450 inhibitors, CO and miconazole strongly inhibited produ
of nitrogen oxide¥% Among different P450 isoforms, P450 3A subfamily with a ve
close homology with NOS in the heme-binding domain was found to be the mo:s
tent!3 Nevertheless, also other oxidases (horseradish peroxidase, lipoxygenase
found to catalyze the same reactioe, conversion of OH-Arg into citrulline and
nitrogen oxide¥4112 This suggests that oxidation of QMHArg by hemoproteins is a
general reaction and OHArg can be considered an endogenous precursor of NO

3.3. The Mechanism of NO Formation upon Oxidative Cleavage of C=N(OH)
Bond by NOS and Cytochromes P450

Recent findings led to the consideration of superoxide as a molecule which is inv
in OH-L-Arg decomposition to nitrogen oxides and citrulline. The transformatior
compounds containing C=N(OH) moietg.§, 4-chlorobenzamidoxime and 4-chlorc
phenylguanidoxime) to nitrogen oxides and corresponding urea derivatives by NA
and Q, catalyzed by P450 3A was markedly inhibited by SOD #®f. Inhibitory
effects of SOD were also observed during microsomal oxidatidilofdroxydebriso-
quine (a guanidine derivati¥¥) and N-hydroxypentanimidamidé®. However, it is
noteworthy that in this case, a low activity (about 30%) remained even in the pre
of large concentrations of SOD.

These results would be in favor of a key role of superoxide in microsomal P45
pendent oxidative cleavage of >C=N(OH) bonds. They are in agreement with ar
result (related to a study of reactions between superoxide and amidoximes and ¢
oximes) published by Sennequierr al!'®. Potassium superoxide dissolved in DMS
rapidly reacted with 4-chlorobenzamidoxime leading to a very selective formatic
4-chlorobenzamide and nitrite.

Concluding, it is now clear that both NOS and P450 3A are able to catalyz
NADPH-O, oxidation of OHt-Arg to citrulline and NO. However, SOD inhibits th
P450-dependent oxidation of QHArg to a great extent whereas it only slightly i
hibits the NOS-dependent oxidation iofarginine to citrullind*12% As suggested by
Mansuyet all'® the very different effects of SOD on P450- and NOS-dependent
mation of nitrogen oxides and citrulline could be related to very different couy
mechanisms of the electron transfer from NADPH and the reaction between the Fe
complex and OH=-Arg. In NOS, it is likely that the OH-Arg substrate is very well
positioned in the active site in order to rapidly react with Fe(lll)5Q€ading to stoi-
chiometric formation of NO and citrulline for 0.5 mol of NADPH consumed to red

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Review 1367

NOS—Fe(lll) to NOS—Fe(ll). In contrast, in the active site of P450 3A, it is likely
OH-L-Arg, which is obviously not a high-affinity substrate for this P450 involved in
oxidative metabolism of a large number of xenobiotics, is not so well positione
rapidly react with P450—Fe(l11)-OOThis iron—dioxygen complex has another possil
fate, the dissociation of its ironoond with formation of P450 Fe(lll) and;O
(ref.r?Y). Then, reaction of OH-Arg with superoxide itself would lead to citrulline an
NO, as similar >C=N(OH) bond cleavages have been observed upon reaction of
oxide with amidoximes and guanidoxim&s

The possible mechanisms for NO production from ORBFg by cytochrome P450
and NOS involving role of superoxide proposed by Mansugl!'®are presented in
Fig. 4.

3.4. Other Alternative Pathways for NO Biosynthesis fro?nl—NdroxyL-arginine

Besides OH:-Arg transformation into NO and-citrulline by NOS (ref:??, several
other pathways for NO production from QHArg have been proposed.

1) Some years ago, two groups independently reported hydroxylamine as a |
vasorelaxant acting apparentlia NO or some related compouié'?4 Both groups

.
H
Fe**—0OH (—>Fe* + H,0)

Fe3+
‘ +
(@) .
Hk_ o NO
- ’ l e +
oy (o o=
S \N/ N /Cfo
Fe¥t
| Reaction inside the active site
o) Not inhibited by SOD
~
/ N 3+ .
N=C HpFe OH™ (+ H > H,0)
HO . 0 +
0y H ‘\/\T
- > ’ — > "NO
“C=N-OH 01 CC/ +
~ N AN

AN
Cc=0
/

Reaction outside the active site
Inhibited by SOD

FG. 4
Possible mechanisms for the oxidative cleavage of C=N(OH) bonds by P450s and NOSs: cc
tion of "O; in P450-dependent reactions. —HpFmeans dissociation of the hemoproteirF&—C
complex to hemoprotein—Eeand* O5; this reaction is especially important in P450-dependent oxi
tions of C=N(OH) bonds (modified from ré&t9

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



1368 Vetrovsky, Entlicher:

found hydroxylamine-induced endothelium-independent vasorelaxation of nor:
naline precontracted aortic strips. However, the conclusions of these two groug
fered. Thomas and Ramw#ittdid not find correlation between hydroxylamine-induc
relaxation and NO/N®production from this compound and they, therefore, conclu
that EDRF is hydroxylamine and that the hydroxylamine-induced relaxation is nc
rectly related to NO. On the contrary, DeMasterl'?3 considered hydroxylamine a
a precursor of NO. Since hydroxylamine conversion to NO by catalase wa
scribed?>1%%(see below) and since DeMastdrall?3found significant levels of cata:
lase activity in homogenates of intact endothelium-denuded aortae, they cons
catalase as an enzyme converting hydroxylamine into NO. They proposed a ne\
complex, metabolic pathway for NO biosynthesis fromarginine with hydroxylamine
as an intermediate (Fig. 5). The oxidationLedrginine to nitric oxide involves a los
of five electrons from one of its guanidino nitrogeins, a change in oxidation stat
from -3 for guanidino nitrogen to an oxidation state +2 for the nitrogen of nitric o>
N-Hydroxylation of one of the guanidino nitrogens yielding O#Arg is a two-electron
oxidation'. Therefore, they assume that the final three-electron oxidation could c
after OH+-Arg hydrolysis to hydroxylamine and-citrulline. Hydroxylamine can be

OH
|
HoN YNH HoN YN
NH NH
—
+ _ + —
HaN~ ~coo HaN~ “coo
L-arginine NG-hydroxy-L-arginine
H20
HoN YO
NH
HoN—OH +

hydroxylamine

+ _
l catalase (?) HaN CO0

L-citrulline
NO

FGc. 5
Proposed pathway for the conversionieérginine to nitric oxide through a hydroxylamine inte
mediate (modified from refd)
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then oxidized in a three-electron oxidation to nitric oxide by catalase (Fig. 5) as al
described?>12¢ This is achieved through the following series of reactions:

E[Fd"] +H,0, — » E[F¥=0] + H,0 ®)

E[Fe'=0] + NH,OH —— HO + E[F¢'"HNO] —— E[FéNO] + H* (B)

E[Fé'NO] —» E[Fd] + NO' (©)

E[Fe1+0, —— E[F]+°0; D)

In this reaction, E[F&=0] oxidizes hydroxylamine to nitric oxide through a fer
catalase-nitroxyl intermediate, E[EEINO]. Ferrocatalase, E[EE is converted back to
ferricatalase (E[F&]) by molecular oxygen.

Alternatively, the ferricatalase-nitroxyl intermediate could liberate free nitroxyl (
ferricatalase) and free nitroxyl, a known potent vasorelaxant by cGMP-depel
mechanist®*?7 would then be oxidized to nitric oxide by one-electron oxidation
reported?®. Since cyanamide, a substrate for catalase that is known to yield fre
troxyl, did not elicit a vasodilatary response, the aufRdconcluded that free nitroxyl
apparently was not a precursor for nitric oxide. However, direct evidence for hydr
amine as an intermediate of the proposed pathway is still lacking. Nevertheless,
recently shown that hydrolysis of OHArg to L-citrulline and hydroxylamine is
possiblé?®, It was reportetf?that this reaction is possibly nonenzymic at 1. The
nonenzymic attack of hydroxylamine by superoxide ion can obviously also accoul
the production of NO.

2) Another pathway for NO synthesis from @HArg was reported by Zembowiet al*°,
These authors found OHArg-induced endothelium-dependent relaxation that was
blocked by NOS inhibitors. In contrast to QHArg, L-arginine did not affect endo:
thelium-dependent relaxation and the authors therefore concluded that the hydro:
nidino moiety is responsible for relaxation induced by GBrg (refs*1133, However,
the precise mechanism of such induced relaxation is not clear so far.

3) As previously demonstrat&d, cultured rat vascular smooth muscle cells cc
verted OHE-Arg to nitrite in the absence of NOS activity. The nitrite production v
augmented with substrate independently of the LPS presence. An inhibitor of
L-NAME, did not affect nitrite accumulation in the incubation medium. On the ¢
trary, miconazole, an inhibitor of cytochrome P450 3A subfamily, suppressed r
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production to the control values. These findings suggest the involvement of cytoct
P450 in this transformation instead of NOS. However, direct evidence is lacking
the exact mechanism remains unknown.

4) Recently it was provéd that not only hydroxylamine but also QHArg itself
can interact with superoxide ion to produce nitrite and nitrate, which are the <
breakdown products of NO in water. It was demonstrated with superoxide ion proc
either chemically or in biological system-Citrulline was simultaneously formed fror
OH-L-Arg. These results partially differ from those of Evewttal34 They do not
suppose that oxidative denitrification of QHArg by superoxide ion will prove s
major free radical pathway to NO. Furthermore, they suppose production of cyc
carbodiimide instead of citrulline. On the other hand, results of Vetreatsiit?°were
confirmed by Modolellet al!3>. However, these authors used a different methoc
superoxide production and different biological material.

3.5. Physiological Properties ofq\IHydroxyL-arginine

The physiological properties of OHArg have not been intensively studied so f
Wallace et all3¢ showed that OH-Arg induces endothelium-dependent and -inc
pendent relaxation of bovine pulmonary artery. Both endothelium-dependent and
pendent relaxation were inhibited by NOS inhibitors. This is quite surprising in the
of endothelium-independent relaxation. Since in vascular smooth muscle cells N
not expressed under normal physiological condifigrthe results of Wallacet al.
suggest that OH-Arg was not converted to N@a NOS but by another enzyme that i
however, sensitive to-NAME as well. Unfortunately, the authors did not provide a
other information explaining this phenomenon. Nevertheless, the finding thetAdiis
a potent endothelium-dependent vasorelaxant in vessels with intact endotffeli
wheread -arginine is not*®’, is very interesting.

Gibsonet al%8 studying mouse anococcygeus, reported that @iy but not OHp-Arg
is able to abolish vasoconstrictor effectdNSnitro-L-arginine.

As mentioned in Chapté.4., Zemboviczet al*3*Cobserved that OH-Arg produces
relaxation by three different mechanisms. First, it is a substrate for the consti
NOS present in endothelial cells. Second, it reacts with NO generated by this el
to form a vasodilator which is more potent and more stable than NO itself, and th
releases from endothelial cells an NO-like relaxing factor, the formation of which i
blocked by inhibitors of NOS. The latter mechanism suggests that-®ig-is meta-
bolized by an alternative enzymic pathway.

The antagonism of the hemodynamic effects of NO biosynthesis inhibitiiao by
OH-L-Arg was demonstrated by Waldet al.'3°,

More recently, OH-=-Arg has been shown independently by two grétié'to be a
potent inhibitor of liver arginase. Since substantial amounts of @iy appear to be
liberated from the active site of NOS (r&819, it is conceivable that OH-Arg may
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act as an endogenous arginase inhibitor in NO-producing cells, such as macror
This hypothesis was then studied by Heckemll4? The authors demonstrated th
LPS-activated macrophages release substantial amounts ofAdgwhich can indeed
affect arginase activity. Since exposure of macrophages to LPS may lead to co-
tion of NOS and arginase, the increased level ofl@&tg could limit arginase activity
and directL-arginine utilization towards an enhanced synthesis of NO. Moreover, as
gested by Heckest al'4?, macrophage-derived OHArg may exert cytostatic effeat,g,
on tumor cellt.

4. SUPEROXIDE ION ('O3)

4.1. Formation of Superoxide and Hydrogen Peroxide by Cellular Systems

Despite the existence of a variety of mechanisms controlling the cellular formati
superoxide, there are examples in which this free radical is generated during en
aerobic metabolism. In 1968, McCord and Fridovfémeported that superoxide wa
produced during the oxidation of purines by xanthine oxidase. In the following
other enzymes, including NOS (%}, have been found to generate this free radica
the result of oxidative metabolism. In fact, up to 2% of oxygen reduction by no
cells has been shown to ocada univalent pathwal#*

At physiological pH, superoxide rapidly dismutates to hydrogen peroxide. There
in the presence of redox-active metal ions, hydroxyl radical can be prodizctte
metal-ion-catalyzed Haber—Weiss reaction:

" +0p+2H —— HO+ 0, (B)
‘0, +Fé* —— F&'+0, (F)
F&'+H,0, —— HO +HO +Fé* . ©)

Because of the potential of these reduction products of oxygen to cause toxicity
have evolved pathways to eliminate superoxide and hydrogen peroxide, thereby
ing formation of hydroxyl radical. These include superoxide dismutase (SOD
superoxide and peroxidases and catalases for hydrogen péfaxide

‘O;+°0;+2H —— HO,+ 0, (superoxide dismutase) H)
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H,O0,+ H,0, —— 2HO+0Q, (catalase) 1

H,O,+ RH, —— 2 HO + R (peroxidase) N)|

Preventing metal ions from redox cycling is an alternative mechanism to inhibit hyd
radical formation. This may explain, at least in part, why intracellular and extracel
iron is carefully regulated by binding to amino acids and biological macromolec
including ferritin, transferrin and lactotransfefif In spite of these antioxidan
mechanisms, there are numerous pathological conditions under which, as sup
endogenous or exogenous sources of these oxygen reduction products céhtribut

4.2. Leukocyte-Derived Superoxide and Hydrogen Peroxide

It has been showfthat binding of a wide variety of compounds to cell-surface rec
tors of neutrophils and other phagocytesg( macrophages) leads to an assembly
the NADPH-oxidase complex in plasma membrane with resulting extracellular se
ion of superoxide utilizing intracellular NADPH. As mentioned, such produced st
oxide is a precursor for reactive oxygen intermediates (ROI) including hydr
peroxide and hydroxyl radical. ROI are believed to be involved in the killing of cel
microorganisms during phagocytd$is®C There is also an indirect evidence sugge
ing that ROI are also important in the killing of tumor cells by mononuclear ph
cytegS1:152

Both NADPH-oxidase and iNOS activity can be induced in macrophages bu
secretion of superoxide and NO by macrophages does not occur simultaneous
was shown to be independently regul8tethdependent regulation occurs in spite
the fact thaty-interferon primes macrophages for the synthesis of both superoxide
NO (ref!®d). Independent regulation also avoids the reaction between superoxid
NO, which forms peroxynitrite (see below).

Interestingly, Martin and Edwart®reported a change in ROI/NO ratio produced
human blood monocytes with time of their maturation to the macrophages. The ch
that monocytes undergo in culture may be similar to those changes that occur afte
entry into the tissues after leaving the peripheral Bfd@hd therefore cultured huma
monocytes are thought to resemble human tissue macrophages. Martin and Edw
have shown that previously reported initial decline in cytotoxic properties of monot
that occurs with increasing age of cells in culteftés transient as tumoricidal com
petence returns after a few days in culture. On the basis of their results, they con
that ROI are involved in monocyte-mediated cytotoxicity whereas NO is employe
macrophages in tumor cell killing.
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4.3. Superoxide Generation by Non-Phagocyte NAD(P)H-Oxidase

Recently it has been shown that some non-phagocytic edlis fibroblast$®’, endo-

thelial cell$®8 vascular smooth muséR81®%or neuron¥!, can also produce supel
oxide. Superoxide formation seems to be mediated by another enz
NAD(P)H-oxidase, which is different from those found in phagocytic cells. T
NAD(P)H-oxidase, found in cells that are not involved in defense, produces si
cantly lower amounts of superoxide. Activation can be triggered by the binding
specific peptide to a trimeric G-protein-coupled recéffan the same way as in th
case of the superoxide generating NADPH-dependent oxidase of phagocytic cell
endothelial enzyme is, however, distinguished by its constitutive activity. Thu:
functional terms, the NAD(P)H-oxidase found in non-phagocytic cells may be al
gous to the constitutive NOSs (NOS-1 and NOS-IIl), whereas the respiratory

(NADPH) oxidase is analogous to iNOS.

The toxicity of superoxide produced by non-phagocytic NAD(P)H-oxidase is
debated. On the one hand, small amounts of superoxide produced by the non-
cytic NAD(P)H-oxidase may act as an intracellular or intercellular signal in control
cellular function?3, on the other hand, an activation of membrane-associated neu
NADPH-oxidase by3-amyloid leads to the injury of neuronal céffs

In addition to the NADH-oxidase, which is a major source of superoxide in vasi
endothelial and smooth muscle céifs'®? there are some other minor sources inclt
ing mitochondria, xanthine oxidase, autoxidation of certain tissue metabolites,
chrome P450 enzymes such as NOS, cycloxygenase and lipoxy§énid3eilthough
metabolic processes that use oxygen are common in all cells, a disruption of suc
cesses is characteristic of degenerative diseases. Atherosclerosis, or age-related
of the vasculature, is associated with an oxidant stress that attenuates endotheli
pendent relaxations (for reviews, see 1€$73.

4.4. Reaction Between NO and Superoxide Anion

Experiments have shown that superoxide readily reacts with NO%t&Jsgenerating
peroxynitrite (ONOO). Beckmaret al®3proposed that peroxynitrite being in ttrans
configuration, decomposes to give hydroxyl radical by the following mechanism:

NO" +'0; —— ONOO (K)
ONOO + H* ——» ONOOH 0
ONOOH — » HO+ NG, M)
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This represents a novel mechanism of hydroxyl radical generation, which is nc
pendent on redox-active transition metals. The significance of this finding is still
cussed. Firstly, the products of a cleavage of protonated peroxynitriteaiitONQ)

were considered as compounds which can produce significant and irreversible d
to both microbes and host céli&1’7 However, the lack of toxic effects of perox
nitrite reported more recently by Assreetyal}’®throws a new light on peroxynitrite tox
icity. Moreover, it was also reported that nitric oxide protects against cellular damag
cytotoxicity from ROI (ref$’9:189. Thus, NO can possibly serve as a scavenger of t
superoxidé®®. Whether this is due to the formationai$ configuration of peroxynitrite
which rearranges to form non-toxic nitrdteis not known so far. If so, then it will be
important to determine the conditions for the formation ofdis@andtransisomers of
peroxynitrite in biological systems. On the other hand, since the formatiois-pér-

Fe¥ Multiple cellular sources  L-arginine + O»
(e.g. NADPH-oxidase) (NOS)

0/

0y + Fe?* H20,  ONOO' GSN=0O ferritin-Fe

/ \ f 02
cis-ONOO™  trans-ONOO i
(non-toxic)

GSH

c

e _
Fe®* + OH™ + HO* l RS____N=0
. ARl
HO NO, RS N=0
/ \ nitrosylation
ROO"® R—CgHs—NOy  (R)Na2N=O
peroxidation nitration nitrosation
cytolysis enzyme inhibition,
antioxidant effects,
cytostasis

Fic. 6

Schematic representation of the interactions between irot)(Rriperoxide ion*(5), nitric oxide
(NO) and thiols (GSH). NADPH-oxidase produc€ (pathwaysa—c), which is utilized by the neu-
trophil for defense of the extracellular environment. NO-synthase (NOS) produces NO (pajhi)ay
which functions in defense of the intracellular environment. Reactions betwgei©p and NO
(pathwaysd—f) produce highly reactive molecules (ONQ®O  and NQ), which indiscriminately
react with cellular components and may cause uncontrolled damage to the host cells. GSH r
react directly with NO flowing through pathwdy but with NO metabolites such as NQN,O; or
N,O, (modified from ref?'8)
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oxynitrite neutralizes the cytotoxicity of both superoxide and NO, it can provids
alternative reason for separate regulation of the synthesis of these two molecule:
Possible interactions between superoxide and NO are drawn in Fig. 6.

5. ROLES OF NO IN MAMMALIAN PHYSIOLOGY

5.1. Cardiovascular System

The identification of NO as EDRF (réf§ initially left impression that NO arises in th
vascular wall exclusively from a constitutive NO-synthase (cNOS) activity in el
thelial cells. Recently it has become clear that inflammatory stimuli can induc
inducible NO-synthase (iNOS) activity both in endothelitid§ and in vascular
smooth muscle celf&’”. The amounts of NO produced under these conditions is
greater than those produced by agonist-triggered endothelial cells. Thus in addi
regulation of basal blood presi#&'® NO of vascular origin may play a role in th
hypotension associated with the administration of LPS%t) or cytokines®, and
perhaps in septic shock.

The effects of NO of vascular origin were originally described as inhibition of
contraction of smooth muscle, of the adhesion and aggregation of pft&latsd of
the smooth muscle cell proliferati8ii Each of these effects has the potential to p
an important physiological and pathophysiological role. Endothelial NO productic
enhanced by agonists locally released from platelets (such as ATP/ADP, serc
thrombin) or produced by endothelial cells (bradykinin, endothelin); for reviews,
ref$9188 |t is also enhanced by shear stress, resulting in decreased vascular res
and enhanced blood fIG#?.

Dysregulation of NO production is implicated in the pathogenesis of some cardi
cular diseases. Impaired NO-related, endothelium-dependent vasorelaxation ha
observed in, and may contribute to essential hypertel¥§jghe endothelial dysfunc-
tion of hypercholesterolemi®, diabete¥’?>and the pulmonary arterial hypertension
chronic obstructive lung dised$2

5.2. Immune System

Recent studies have demonstrated a crucial role of NO in the antimicrobial and
ricidal activity of macrophagé$'®#1% Large amounts of NO produced by activat
cells serve to protect the host from viru$é4°/ bacteria, protozoa, helmin#f{8and

tumor cell§. The biochemical basis for the cytotoxicity induced by nitric oxide is
scribed in Chaptet.3 The role of NO in the immune system with respect to the in
action with superoxide ion is discussed in Chagtdr
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5.3. NO in Central Nervous System

One of the physiological roles proposed for NO in the central nervous system

long-term potentiation or depression (LTP or LTD, respectively) induced in respon
stimulation of excitatory amino acid receptors. Both LTP and LTD are considered
elements of experience-driven synaptic network remodelling that may underlie leg
and memory. As an example, LTP induction in the hippocampus requires the acti
of N-methylD-aspartate (NMDA) receptor channels and subsequent NO formatic
enhanced as a result of an increase iff D& post-synaptic elements. Thereafter, N
plays the role of a retrograde messenger capable of diffusing from post- to neigl
ing presynaptic neurons and then to potentiate their resif@ns©S inhibitors blunt
LTP in a stereospecific andarginine-dependent manrg:

Alternatively, NO production induced by activation of NMDA receptor may resul
negative feedback regulation of NMDA receptors which may be considered as a p
tive mechanism against calcium overload triggered by excessive NMDA channels
vatior?®%, However, depending on the redox state of neurons, NO production may
cause cytotoxic effectgia interaction with superoxide radicals resulting in generat
of peroxynitrit¢®2. This concept is discussed above (Chaptd)).

5.4. NO in the Peripheral Nervous System

Nitrogen oxide (NO) is now clearly identified as a transmitter or a modulator of
inhibitory autonomic nonadrenergic noncholinergic (NANC) innervation of smc
muscle in the gastrointestinal tract, pelvic viscera, airways?°3-2°7 Although the
exact nature of the relaxing NANC neurotransmitters released by these nerves t
been clearly established (adenosine, ATP, vasoactive intestinal peptide, subste
etc), experimental arguments are now accumulated indicating that NO is rele
simultaneously (blockade by NOS inhibitors or hemoglobin) and that part of the
response is attributable to NO-induced stimulation of guanylate cyclase in these s
muscles. Interestingly, hydroxocobalamine is a scavenger of NO (forming nitrosoc
amine) released from the endothelium but not from NANC né¥eShis property
may serve as an original tool for investigating the source of NO-mediated pharr
logical processes (endotheliuvs NANC nerves) since, in contrast to hydroxocob:s
amine, classical NOS inhibitors antagonize the release of NO regardless of its
Whether NO acts directly on the target cells as a neurotransmitter released frol
troxidergic” neurones or indirectly from non-neuronal cells containing NOS and st
lated by NANC nerves remains a matter of detfdte

Special attention has been paid to the penile corpus cavernosum smooth mu
rabbits and humans which contains a NANC inhibitory patiaglectrically evoked
relaxation of corpus cavernosum is antagonized by NOS-inhibitors and mimicke
nitric oxide donor§''-2'2 Thus, nitric oxide is probably the final common mediator
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penile erection. Some forms of impotence could result from defects in the NO-me¢
smooth muscle relaxation in corpus cavernoStm

5.5. NO in the Modulation of the Uterine Contractility

In 1993 Yallampalliet al?'>demonstrated the presenceleérginine/NO pathway in
the rat uterus where it inhibited uterine contractility during pregnancy but not du
labor. Histochemical and biochemical assays recently revealed the presence of N
the pregnant rat uterus and a significant decline in enzyme activity at parfifiticine
total NOS activity was reduced by nearly 70% in laboring rat uterus.

However, the precise mechanism of the uterine contractility modulation ren
unclear. On the one hand, the NOS activity that underwent the greatest decline b
the quiescent and laboring state of pregnancy was calcium-independent. This a
corresponds to the isoform that has been found in macrophages, suggesting that
phages could play a role in NO mediation of uterine quiescence during pregnanc
uterine contraction at parturition. This is supported by the fact that the numb
macrophages in the mouse decidua basalis during pregnancy is increased wit
sequent regression in the number of these cells at%er®n the other hand, the cal
cium-sensitive activity (corresponding to neuronal and endothelial NOS, see Ct
2.3) significantly decreased when the uterus was actively contracting, too. It may
spond to the NOS demonstrated in nerve fibers and varicosities. These nerve
stained avidly for NOS during pregnancy but lack of NOS staining at term may re
down regulation of NOS production in the nerve or degeneration of the nerv&ts
Nevertheless, the presently available findings demonstrate that NO plays a key |
the maintenance of the uterine quiescence during pregnancy and that reduced c
for its production could trigger the initiation of labor at term.

The authors are deeply indebted to Mrs M. Spundova for an excellent technical assistance
preparation of the manuscript.
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