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Abstract

The steady-state concentration and thus the biological effects of NO are critically determined not only by its rate of
formation, but also by its rate of decomposition. Bioreactivity of NO at physiological concentrations may differ substantially
from that suggested by in vitro experiments. The charge neutrality and its high diffusion capacity are hallmarks that
characterize NO bioactivity. Reactive oxygen derived species are major determinants of NO breakdown. Biotransformation
of NO and its related N-oxides occurs via different metabolic routes within the body. S-Nitrosothiols formed upon reaction
of NO with redox-activated thiols represent an active storage pool for NO. The major oxidative metabolites represent nitrite
and nitrate, the ratio of both is determined by the microenvironmental redox conditions. In humans, circulating nitrite
represents an attractive estimate of regional endothelial NO formation, whereas nitrate, with some caution, appears useful in
estimating overall nitrogen/NO turnover. Within the near future, more specific biochemical tools for diagnosis of reduced
NO bioactivity will become available. Increasing knowledge on the complex metabolism of NO in vivo will lead to the
development of new therapeutic strategies to enhance bioactivity of NO via modulation of its metabolism. ß 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The steady-state concentration of nitric oxide
(NO) is determined by its rate of formation and its
rate of decomposition. A proper knowledge of the
metabolism of NO is requisite for our correct under-
standing and evaluation of its biological e¡ects, and
also for the development of reliable analytical meth-
ods to assess the production of NO in biological
systems. The metabolic pathway of NO in the intact
organism depends strongly on its site of administra-
tion and on its site of formation. In this paper, ex-
perimental and clinical data on the most relevant
metabolic pathways of endogenously formed NO
and on the biotransformation of exogenously applied
NO and its related N-oxides (NOx) will be reviewed
with particular emphasis on its metabolic routes in
the human body (see Fig. 1). The chemistry of NO
oxidation will be summarized as far as it appears
necessary for the understanding of NO metabolism
in organisms, for detailed chemical analysis of this
issue, the reader is referred to the reviews of Cooper
and Hughes in this volume.

2. General considerations on the physicochemical
properties of NO and related N-oxides

Nitrogen is unique among the elements in forming
no fewer than seven molecular oxides, three of which
are paramagnetic, and all of which are thermody-
namically unstable with respect to decomposition
into N2 and O2 [1]. NO is a colorless gas that is
sparingly soluble in water (6 2 mmol under stand-
ardized temperature, pressure, dryness (STPD) con-
ditions). The paramagnetic NO molecule contains
and odd number of electrons, which explains its
high reactivity and radical nature. Aside from its

reaction with O2, NO principally may react by elec-
tron gain to form the nitroxyl anion NO3, and by
electron loss to form NO�, the nitrosonium ion [2].
The mode and rate of NO degradation may vary
considerably in the gaseous and in the aqueous phase
(see review by Hughes, this issue). The major break-
down product of NO in aqueous solutions is nitrite.
Kinetics of autoxidation of NO in aqueous solution
are dependent on the concentration of NO [3]. Con-
sequently, half-life is not a constant value and is in-
versely proportional to the concentration of NO, so
the half-life becomes much longer as nitric oxide be-
comes more dilute. At physiological concentrations
of NO (1 WM to 10 nM), the half-life of NO due to
the reaction with oxygen has been calculated to
range from 9 to 900 min [4]. In aqueous solution,
increasing partial oxygen pressure from 150 to 700
mmHg reduces half-life of a given amount of NO
from 6.2 to 3.8 s [5].

In biological systems, the mode and rate of NO
metabolism is dependent on its own concentration,
its di¡usibility, and the surrounding concentration of
other bioreactants. Di¡usion is essential for under-
standing the ability of NO to act as local modulator
and its major determinant of biological life time [4,6].
The charge neutrality of NO presumably facilitates
its free di¡usibility in aqueous solutions and across
cell membranes. Di¡usion constant of NO in aque-
ous solution amounts to 3300 Wm2 s31 at 37³C,
which is 1.4-fold larger than the di¡usion coe¤cient
of oxygen. The capacity of NO to di¡use long dis-
tances in tissues has been demonstrated using aque-
ous standards of authentic NO infused into coronary
circulation of saline perfused hearts. In the absence
of hemoglobin, NO rapidly di¡uses along the vascu-
lature and reaches vascular smooth muscle cells and
mitochondria of cardiomyocytes in su¤ciently bioac-
tive amounts to a¡ect coronary blood £ow and left
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ventricular function [7,8]. Within the myocardial tis-
sue, endothelial NO is avidly bound to myoglobin,
resulting in steady-state concentration of 0.1^0.3 WM,
which exerts inhibitory e¡ects on cytochrome oxidase
and the electron transfer of the respiratory chain in
the mitochondria [9]. Thus, in agreement with its
function as a paracrine mediator, NO can travel sig-
ni¢cant distances to reach target cells neighboring
the NO generating cell with little consumption or
direct reaction. Along this migration, in particular
at higher concentration, NO can interact with molec-
ular oxygen, thiols, and reduced hemoproteins. The
extent of either of these reactions largely depends on
the microenvironmental conditions under which NO
is released, most important, the concentration of oth-
er bioreactants [10], and this readily explains the
large variation in previously reported half-lives of
EDRF and NO (seconds to minutes) using di¡erent
bioassays and analytical techniques [11^13]. More
recently, it has been demonstrated that the reaction
of NO with O2 within the hydrophobic regions of
membranes is approximately 300 times more rapid
than in the surrounding aqueous medium [14]. That
implies that biological membranes and other hydro-
phobic tissue compartments are important sites for
disappearance of NO along its travelling from the
generating to the target cell.

Aside from molecular oxygen, several reactive oxy-
gen derived species (ROS), such as superoxide anion
(O3

2 ), hydrogen peroxide (H2O2) and hydroxyl radi-
cal (HOc) (for review see [15]) were suggested to be
involved in the breakdown of NO. The di¡erent ki-
netics of the reaction of NO with these oxygen-de-
rived radicals and their varying concentration in dif-
ferent cells and organs may account for the slight
inconsistency of the reported data on in vivo degra-
dation of NO. It has been shown that all three com-
pounds are produced by cells from mammalian spe-
cies, especially from the endothelial cells and
macrophages, both of which also capable of synthe-
sizing NO. Interestingly, it has been shown that pu-
ri¢ed constitutive, endothelial NO-synthase (ecNOS)
forms simultaneously NO and O3

2 , the ratio of both
depending on the concentration of the ecNOS sub-
strate L-arginine and the redox conditions of cofac-
tors [16]. NO reacts with O3

2 to form peroxynitrite
(ONOO3) at an almost near-di¡usion-limited rate of
6.7U109 M31 s31. Formation of peroxynitrite will

only occur where the appearance rate of NO and
superoxide formation are equal [17]. Peroxynitrite is
stable in alkaline solutions (pKa = 6.6), and decays
rapidly once protonated [4,18^20]. Di¡erent, and
not entirely clari¢ed, mechanisms have been dis-
cussed in the decomposition of peroxynitrous acid
[20^22]. It may decompose to hydroxyl radical and
nitrogen dioxide, both radicals held together in a
solvent cage. This cage mechanism may slow down
the decomposition process. Alternatively, an acti-
vated isomer of peroxynitrous acid (HOONOc) may
be formed. Under in vivo conditions, peroxynitrite
may react with the ubiquitous CO2 forming an un-
stable nitrosoperoxycarbonate anion adduct [23]. Ni-
trate is the major breakdown product of NO in the
presence of su¤cient amounts of O3

2 . Superoxide
dismutase (SOD) in cultured endothelial cells has
been shown to protect NO via reducing it to the
nitroxyl anion NO3 aside from dismutation of super-
oxide anions [24]. Thus the half-life of NO and the
ratio of the ¢nal NO metabolites in aqueous solu-
tions, namely nitrite and nitrate, will depend on such
surrounding conditions as the type and amount of
oxygen-derived radicals, the pO2, the pH, the con-
centration of transition metals, thiols. These param-
eters must be taken into account when planing in
vitro experiments on isolated organs, vessels, cells
and enzymes to study the biological e¡ects of NO
and when estimating NO synthesis via its oxidative
products nitrite and nitrate.

3. Estimates of NO biotransformation in mammalian
species

Monitoring of 15N-labeled nitrogen excretion in
urine and feces has been used to examine the bio-
transformation of NO and related N-oxides. Yoshida
and co-workers studied the metabolic pathways of
both inhaled 15NO (108 ppm) and combined 15NO
blood injections in male Wistar rats [25]. After ex-
posure, the 15N was found in high levels in the blood,
serum, red blood cells and urine of the rats, and at
low levels in the trachea, lung, liver, muscle and kid-
ney. These studies demonstrated that: (1) both in-
haled and injected NO rapidly enters circulating
red blood cells to become oxidized and subsequently
excreted in urine [25]; and (2) neither NO nor its
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metabolites are stored in relevant amounts in various
tissues for longer periods (see Fig. 1). In follow-up
balance studies, rats were given intraperitoneal injec-
tions of either 15N-labeled NO, nitrite and nitrate, or
were exposed to inhaled NO [26]. Up to 93% of the
inhaled 15N was recovered as nitrate in urine within
48 h. Comparable observations were made following
intraperitoneal injection of 15NO3

2 and 15NO3
3 . How-

ever, the 15N-urea content in urine was much lower
in the nitrate than in the nitrite injection, suggesting
that a fraction of injected nitrite entered the urea
cycle (see Fig. 1). Thus the major pathway for exo-
genously administered NO, at least in rats, involved
stepwise oxidation to nitrite and nitrate, the latter
being the major metabolite in urine [26].

Tannenbaum and his group later determined that
mammalian species are capable of endogenously pro-
ducing nitrate, the ¢nal urinary metabolite of NO.
Using orally administered, labeled (15NH3)-nitrogen,
they demonstrated that, in normal or germ-free rats,
the net excretion of nitrate is greater than the
amount ingested [27^29]. This disproved the notion
that the excess nitrate was derived exclusively from
bacterial synthesis of nitrate in the intestine. More-
over, almost 50% of the administered 15NH3 was
converted to nitrate and then excreted in the urine.
The remaining 50% of nitrogen nitrate was derived
from an as yet unidenti¢ed source. Using 15NH3 in
rats treated with endotoxin, it was demonstrated that
mammalian nitrate synthesis could be increased sev-
eral fold. At that time, it was concluded that the

pathway of nitrate biosynthesis may result from ox-
idation of reduced nitrogen compounds by oxygen
radicals generated by an activated reticuloendothelial
system [29]. Retrospectively, the increase in net ni-
trate synthesis in that study is now known with cer-
tainty to derive from inducible NO-synthase (iNOS).

As early as in 1916, it was proposed that body
tissues are able to produce nitrate [30]. The reported
estimates of net nitrate synthesis vary greatly, and
range from 150 to 1000 Wmol day31 [31^34]. Green
et al. observed that the amount of excreted nitrate in
urine was four times the amount ingested under con-
ditions of low nitrate ingestion. Balance studies with
15NO3

3 showed that endogenous biosynthesis of ni-
trate was the source of excess nitrate in urine. Anal-
ysis of 15NO3

3 data also revealed that half of all in-
gested nitrate was recovered as urinary nitrate [31].
However, nitrate balance studies using either labeled
or unlabeled nitrogen [31,33^36] provide only a
crude index for biotransformation and calculation
of endogenous L-arginine-derived NO synthesis in
humans, since the excretion of nitrite and nitrate,
the ¢nal metabolites of NO, is in£uenced by a num-
ber of other independent factors. These include: (1)
washout of previously ingested nitrate [33]; (2) in-
haled intake of atmospheric NOx compounds [33] ;
(3) metabolism by the urea cycle [26] ; (4) oxidation
of NOx in the gut; (5) absorption and reverse di¡u-
sion at di¡erent sites of the gastrointestinal tract (see
below); and (6) endogenous reduction of nitrate and
nitrite by mammalian tissue (see review by Zweier,

Fig. 1. Biotransformation of NO and its related N-oxides in mammalian organisms.
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[37]). Because of these factors, which all a¡ect nitro-
gen balance studies, urinary nitrate is a seemingly
unreliable parameter for studying the synthesis and
biotransformation of NO in humans.

Recently, this limitation has been in part overcome
by the administration of L-arginine with a 15N-gua-
nidino group to normal volunteers [38,39]. In these
studies, it has been shown, that nitrogen from L-ar-
ginine is incorporated into urinary nitrate in human
subjects [39]. Using 15N-labeled L-arginine, Castillo
et al. [38] demonstrated that 0.34% of all dietary
arginine was used for NO synthesis within the
splanchnic region and that 16% of the daily endoge-
nous nitrate output was formed from dietary argi-
nine taken up during its ¢rst pass within the splanch-
nic region. Finally, the fact that intravenous
infusions of [15N2]arginine labeled urinary NO3

3 to
a lower extent than intragastric administration of
the tracer indicates that there is signi¢cant compart-
mentation of arginine metabolism within the whole
body [38].

4. Metabolism of NO and related N-oxides in the
respiratory tract

NO is known to react with oxygen in air to form
the brown fumes of nitrogen dioxide (NO2). In the
gaseous phase, NO and NO2 are the major N-oxides
that humans are exposed to. NO and NO2 are in
dynamic equilibrium, so NO can be oxidized to
NO2, the rate of which depends on the presence of
dispersed particles, molecular oxygen, ozone (O3)
and solar radiation intensity. NO2 can also undergo
photodecomposition to form NO and O3. In gaseous
phases, the reaction velocity of NO and O2 is two
orders of magnitude lower as compared to that from
aqueous solutions. At room temperature, NO com-
bines with molecular oxygen to form NO2 at a rate
that is dependent on the oxygen concentration and
the square of the NO concentration [40]. Therefore,
oxidation is extremely slow at very low concentra-
tions. This ¢nding has important consequences for
the pathophysiological and pharmacological rele-
vance of NO in the respiratory tract.

In urban atmospheres, the NOx concentration rises
up to 0.1 ppm [41,42], mainly due to automobile
exhaust and industrial fumes. NO, rather than

NO2, is the major component of photochemical
smog. Thus, the inhabitants of industrialized nations
are exposed to daily concentrations of NO that
might achieve biological e¡ects if dissolved in aque-
ous solution. Puri¢ed water exposed to an urban
atmosphere for 1 h accumulates nitrite to a concen-
tration up to 300 nM [13]. The average human at-
mospheric exposure to gaseous nitrogen compounds
would amount to 1.5^3.1 mg nitrate day31, if all
inhaled N-oxides were converted within the body to
nitrate and then excreted in urine [33]. To under-
stand what happens to these N-oxides after inhala-
tion and entering the living body, it is important to
know how they normally react in aqueous solutions
and that the mode of reaction is oxygen dependent.
In the absence of oxygen, NO2 dimerizes to N2O4,
which then hydrolyzes to yield nitrite and nitrate. In
the presence of oxygen, NO2 readily combines with
an excess of NO to form N2O3, which then hydro-
lyzes to nitrite [12,43].

Three major physicochemical features of NO de-
termine its crucial role in the respiratory tract and
pulmonary circulation, which has led to the develop-
ment of new diagnostic and therapeutic approaches:
(1) the extremely slow reaction kinetics of NO and
oxygen in gaseous phases at low concentrations of
NO [40]; (2) its high di¡usion capacity; and (3) the
extremely rapid reaction of NO with HbO2. All of
these factors led to rapid removal of NO from the
lungs without systemic side e¡ects. Thus mainte-
nance and uptake of NO in the airways and in
lung tissue is mainly dictated by the binding of NO
to intravascular hemoglobin. Recent data suggest
that systemic side e¡ects of inhaled NO may occur
with higher doses of NO, such as inhibition of pla-
telet function and reduction of left ventricular per-
formance [44,45]. S-Nitrosoalbumin (SNO-Alb) and
S-nitrosohemoglobin (SNO-Hb) may represent pos-
sible candidates to mediate systemic biological e¡ects
of inhaled NO, which cannot be explained by NO
itself, because of its short half-life in circulating
blood [46].

NO has been introduced as a gas to test alveolar-
capillary di¡usion instead of CO, and is now com-
monly used [47,48]. NO inhalation (40^80 ppm) has
been suggested as a method of selectively reducing
pulmonary vascular and bronchial resistance without
reducing systemic blood pressure [49]. It has also
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been suggested that NO plays a role in the pulmo-
nary circulation and in the normal oxygenation of
blood through regulation of ventilation/perfusion
matching [50]. More recently, the presence of endo-
genously formed NO in the exhaled air of humans
(0.08 ppb), anesthetized rabbits (15 ppb) and guinea
pigs has been demonstrated [51^54], suggesting that
both exogenously applied and endogenously formed
NO may modulate bronchial resistance. Exhaled NO
derived from L-arginine may be formed either by
macrophages present in airway lining £uid, by the
pulmonary endothelium itself, or by epithelial cells
in the terminal and respiratory bronchioles or in
the nasopharynx [51,52,55].

5. Metabolism of NO and related N-oxides in the
systemic circulation

The metabolism of inhaled, injected and endoge-
nously formed NO, NO2, N2O3, NO3

2 and NO3
3 in

blood depends on di¡usion, convection, the distribu-
tion coe¤cient and chemical reactions within the dif-
ferent compartments of human blood (see Fig. 2 and
Table 1). Although NO may di¡use in tissue across
distances of more than 100 Wm, the hemoglobin of
circulating erythrocytes represent a signi¢cant sink
for NO [56]. Thus, red blood cells provide a drain
of NO that creates a sharp di¡usion gradient leading
to the vasculature. A red blood cell can reduce the
internal concentration of NO in an NO-producing
cell because oxyhemoglobin will greatly reduce the
re-entry of NO into the cell. Endothelium can
make 10- to 40-fold more NO than needed to acti-
vate guanylate cyclase, as measured by microelec-
trodes placed against isolated cells [57], but the
majority by the nitric oxide will be lost to the vas-
cular compartment. Even after nitric oxide has dif-
fused into the smooth muscle, it can rapidly di¡use
back along the di¡usion gradient to the red blood
cell [4]. Conductance of NO in blood was determined
to be 4.4 ml NO (STPD) min31 ml31 torr31 [47]. The
half-life of NO in blood has been estimated in the
range of 0.05^1.8 ms [11,58].

The uptake of gases such as O2, CO and NO by
erythrocytes involves: (1) di¡usion across the cellular
membrane; (2) intra-erythrocyteric di¡usion; and (3)
chemical combination with hemoglobin [59]. In vitro

combination of NO and free oxyhemoglobin is al-
most instantaneous [59,60]. The rate of this reaction
has been determined with a second-order rate con-
stant of 3.4U107 M31 s31 [61]. The rate constant for
NO uptake by human red blood cells was reported to
be 167 mM31 s31 [47,59]. Studies comparing shrunk-
en, discoid and spherical erythrocytes have demon-
strated that the orientation of membrane molecules
and the intracellular hemoglobin concentration are
critical determinants of the rate of NO uptake by
red blood cells [59]. In extension of these earlier ob-
servations, Liu and colleagues recently demonstrated,
that the reaction of NO with oxyhemoglobin within
the erythrocytes is limited by its di¡usion into the
cell [58] and that the hydrophobic micro-environ-
ment of the cellular membrane may represent an ad-
ditional sink for NO [14]. Thus, the rate of reaction
of NO with oxyhemoglobin within the erythrocytes is
up to 650 times slower compared to that with free
oxyhemoglobin [58]. When studying the reactions of
NO and its N-oxides with hemoglobin derivatives,
one must distinguish between hemoglobin (Hb), oxy-
hemoglobin (HbO2) and methemoglobin (MetHb),
all of which have a di¡erent a¤nity for NO. In the
absence of oxygen, the a¤nity of NO for hemoglobin
is about 1500 times higher than that of CO. The half-
time for dissociation of the ¢rst NO molecule from
Hb4(NO)4 at 19³C is about 8 h at pH 9, and 3 h at
pH 6 [62]. NO combines with reduced hemoglobin 5^
20 times faster than oxygen [62]. The rate constants
for the combination of sheep hemoglobin with the
¢rst and fourth molecules of NO are 3U107 and
2.5U107 M31 s31, respectively [63]. Only under anaer-
obic conditions NO does combine with hemoglobin
to form nitrosyl-hemoglobin, whereas in the presence
of oxygen methemoglobin is the dominant product.
Oda et al. [64] were the ¢rst to identify very small
amounts of nitrosylhemoglobin in the blood of mice
after inhalation of 10 ppm NO for 1 h. The di¤culty
in detecting nitrosylhemoglobin in vivo is due to the
fact that nitrosylhemoglobin in the presence of oxy-
gen and methemoglobin reductase is rapidly con-
verted to HbO2 via MetHb within the erythrocyte
[65]. The reaction of NO with oxyhemoglobin di¡ers
from its reaction with Hb and MetHb in that the
kinetics are even more rapid, and that the underlying
mechanism is a co-oxidation of NO and oxyhemo-
globin [66]. In partially deoxygenated solutions con-
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taining HbO2 and Hb exposed to NO, the propor-
tion of MetHb and nitrosylhemoglobin corresponded
closely to the initial ratio of [HBO2] to [Hb] [66].
This ¢nding has recently been con¢rmed: in venous
blood exposed to NO, more nitrosylhemoglobin and
less nitrate was detected as compared to arterialized
blood, in which more nitrate and less nitrosylhemo-
globin was measured [67]. Also, the reaction of NO
with the cysteine-L93 of the L-subunit forming S-ni-
trosohemoglobin is oxygen-dependent and facilitated
in the oxygenated status, whereas deoxygenation is
accompanied by an allosteric transition in SNO-Hb
that releases the NO group [46]. It has been sug-
gested that this conformation-associated changes in
the position of cysteine-L93-SNO brings local blood
£ow in line with oxygen requirements [68]. In vitro, it
has been shown that a small fraction of oxyhemoglo-
bin reacts with peroxynitrite, another oxidative inter-
mediate of NO metabolism [69]. The in vivo rele-
vance of this observation has yet to be established.

The nitrite anion is a causative factor of methemo-
globinemia. In plasma NO is oxidized almost com-
pletely to nitrite, where it remains stable for several
hours [13,70]. In contrast, nitrite is rapidly converted

to nitrate in whole blood. Oxidation of hemoglobin
by nitrite under aerobic conditions occurs via a slow
single-electron transfer from nitrite to the bound di-
oxygen of hemoglobin, and a rapid subsequent auto-
catalytic mechanism in which either a superoxide
anion, peroxide, nitrogen dioxide, a peroxynitrate
ion or a free methemoglobin radical is assumed to
be involved [65,71^74]. The in vivo relevance of these
mechanistic in vitro investigations has been con-
¢rmed recently: intratracheal administration of
13NO3

2 to rats or mice revealed that 70% of the
13N was converted to 13NO3

3 and 27% remained as
nitrite. The conversion site was within the erythro-
cyte, and the rate of conversion in rabbits was slower
than in mice [75]. After an intravenous injection of
sodium nitrite solution, the blood concentration of
nitrite in rabbits decreased rapidly in a ¢rst-order
manner [76]. When 5 WM NO3

2 is added to human
blood, it is completely converted to nitrate within
approximative 10 min [70]. The half-life of nitrite
in human blood amounts to 110 s (see Fig. 3). This
conversion is pH- and temperature-dependent, but is
not dependent on the amount of free hemoglobin
[13,70]. The above-mentioned lag period in the reac-

Fig. 2. Simpli¢ed scheme of possible metabolic pathways of NO in circulating blood. NO released from endothelial cells may reach
the erythrocytes to react with either oxyhemoglobin to form nitrate, or with hemoglobin to form nitrosylhemoglobin, or with the 93-
cysteine residue of the L-subunit to form S-nitrosohemoglobin. The ratio of these reactions is dependent on partial oxygen pressure.
In the aqueous phase of the plasma, NO may react with molecular oxygen to form nitrite, or with superoxide to form peroxynitrite.
The subsequent decomposition of peroxynitrite and thus the ratio of formed nitrite and nitrate depends on the surrounding condi-
tions. Alternatively, the nitrosonium moiety of NO may react with thiols in the presence of electron acceptors to form nitrosothiols.
The majority of the metabolic routes in plasma lead to the oxidative intermediate nitrite (shaded area).
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tion of NO3
2 and HbO2 is one of the prerequisites to

capture nitrite during blood sampling and to use ni-
trite levels as a reliable parameter for the assessment
of NO release by ecNOS from endothelial cells in
humans.

The metabolic pathways of NO and its N-oxides in
plasma di¡er somewhat from those in red blood cells
(see Fig. 2). When human plasma is exposed to NO
or NO2, a rapid loss of anti-oxidants, such as ascor-
bic acid, uric acid and most importantly protein thi-
ols, occurs [77]. The greater prevalence and reactivity
of thiols over other biological nucleophiles explain
the propensity for S-nitrosothiol (RSNO) formation.
NO does not react directly with thiols [78]. Thiols in
the presence of electron acceptors (redox-activated
thiols) react with the nitrosonium moiety of NO to
form RSNO which may represent a storage pool for
NO [79^82]. Human plasma contains low micromo-
lar concentrations of RSNO (see Table 1), the ma-
jority of which are accounted for by S-nitroso serum
albumin [83^85]. Cysteine is the sole thiol source
in proteins and also serves as the thiol residue of
glutathione. The level of total glutathione
(GSH+GSSG) amounts to about 20 WM, about
85% of which is in the form of GSH [86,87]. The
GSH status in plasma might a¡ect the metabolism
of NO. Thus, the major RSNO-compounds di¡er
with respect to their circulating concentration and

half-life following the rank order: SNO-Alb, S-nitro-
soglutathione (GSNO), S-nitrosocysteine (CysNO)
(see Table 1). This is of great signi¢cance for NO
metabolism and the biological e¡ects of endothelial
NO released into circulating blood at a constant rate
by ecNOS.

In the following, only the mechanisms and aspects
of RSNO decomposition will be discussed as far as
relevant to the understanding of NO metabolism.
For detailed analysis of the chemistry of thiols and
RSNO, reviews on this subject [88,89] and the review
by Gaston in this issue are referred. Biological ac-
tions of S-nitrosothiols may be associated with het-
erolytic as well as homolytic mechanisms of de-
composition, forming either NO�, NOc, NO3.
Heterolytic pathways of RSNO decomposition ap-
pear to predominate over the homolytic release of
NO and account for many biological activities
[46,89]. Superoxide is involved in the metabolism of
the CysNO and GSNO. The substantially slower re-
action rates of superoxide with nitrosothiols relative
to the reaction rate with NO are consistent with the
contention that the transient formation of RSNO
stabilizes bioactive amounts of NO, thus enabling
these compounds to serve as carriers or bu¡ers of
NO [90]. The presence of trace transition metal
ions such as Cu2� and most importantly Cu1� [91],
which are present in most bu¡er systems and in cir-

Table 1
Synopsis of NO, N-oxides and their predominant bioreactants in circulating blood

Parameter Molecular weight
(g)

Concentrationa;b

(Wmol l31)
Half-lifea Reference

Nitric oxide NO 30 0.003^1.0 (P) 0.05^1 s (B) [4,11,70,83,97,128]
Nitrite NO3

2 46 0.1^0.5 (P) 110 s (B) [106]
Nitrate NO3

3 62 30^60 (P) 5^8 h (B) [34,128]
Peroxynitrite ONOO3 62 n.d.c n.d.c

Hemoglobin Hb 64 458 2.2U103 (B) [41,129]
Albumin Alb 69 000 500 (P) [83,129]
Glutathione Glu 307 20 (P) 25^45 min [86,89]
Cysteine Cys 121 10^30 (P) [88,89]
S-Nitrosoalbumin SNO-Alb 69 029 0.25^7.0 (P) 15^40 min [4,82,83,85,88]
S-Nitrosoglutathione GSNO 361 0.02^0.2 (P) 8 min [85,88]
S-Nitrosocysteine CysNO 160 0.2^0.3 (P) 6 1 min [88,93]
Nitrosylhemoglobin NO-Hb 64 488 0.5 (a)^0.9 (v) (B)(B) 6 1 min [46]
S-Nitrosohemoglobin SNO-Hb 64 487 0.3 (a)^0.003 (v) (B) 6 1 min [46,88]
aConcentration or half life of respective constituent in: (P), plasma; or (B), blood.
b(a), arterial, (v), venous.
cn.d., not determined or no precise literature data available
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culating blood (in human blood: 1 WM of soluble Cu
and about 15 WM of total Cu) stimulates the break-
down of S-nitrosothiols to NO and disul¢de. Thiyl
radicals are not formed as intermediates in this proc-
ess. Reducing agents, such as glutathione and ascor-
bate, can stimulate decomposition of S-nitrosothiols
by chemical reduction of contaminating transition
metal ions. Equilibrium constants of transnitrosation
reactions indicate that S-nitrosoglutathione forma-
tion is favored [92]. The transfer of NO from albu-
min to L-cysteine was directly measured in rabbit
plasma, indicating that in vivo an intensive NO ex-
change between high and low molecular weight thiol
pools may exist [93]. Thus, NO can be stabilized via
its intermediate SNO-Alb serving as reservoir for
highly reactive and short-lived low molecular weight
nitrosothiols (GSNO and CysNO), which readily can
pass cellular membranes and get intracellular access
to the NO target cell. The relevance of this concept
to the in vivo situation has yet to be established.
Con£icting with reports in vitro, the thiol N-acetyl-
cysteine does not modulate endothelium-derived re-
laxing factor (probably NO-mediated) responses at
least in the human forearm circulation [94]. Further-
more, the in vitro production of NO from RSNOs
does not always correlate with the extent of its vaso-
dilatory e¡ects [88]. Nevertheless, at least GSNO has
been proven to be a selective and potent inhibitor of
platelet activation in humans [95].

6. Circulating blood nitrite and nitrate as markers of
endogenous NO synthesis

In general, the NO detected at the luminal surface
of the endothelium may re£ect only a relative index
of total NO synthesized in the vascular endothelium
[96]. However, there is compelling experimental evi-
dence that the NO, and thus also its oxidative prod-
ucts nitrite and nitrate, detected at the luminal side
re£ects a constant proportion of total endothelial
NO synthesis [6,12,97]. Nitrite is the primary oxida-
tive product of NO derived from the conversion of L-
arginine to NO by the puri¢ed enzyme ecNOS [98].
Depending on the microenvironmental redox-condi-
tions it may be further oxidized to nitrate. The ra-
tionale to quantify endogenous NO formation via
the measurement by the sum of its N-oxides is prin-

cipally supported by the observation that circulating
NOx plasma levels are reduced by about 50% in ec-
NOS-knock-out mice as compared to control mice:
0.74 vs. 1.6 WM [99]. However, nitrite and nitrate
di¡er considerably in their half-life and distribution
volume, and, therefore, in their speci¢city in re£ect-
ing endothelial NO synthesis.

The serum concentration of nitrite might be af-
fected not only by the endothelial synthesis of NO
and its aforementioned oxidative pathways, but also
by the further metabolism of nitrite (see Fig. 2). Be-
cause of the short half-life of nitrite (see Fig. 3), the
simple measurement of plasma nitrite ex vivo with-
out preventing its rapid conversion to nitrate during
blood sampling is unlikely to be a reproducible and
accurate measure of endogenous NO synthesis. Be-
cause of its rapid turnover, plasma nitrite remains
almost constant [100], even following NO inhalation
[101]. Up to now, most studies have either failed to

Fig. 3. Half-life of nitrite in human blood. Fifty percent of ni-
trite added to human blood (0.1^10 WM) is rapidly converted
to nitrate within 110 s, whereas nitrate is stable in blood for
hours.
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detect NO/NO3
2 in the bloodstream, or they meas-

ured levels that were markedly inconsistent (the re-
ported ¢gures range from 3 nM to 20 WM)
[41,67,83,102]. In experimental settings, NO at the
luminal site of vascular endothelium has been re-
ported to be in the nanomolar to low micromolar
concentration range (0.3^1.3 WM) in di¡erent vascu-
lar beds [12,97,103,104]. Using 15N-labeled L-argi-
nine, it has been demonstrated in fasted young vol-
unteers that almost all of the circulating nitrite (90%)
is derived from the L-arginine^NO pathway [105].
Circulating nitrite can be derived from either NO
or alternatively from NO-related adducts, such as
peroxynitrite or RSNO. The reported data for serum
NO/NO3

2 in humans [103,105,106] are in line with
the concentration range of NO expected from exper-
imental data. At present, it cannot be distinguished
to which proportion the serum nitrite is derived from
NO or its related adducts (see Fig. 2). Nitrite may
arise from the reaction of endothelium-derived NO
with molecular oxygen or alternatively, in the pres-
ence of oxygen-derived radicals NO may be released

from the endothelium as peroxynitrite, which in turn
can react with circulating thiols to form nitrosothiols
or directly decompose to nitrite and oxygen [107].
Serum nitrosothiols are likely to be destabilized in
part during sampling procedure and consecutively
to form nitrite.

Recently, using highly sensitive HPLC techniques
for measurement of nitrite in combination with a
speci¢c sampling procedure preventing degradation
of blood nitrite [106], and standard plethysmo-
graphic techniques for quanti¢cation of forearm
blood £ow [108] we tested the speci¢city of serum
nitrite as an indicator of basal and stimulated NO
formation in human forearm vasculature in healthy
volunteers (see Fig. 4). Inhibition of ecNOS by L-
NMMA diminished endothelium-dependent £ow re-
sponse and nitrite concentration in the draining an-
tecubital vein under basal and acetylcholine-stimu-
lated conditions. In contrast, both parameters were
not a¡ected by the endothelium-independent vasodi-
lator papaverine. The notion that serum nitrite sen-
sitively re£ects changes in endothelial NO formation

Fig. 4. Speci¢city of nitrite as an index of endothelial NO synthesis in humans. Left-hand panels: upon infusion of acetylcholine into
the brachial artery forearm blood £ow (FBF) and serum nitrite in the antecubital vein increased signi¢cantly. Inhibition of endothelial
cNOS by L-NMMA (4 WM) signi¢cantly reduced both responses (closed triangles, control; open triangles, L-NMMA). Right-hand
panels : acetylcholine-induced (ACH) changes in nitrite were speci¢c, as the endothelium-independent vasodilator papaverine (PAP) in-
creased FBF to a comparable extent without a¡ecting nitrite (n = 12).
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is further strengthened by the observation that the
time course of acetylcholine-induced changes in ni-
trite closely paralleled the changes in £ow.

Uptake of endogenously formed NO into the red
blood cells with subsequent conversion to nitrate is
one of the possible metabolic pathways of NO in
humans [101]. Caution should be exercised when in-
creases in plasma nitrate as an index of NO forma-
tion are evaluated [100]. Sophisticated GC/MS tech-
niques using labeling of circulating nitrate pool with
either 15N or 18O isotopes may be helpful to assess
whole-body NO production via urine and plasma
analysis, although this approach does also not allow
to distinguish between vascular and non-vascular
sources of NO formation [105,109^111]. Further-
more, the serum level of nitrate appears to be an
unreliable measure of regional changes in ecNOS ac-
tivity as this parameter is in£uenced by a variety of
ecNOS-independent factors, such as the dietary ni-
trate intake, formation of saliva, bacterial synthesis
of nitrate within the bowl, denitrifying liver enzymes,
inhalation of atmospheric gaseous nitrogen com-
pounds, and the renal function [32,33,112^114]. Fur-
thermore, the natural abundance of nitrate with a
rather high background concentration in human
blood (micromolar range) would hamper exact meas-
urement of changes in endogenous NO formation by
ecNOS (nanomolar range).

The calculated half-life of circulating nitrate
amounts to 230 min [100] in dogs and up to 8 h in
humans [34]. This means that it would take about
20 h, that is ¢ve half-lives, to clear an elevated nitrate
level from plasma. This clearance rate is rather slow
because at least two renal mechanisms, ¢ltration and
reabsorption, will determine not only the plasma
half-life of nitrate, but also the amount of nitrate
appearing the urine. Because of the long half-life,
nitrate will accumulate not only in the venous blood,
but also in arterial blood, which prevents exact cal-
culation of the arterial^venous nitrate di¡erence, the
real measure of production by the whole body or a
speci¢c organ. Even measurement of the arterial^ve-
nous nitrate di¡erence across an organ may not re-
£ect the molar production rate of NO. The volume
distribution of nitrate in the conscious dog was
found to closely approximate the extracellular £uid
volume, not the plasma volume [100]. Therefore,
since the extracellular volume is about 5-fold that

of the plasma volume (21.5 to 4% of body weight,
respectively), the measurement of the concentration
of nitrate in plasma will grossly underestimate the
real production rate of NO. Measuring a plasma
concentration of 30 WM in a 70-kg man (plasma
volume about 3 l) re£ect an actual amount of 90
Wmol circulating nitrate. Taking into account the to-
tal extracellular volume, that is almost 15 l (21% of
70 kg), the total nitrate is 450 Wmol. Thus, in disease
states, e.g. heart failure, in which renal function and/
or extracellular volume is altered, the plasma half-life
of nitrate may even increase and thus the comparison
of plasma venous nitrate in normal patients and pa-
tients with heart failure may not re£ect an increased
production of NO/nitrate but rather an altered ex-
cretion of nitrate [100].

7. Metabolism of NO and related N-oxides in the
gastrointestinal tract

N-oxides in the intestine undergo a continuous
succession of changes, nitrate and nitrite being either
generated by nitri¢cation, destroyed by reductive me-
tabolism or chemical reaction, or transferred across
the intestinal wall either to or from the bloodstream.
Conditions in the lower gastrointestinal tract favor
bacterial denitri¢cation [113], whereas nitrite oxida-
tion predominates elsewhere in the gut [115,116].
Two-thirds of the nitrite entering the stomach origi-
nates in the saliva and slightly less than one-third
comes from nutrients [117]. In human saliva, the ni-
trate concentration was found to range from 200 to
600 WM, and nitrite ranges from 30 to 210 WM [118].
Bacterial reduction of nitrate to nitrite within the
human saliva depends on the pH, oxygen content
and character of bacterial £ora [42]. The dorsal sur-
face of the tongue harbors large numbers of nitrate-
reducing facultative anaerobic bacteria [119]. Some
of these bacteria can further utilize nitrite to NO
or even dinitrogen under anaerobic conditions (see
review by Watmough in this issue, [120]). The sali-
vary nitrite concentration is directly proportional to
the amount of nitrate ingested. Ingested nitrite can
be acidi¢ed within the stomach with subsequent di-
merization and dehydration to form N2O3, which
potentially can be converted to NO and NO2 [42].
Recently gastric NO concentration was reported to
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amount to 16 ppm, which could be increased almost
6-fold after oral administration of 2 mmol of potas-
sium nitrate [119]. Some of the ingested nitrite is
carried to the small intestine, where it is oxidized
to nitrate [42].

There is little or no uptake of nitrate from the
stomach. Uptake of nitrate from the gastrointestinal
lumen, which occurs primarily in the small intestine,
appears to be an active process. However, certain
quantities of nitrate can reach the lower intestinal
tract via the intestinal tube or by reverse di¡usion
from blood [34]. About 40^45% of ingested nitrate is
metabolized in the body rather than being excreted in
urine as nitrate, thus approximately half is metabo-
lized by mammalian processes and approximately
half by enteric bacteria, predominately by those of
the large bowel [112]. The ability to excrete nitrate
into the small intestine is unique to rats and does not
apply to humans ^ a fact that must be considered
when trying to extrapolate the results of studies on
NO/NO3

3 metabolism in rats to humans [42]. A sig-
ni¢cant increase of plasma nitrate in patients with
infective gastroenteritis has been described recently
[121].

8. Metabolism of NO and related N-oxides in urine

Due to the conversion of NO and nitrite to nitrate,
NO3

3 is the ¢nal metabolite of NO in human urine.
Nitrate is ¢ltered in the glomerula and reabsorbed in
the renal tubules. The concentration of nitrate in
urine is 250^2000 WM, whereas nitrite and NO usu-
ally are not detectable [118]. This fact is commonly
used for diagnosis of urinary tract infections, in
which bacterial contamination leads to NO synthesis
and later nitrate synthesis within the urinary tract.
Soluble and particulate fractions of human infected
urine contain an isoform of NO synthase which is an
endogenous source of urinary nitrite [122]. Whether
or not human urothel expresses constitutive and in-
ducible NO synthase remains unclear at present.

9. Daily production and breakdown of NO in
mammalian species

The steady-state concentration of NO is deter-

mined by the rate of formation and the rate of de-
composition. The rate of NO production by endo-
thelial cells in situ or in culture was measured at
around 4 pmol min31 mg protein31 [123,124]. This
would account for an NO production of 0.8 pmol
min31 mg31 endothelial cells, the mass of which is
1.5 kg in the whole body. Thus, the entire daily pro-
duction of endothelial NO by the ecNOS would
amount to 1728 Wmol person31, provided that these
in vitro data on endothelial NO formation can be
extrapolated to the in vivo situation and given the
fact that iNOS do not produce signi¢cant amounts
of NO under control conditions. These data perfectly
¢t with previous data, reporting a net synthesis of
nitrate, the stable end product of NO metabolism,
in the range from 1200 to 2200 Wmol person31

day31 [125]. Given a total of 450 Wmol nitrate (see
Section 6) in a 70-kg man and the reported nitrate
half-life of 8 h in humans [34,126], the rate of NO/
nitrate formation could be estimated with about 1050
Wmol 24 h31, which also is in line with the aforemen-
tioned calculations of daily NO production in hu-
mans.

However, a great deal of caution should be used
when estimating daily NO formation via its break-
down product nitrate. About 50% of circulating ni-
trate depends directly on oral nitrate intake [34,42].
The high intraindividual and interindividual variance
of circulating nitrate levels and urinary nitrate excre-
tion is illustrated by the fact that the daily nitrate
intake ranges from 75 to 150 mmol, while the output
exceeds the input by a factor of 2^60 [34]. Therefore,
human plasma and urine nitrate measurements
should be determined only after a low nitrate/nitrite
diet for at least 4 days, because substantial intraindi-
vidual variation of plasma nitrate became less after
the fourth day of diet [127]. Furthermore, it has been
suggested to measure urine samples taken before ni-
trate-rich meals re£ects more reliably endogenous
NO/nitrate formation as compared to samples taken
from the combined 24-h urine [114].

10. Conclusions

Biotransformation of NO and its related N-oxides
occurs via di¡erent metabolic routes within the body.
The major oxidative metabolites represent nitrite and
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nitrate, the ratio of both is determined by the micro-
environmental redox conditions. In humans circulat-
ing nitrite represents an attractive estimate of region-
al endothelial NO formation, whereas nitrate, with
some caution, appears useful in estimating overall
nitrogen/NO turnover. Within the near future,
more speci¢c biochemical tools for diagnosis of re-
duced NO bioactivity will become available. Increas-
ing knowledge on the complex metabolism of NO in
vivo will lead to develop new therapeutic strategies to
enhance bioactivity of NO via modulation of its me-
tabolism.

Acknowledgements

This work was supported by a grant form the
Deutsche Forschungsgemeinschaft Ke 405/4. M.K.
is a recipient of a Gerhard-Hess-Award from the
Deutsche Forschungsgemeinschaft.

References

[1] N.N. Greenwood, A. Earnshaw, Chemistry of the Elements,
Pergamon Press, New York, 1984, pp. 508^527.

[2] R.B. Heslop, K. Jones, Inorganic Chemistry, Elsevier, Am-
sterdam, 1976, pp. 424^432.

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

[4] J.S. Beckman, W.H. Koppenol, Nitric oxide, superoxide,
and peroxynitrite: the good, the bad, and the ugly, Am.
J. Physiol. (Cell Physiol.) 271 (1996) C1424^C1437.

[5] M. Kelm, M. Feelisch, A. Deussen, J. Schrader, B.E. Strau-
er, The role of nitric oxide in the control of coronary vas-
cular tone in relation to partial oxygen pressure, perfusion
pressure and £ow, J. Cardiovasc. Pharmacol. 17 (1991) 95^
99.

[6] J.R. Lancaster Jr., Simulation of the di¡usion and reaction
of endogenously produced nitric oxide, Proc. Natl. Acad.
Sci. USA 91 (1994) 8137^8141.

[7] M. Kelm, M. Feelisch, T. Krebber, A. Deussen, W. Motz,
B.E. Strauer, Role of nitric oxide in the regulation of coro-
nary vascular tone in hearts from hypertensive rats. Main-
tenance of nitric oxide-forming capacity and increased basal
production of nitric oxide, Hypertension 25 (1995) 186^193.

[8] M. Kelm, S. Scha«fer, R. Dahmann, B. Dolu, S. Perings, U.
Decking, J. Schrader, B.E. Strauer, Nitric oxide induced
contractile dysfunction is related to a reduction in myocar-
dial energy generation, Cardiovasc. Res. 36 (1997) 185^194.

[9] J.J. Poderoso, J.G. Peralta, C.L. Lisdero, M.C. Carreras, M.
Radisic, F. Scho«pfer, E. Cadenas, A. Boveris, Nitric oxide

regulates oxygen uptake and hydrogen peroxide release by
the isolated beating rat heart, Am. J. Physiol (Cell Physiol.)
274 (1998) C112^C119.

[10] M. Kelm, R. Dahmann, D. Wink, M. Feelisch, The nitric
oxide-superoxide assay: insights into the biological chemis-
try of the O2/NO-interaction, J. Biol. Chem. 272 (1997)
9922^9932.

[11] C. Borland, Endothelium in control, Br. Heart J. 66 (1991)
405.

[12] M. Kelm, J. Schrader, Control of coronary vascular tone by
nitric oxide, Circ. Res. 66 (1990) 1561^1575.

[13] R. Grube, M. Kelm, W. Motz, B.E. Strauer, in: S. Monca-
da, M. Feelisch, R. Busse, E.A. Higgs (Eds.), The Biology of
Nitric Oxide, Vol. 4, Enzymology, Biochemistry and Immu-
nology, Portland Press, London, 1994, pp. 201^204.

[14] X. Liu, M.J.S. Miller, M.S. Joshi, D.D. Thomas, J.R. Lan-
caster, Accelerated reaction of nitric oxide with O2 within
the hydrophobic interior of biological membranes, Proc.
Natl. Acad. Sci. USA 95 (1998) 2175^2179.

[15] H. Sies, Oxidative stress: from basic research to clinical ap-
plication, Am. J. Med. 91 (1991) 31S^38S.

[16] H.H.H.W. Schmidt, H. Hofmann, U. Schindler, Z.S. Shu-
tenko, D.D. Cunningham, M. Feelisch, No cNO from NO
synthase, Proc. Natl. Acad. Sci. USA 93 (1996) 14492^
14497.

[17] A.M. Miles, D.S. Bohle, P.A. Glassbrenner, B. Hansert,
D.A. Wink, M.B. Grisham, Modulation of superoxide-de-
pendent oxidation and hydroxylation reactions by nitric ox-
ide, J. Biol. Chem. 271 (1996) 40^47.

[18] J.S. Beckman, T.W. Beckman, J. Chen, P.A. Marshall, B.A.
Freeman, Apparent hydroxyl radical production by peroxy-
nitrite: Implications for endothelial injury from nitric oxide
and superoxide, Proc. Natl. Acad. Sci. USA 87 (1990) 1620^
1624.

[19] N.V. Blough, O.C. Za¢riou, Reaction of superoxide with
nitric oxide to form peroxonitrite in alkaline aqueous solu-
tion, Inorg. Chem. 24 (1985) 3502^3504.

[20] W.A. Pryor, G.L. Squadrito, The chemistry of peroxynitrite:
a product from the reaction of nitric oxide with superoxide,
Am. J. Physiol. (Lung Cell Mol. Physiol.) 268 (1995) L699^
L722.

[21] M.N. Hughes, H.G. Nicklin, The chemistry of pernitrites.
Part I. Kinetics of decomposition of pernitrous acid, Inorg.
Nucl. Chem. 24 (1967) 450^452.

[22] S.J. Klebano¡, Reactive nitrogen intermediates and antimi-
crobial activity: role of nitrite, Free Radic. Biol. Med. 14
(1993) 351^360.

[23] R.M. Uppu, G.L. Squadrito, W.A. Pryor, Acceleration of
peroxynitrite oxidations by carbon dioxide, Arch. Biochem.
Biophys. 327 (1996) 335^343.

[24] M.E. Murphy, H. Sies, Reversible conversion of nitroxyl
anion to nitric oxide by superoxide dismutase, Proc. Natl.
Acad. Sci. USA 88 (1991) 10860^10864.

[25] K. Yoshida, K. Kasama, M. Kitabatake, M. Okuda, M.
Imai, Metabolic fate of nitric oxide, Int. Arch. Occup. En-
viron. Health 46 (1980) 71^77.

BBABIO 44733 26-4-99

M. Kelm / Biochimica et Biophysica Acta 1411 (1999) 273^289 285



[26] K. Yoshida, K. Kasama, M. Kitabatake, M. Imai, Biotrans-
formation of nitric oxide, nitrite and nitrate, Int. Arch. Oc-
cup. Environ. Health 52 (1983) 103^115.

[27] L.C. Green, S.R. Tannenbaum, Nitrate synthesis in the
germfree and conventional rat, Science 212 (1981) 56^58.

[28] D.A. Wagner, L.L. Moldawer, J.J. Pomposelli, S.R. Tannen-
baum, V.R. Young, Nitrate biosynthesis in the rat. Precur-
sor-product relationships with respect to ammonia, Biochem.
J. 232 (1985) 547^551.

[29] D.A. Wagner, V.R. Young, S.R. Tannenbaum, Mammalian
nitrate biosynthesis : incorporation of 15NH3 into nitrate is
enhanced by endotoxin treatment, Proc. Natl. Acad. Sci.
USA 80 (1983) 4518^4521.

[30] H.H. Mitchell, H.A. Shonle, H.S. Grindley, The origin of
the nitrates in the urine, J. Biol. Chem. 24 (1916) 461^490.

[31] L.C. Green, K.R. Luzuriaga, D.A. Wagner, W. Rand, N.
Istfan, V.R. Young, S.R. Tannenbaum, Nitrate biosynthesis
in man, Proc. Natl. Acad. Sci. USA 78 (1981) 7764^7768.

[32] M.S. Kurzer, D.H. Calloway, Nitrate and nitrogen balances
in men, Am. J. Clin. Nutr. 34 (1981) 1305^1313.

[33] K. Lee, J.L. Greger, J.R. Consaul, K.L. Graham, B.L.
Chinn, Nitrate, nitrite balance, and de novo synthesis of
nitrate in humans consuming cured meats, Am. J. Clin.
Nutr. 44 (1994) 188^194.

[34] S. Tannenbaum, Nitrate and nitrite: origin in humans, Sci-
ence 205 (1994) 1333^1335.

[35] M. Feelisch, J.F. Martin, The early role of nitric oxide in
evolution, TREE 10 (1995) 496^499.

[36] A. Wennmalm, B. Lanne, A. Petersson, Detection of endo-
thelial-derived relaxing factor in human plasma in the basal
state and following ischemia using electron paramagnetic
resonance spectrometry, Anal. Biochem. 187 (1990) 359^363.

[37] F. Bernheim, M. Dixon, The reduction of nitrates in animal
tissues, Biochem. J. 22 (1928) 125^134.

[38] L. Castillo, T.C. DeRojas, T.E. Chapman, J. Vogt, J.F.
Burke, S.R. Tannenbaum, V.R. Young, Splanchnic metabo-
lism of dietary arginine in relation to nitric oxide synthesis in
normal adult man, Proc. Natl. Acad. Sci. USA 90 (1993)
193^197.

[39] C.D. Leaf, J.S. Wishnok, R.S. Tannenbaum, L-Arginine is a
precursor for nitrate biosynthesis in humans, Biochem. Bio-
phys. Res. Commun. 163 (1989) 1032^1037.

[40] A.T. Austin, The chemistry of the higher oxides of nitrogen
as related to the manufacture, storage and administration of
nitrous oxide, Br. J. Anaesth. 39 (1967) 345^350.

[41] G. Freeman, R.L. Dyer, L.T. Juhos, G.A.S. John, M. An-
bar, Identi¢cation of nitric oxide (NO) in human blood,
Arch. Environ. Health 33 (1978) 19^23.

[42] M. MacCarty, The Health E¡ects of Nitrate, Nitrite, and N-
nitroso Compounds, National Academy Press, Washington,
DC, 1981.

[43] M. Feelisch, The biochemical pathways of nitric oxide for-
mation from nitrovasodilators: appropriate choice of exog-
enous NO donors and aspects of preparation and handling
of aqueous NO solutions, J. Cardiovasc. Pharmacol. 17
(1991) S25^S33.

[44] C.S. Hayward, W.V. Kalnins, P. Rogers, M.P. Feneley, P.S.
MacDonald, R.P. Kelly, E¡ect of inhaled nitric oxide on
normal human left ventricular function, J. Am. Coll. Cardi-
ol. 30 (1997) 49^56.

[45] A. Gries, C. Bode, K. Peter, A. Herr, H. Bo«hrer, J. Motsch,
E. Martin, Inhaled nitric oxide inhibits human platelet ag-
gregation, P-selectin expression, and ¢brinogen binding in
vitro and in vivo, Circulation 97 (1998) 1481^1487.

[46] L. Jia, C. Bonaventura, J. Bonaventura, J.S. Stamler, S-Ni-
trosohaemoglobin: a dynamic activity of blood involved in
vascular control, Nature 380 (1996) 221^226.

[47] C. Borland, NO and CO transfer, Eur. Respir. J. 3 (1990)
977^978.

[48] M. Meyer, J. Piiper, Nitric oxide (NO), a new test gas for
study of alveolar-capillary di¡usion, Eur. Respir. J. 2 (1989)
494^496.

[49] C. Frostell, M. Fratacci, J.C. Wain, R. Jones, W.M. Zapol,
Inhaled nitric oxide. A selective pulmonary vasodilator re-
versing hypoxic pulmonary vasoconstriction, Circulation 83
(1991) 2038^2047.

[50] M.G. Persson, L.E. Gustafsson, N.P. Wiklund, S. Moncada,
P. Hedquist, Endogenous nitric oxide as a probable modu-
lator of pulmonary circulation and hypoxic pressor response
in vivo, Acta. Physiol. Scand. 140 (1990) 449^457.

[51] L.E. Gustafsson, A.M. Leone, M.G. Persson, N.P. Wiklund,
S. Moncada, Endogenous nitric oxide is present in the ex-
haled air of rabbits, guinea pigs and humans, Biochem. Bio-
phys. Res. Commun. 181 (1991) 852^857.

[52] M.G. Persson, P. Wiklund, L.E. Gustafsson, Endogenous
nitric oxide in single exhalations and the change during ex-
ercise, Am. Rev. Respir. Dis. 148 (1993) 1210^1214.

[53] C. Borland, Y. Cox, T. Higenbottam, Measurement of ex-
haled nitric oxide in man, Thorax 48 (1993) 1160^1162.

[54] A.M. Leone, L.E. Gustafsson, P.L. Francis, M.G. Persson,
N.P. Wiklund, S. Moncada, Nitric oxide is present in ex-
haled breath in humans: direct GC-MS con¢rmation, Bio-
chem. Biophys. Res. Commun. 201 (1994) 883^887.

[55] A. Giaid, D. Saleh, Reduced expression of endothelial nitric
oxide synthase in the lungs of patients with pulmonary hy-
pertension, N. Engl. J. Med. 333 (1995) 214^221.

[56] J.R. Lancaster Jr., A tutorial on the di¡usibility and reac-
tivity of free nitric oxide, Nitric Oxide: Biol. Chem. 1 (1997)
18^30.

[57] T. Malinski, Z. Taha, Nitric oxide release from a single cell
measured in situ by a porphyrinic-based microsensor, Nature
358 (1992) 676^677.

[58] X. Liu, M.J.S. Miller, M.S. Joshi, H. Sadowska-Krowicka,
D.A. Clark, J.R. Lancaster Jr., Di¡usion-limited reaction of
free nitric oxide with erythrocytes, J. Biol. Chem. 273 (1998)
18709^18713.

[59] E. Carlsen, J.H. Comroe Jr., The rate of uptake of carbon
monoxide and of nitric oxide by normal human erythrocytes
and experimentally produced spherocytes, J. Gen. Physiol.
42 (1958) 83^107.

[60] M. Kelm, M. Feelisch, R. Spahr, H.M. Piper, E. Noack, J.
Schrader, Quantitative and kinetic characterization of nitric

BBABIO 44733 26-4-99

M. Kelm / Biochimica et Biophysica Acta 1411 (1999) 273^289286



oxide and EDRF release from cultured endothelial cells, Bio-
chem. Biophys. Res. Commun. 154 (1988) 236^244.

[61] R.F. Eich, T. Li, D.D. Lemon, D.H. Doherty, S.R. Curry,
J.F. Aitken, A.J. Mathews, K.A. Johnson, R.D. Smith, G.N.
Phillips Jr., J.S. Olson, Mechanism of NO-induced oxidation
of myoglobin and hemoglobin, Biochemistry 35 (1996) 6976^
6983.

[62] Q.H. Gibson, F.J.W. Roughton, The kinetics and equilibria
of the reactions of nitric oxide with sheep haemoglobin,
J. Physiol. (Lond.) 136 (1957) 507^526.

[63] Q.H. Gibson, F.J.W. Roughton, Further studies on the ki-
netics and equilibria of the reactions of nitric oxide with
haemoproteins, Proc. R. Soc. Lond. B. Biol. Sci. 163
(1965) 197^205.

[64] H. Oda, S. Kusumoto, T. Nakajima, Nitrosyl-hemoglobin
formation in the blood of animals exposed to nitric oxide,
Arch. Environ. Health 30 (1975) 453^455.

[65] H. Kosaka, M. Uozumi, I. Tyuma, The interaction between
nitrogen oxides and hemoglobin and endothelium-derived
relaxing factor, Free Radical Biol. Med. 7 (1989) 653^658.

[66] M.P. Doyle, J.W. Hoekstra, Oxidation of nitrogen oxides by
bound dioxygen in hemoproteins, J. Inorg. Biochem. 14
(1981) 351^358.

[67] A. Wennmalm, G. Benthin, A. Petersson, Dependence of the
metabolism of nitric oxide (NO) in healthy human whole
blood on the oxygenation of its red cell haemoglobin, Br.
J. Pharmacol. 106 (1992) 507^508.

[68] J.S. Stamler, L. Jia, J.P. Eu, T.J. McMahon, I.T. Demchen-
ko, J. Bonaventura, K. Gernert, C.A. Piantadosi, Blood £ow
regulation by S-nitrosohemoglobin in the physiological oxy-
gen gradient, Science 276 (1997) 2034^2037.

[69] K. Schmidt, P. Klatt, B. Mayer, Reaction of peroxynitrite
with oxyhaemoglobin: interference with photometrical deter-
mination of nitric oxide, Biochem. J. 301 (1995) 645^647.

[70] M. Kelm, M. Feelisch, R. Grube, W. Motz, B.E. Strauer, in:
S. Moncada, M.A. Marletta, J.B. Hibbs Jr., E.A. Higgs
(Eds.), The Biology of Nitric Oxide. 1 Physiological and
Clinical Aspects, Portland Press, London, 1992, pp. 319^
322.

[71] M.P. Doyle, J.G. Herman, R.L. Dykstra, Autocatalytic ox-
idation of hemoglobin induced by nitrite: activation and
chemical inhibition, Free Radic. Biol. Med. 1 (1985) 145^
153.

[72] M.P. Doyle, R.A. Pickering, R.L. Dykstra, C.L. Nelson,
R.F. Boyer, Involvement of peroxide and superoxide in the
oxidation of hemoglobin by nitrite, Biochem. Biophys. Res.
Commun. 105 (1982) 127^132.

[73] H. Kosaka, K. Imaizumi, K. Imai, I. Tyuma, Stoichiometry
of the reaction of oxyhemoglobin with nitrite, Biochim. Bio-
phys. Acta 581 (1937) 184^188.

[74] R.D. Barnard, The reactions of nitrite with hemoglobin de-
rivatives, J. Biol. Chem. 120 (1937) 177^191.

[75] N.J. Parks, K.A. Krohn, C.A. Mathis, J.H. Chasko, K.R.
Geiger, M.E. Gregor, N.F. Peek, Nitrogen-13-labeled nitrite
and nitrate: distribution and metabolism after intratracheal
administration, Science 212 (1981) 58^61.

[76] H. Noda, M. Minemoto, S. Eto, A. Noda, K. Matsuyama,
Nitrite ion, its stability in an aqueous solution and disap-
pearance from rabbit blood, Yakugaku Zasshi 104 (1984)
409^412.

[77] B. Halliwell, M.-L. Hu, S. Louie, T.R. Duvall, B.K. Tar-
kington, P. Motchnik, C.E. Cross, Interaction of nitrogen
dioxide with human plasma, FEBS Lett. 313 (1992) 62^66.

[78] R.M. Clancy, Y. Miyazaki, P.J. Cannon, Use of thionitro-
benzoic acid to characterize the stability of nitric oxide in
aqueous solutions and in porcine aortic endothelial cell sus-
pensions, Anal. Biochem. 191 (1990) 138^143.

[79] M. Feelisch, M. te Poel, R. Zamora, A. Deussen, S. Mon-
cada, Understanding the controversy over the identity of
EDRF, Nature 368 (1994) 62^65.

[80] J.S. Stamler, Redox signaling: nitrosylation and related tar-
get interactions of nitric oxide, Cell 78 (1994) 931^936.

[81] J.S. Stamler, J. Loscalzo, Capillary zone electrophoretic de-
tection of biological thiols and their S-nitrosated derivatives,
Anal. Chem. 64 (1992) 779^785.

[82] J.S. Stamler, D.I. Simon, J.A. Osborne, M.E. Mullins, O.
Jaraki, T. Michel, D.J. Singel, J. Loscalzo, S-Nitrosylation
of proteins with nitric oxide: synthesis and characterization
of biologically active compounds, Proc. Natl. Acad. Sci.
USA 89 (1992) 444^448.

[83] J.S. Stamler, O. Jaraki, J. Osborne, D.I. Simon, J. Keaney, J.
Vita, D. Singel, C.R. Valeri, J. Loscalzo, Nitric oxide circu-
lates in mammalian plasma primarily as an S-nitroso adduct
of serum albumin, Proc. Natl. Acad. Sci. USA 89 (1992)
7674^7677.

[84] Y. Minamiyama, S. Takemura, M. Inoue, Albumin is an
important vascular tonus regulator as a reservoir of nitric
oxide, Biochem. Biophys. Res. Commun. 225 (1996) 112^
115.

[85] J.S. Stamler, M. Feelisch, in: M. Feelisch, J. Stamler (Eds),
Methods in Nitric Oxide Research, John Wiley and Sons,
Chichester, 1996, pp. 19^28.

[86] M.E. Anderson, A. Meister, Dynamic state of glutathione in
blood plasma, J. Biol. Chem. 255 (1980) 9530^9533.

[87] Y. Minamiyama, S. Takemura, M. Inoue, E¡ect of thiol
status on nitric oxide metabolism in the circulation, Arch.
Biochem. Biophys. 341 (1997) 186^192.

[88] A.R. Butler, P. Rhodes, Chemistry, analysis, and biological
roles of S-nitrosothiols, Anal. Biochem. 249 (1997) 1^9.

[89] J.S. Stamler, A. Slivka, Biological chemistry of thiols in the
vasculature and in vascular-related disease, Nutr. Rev. 54
(1996) 1^30.

[90] S. Aleryani, E. Milo, Y. Rose, P. Kostka, Superoxide-medi-
ated decomposition of biological S-nitrosothiols, J. Biol.
Chem. 273 (1998) 6041^6045.

[91] H.H. Al-Sa'doni, I.L. Megson, S. Bisland, A.R. Butler, F.W.
Flitney, Neocuproine, a selective Cu(I) chelator, and the
relaxation of rat vascular smooth muscle by S-nitrosothiols,
Br. J. Pharmacol. 121 (1997) 1047^1050.

[92] R.J. Singh, N. Hogg, J. Joseph, B. Kalyanaraman, Mecha-
nism of nitric oxide release from S-nitrosothiols, J. Biol.
Chem. 271 (1996) 18596^18603.

BBABIO 44733 26-4-99

M. Kelm / Biochimica et Biophysica Acta 1411 (1999) 273^289 287



[93] J.S. Scharfstein, J.F. Keaney Jr., A. Slivka, G.N. Welch,
J.A. Vita, J.S. Stamler, J. Loscalzo, In vivo transfer of
nitric oxide between a plasma protein-bound reservoir
and low molecular weight thiols, J. Clin. Invest. 94 (1994)
1432^1439.

[94] M.A. Creager, M.-A. Roddy, K. Boles, J.S. Stamler, N-
Acetylcysteine does not in£uence the activity of endothe-
lium-derived relaxing factor in vivo, Hypertension 29 (1997)
668^672.

[95] B. Ramsay, M. Radomski, A. de Belder, J.F. Martin, P.
Lopez-Jaramillo, Systemic e¡ects of S-nitroso-glutathione
in the human following intravenous infusion, Br. J. Clin.
Pharmacol. 40 (1995) 101^102.

[96] E. Bassenge, R. Busse, U. Pohl, Abluminal release and
asymmetrical response of the rabbit arterial wall to endo-
thelium-derived relaxing factor, Circ. Res. 61, (Suppl. II)
(1997) II68^II73.

[97] T. Malinski, Z. Taha, S. Grunfeld, S. Patton, M. Kapturc-
zak, P. Tomboulian, Di¡usion of nitric oxide in the aorta
wall monitored in situ by porphyrinic microsensors, Bio-
chem. Biophys. Res. Commun. 193 (1993) 1076^1082.

[98] L.J. Ignarro, J.M. Fukuto, J.M. Griscavage, N.E. Rogers,
Oxidation of nitric oxide in aqueous solution to nitrite but
not nitrate: comparison with enzymatically formed nitric
oxide from L-arginine, Proc. Natl. Acad. Sci. USA 90
(1993) 8103^8107.

[99] A. Go«decke, U.K.M. Decking, Z. Ding, J. Hirchenhain,
H.-J. Bidmon, S. Go«decke, J. Schrader, Coronary hemody-
namics in endothelial NO synthase knockout mice, Circ.
Res. 82 (1998) 186^194.

[100] G.A. Zeballos, R.D. Bernstein, C.I. Thompson, P.R. For-
¢a, N. Seyedi, W. Shen, P.M. Kaminski, M.S. Wolin, T.H.
Hintze, Pharmacodynamics of plasma nitrate/nitrite as an
indication of nitric oxide formation in conscious dogs, Cir-
culation 91 (1995) 2982^2988.

[101] A. Wennmalm, G. Benthin, A. Edlund, L. Jungersten, N.
Kieler-Jensen, S. Lundin, U.N. Westfelt, A. Petersson, F.
Waagstein, Metabolism and excretion of nitric oxide in
humans. An experimental and clinical study, Circ. Res. 73
(1993) 1121^1127.

[102] E.J. Stieglitz, A.E. Palmer, The blood nitrite, Arch. Intern.
Med. 59 (1937) 620^630.

[103] P. Vallance, S. Patton, K. Bhagat, R. MacAllister, M. Ra-
domski, S. Moncada, T. Malinski, Direct measurement
of nitric oxide in human beings, Lancet 345 (1995) 153^
154.

[104] J.L. Amezcua, G.J. Dusting, R.M.J. Palmer, S. Moncada,
Acetylcholine induces vasodilatation in the rabbit isolated
heart through the release of nitric oxide, the endogenous
nitrovasodilator, Br. J. Pharmacol. 95 (1988) 830^834.

[105] P.M. Rhodes, A.M. Leone, P.L. Francis, A.D. Struthers, S.
Moncada, The L-arginine: nitric oxide pathway is the major
source of plasma nitrite in fasted humans, Biochem. Bio-
phys. Res. Commun. 209 (1995) 590^596.

[106] H. Preik-Steinho¡, M. Kelm, Determination of nitrite in
human blood by combination of a speci¢c sample prepara-

tion with high performance anion-exchange chromatogra-
phy and electrochemical determination, J. Chromatogr. B.
Biomed. Appl. 685 (1996) 348^352.

[107] S. Pfei¡er, A.C.F. Gorren, K. Schmidt, E.R. Werner, B.
Hansert, D.S. Bohle, B. Mayer, Metabolic fate of peroxy-
nitrite in aqueous solution. Reaction with nitric oxide and
pH-dependent decomposition to nitrite and oxygen in a 2:1
stoichiometry, J. Biol. Chem. 272 (1997) 3465^3470.

[108] M. Kelm, M. Preik, D. Hafner, B.E. Strauer, Evidence for
a multifactorial process involved in the impaired £ow re-
sponse to nitric oxide in hypertensive patients with endo-
thelial dysfunction, Hypertension 27 (1996) 346^353.

[109] P. Forte, M. Copland, L.M. Smith, E. Milne, J. Sutherland,
N. Benjamin, Basal nitric oxide synthesis in essential hyper-
tension, Lancet 349 (1997) 837^842.

[110] D. Tsikas, F. Gutzki, S. Rossa, H. Bauer, C. Neumann, K.
Dockendor¡, J. Sandmann, J.C. Fro«lich, Measurement of
nitrite and nitrate in biological £uids by gas chromatogra-
phy-mass spectrometry and by the Griess assay: prob-
lems with the Griess assay ^ solutions by gas chromatog-
raphy-mass spectrometry, Anal. Biochem. 244 (1997) 208^
220.

[111] A. Sakinis, L.U. Jungersten, U. Nathorst-Westfelt, O. Sten-
qvist, A. Wennmalm, Circulation 96 (Suppl.) (1997) I-5
(Abstract).

[112] D.S. Schultz, W.M. Deen, S.F. Karel, D.A. Wagner, S.R.
Tannenbaum, Pharmacokinetics of nitrite in humans: role
of gastrointestinal absorption and metabolism, Carcinogen-
esis 6 (1985) 847^852.

[113] R.L. Saul, S.H. Kabir, Z. Cohen, W.R. Bruce, M.C. Arch-
er, Reevaluation of nitrate and nitrite levels in human in-
testine, Cancer Res. 41 (1981) 2280^2283.

[114] J. Egberts, W. Soederhuizen, Urine samples before dinner
are preferable when studying changes in endogenous nitrate
production under uncontrolled dietary conditions, Clin.
Chim. Acta 254 (1996) 141^148.

[115] J.P. Witter, E. Balish, Distribution and metabolism of in-
gested NO3

3 and NO3
2 in germfree and conventional-£ora

rats, Appl. Environ. Microbiol. 38 (1979) 861^869.
[116] J.P. Witter, S.J. Gatley, E. Balish, Distribution of nitrogen-

13 from labeled nitrate (13NO3-) in humans and rats, Sci-
ence 204 (1979) 411^413.

[117] J.W. White Jr., Relative signi¢cance of dietary sources of
nitrate and nitrite, J. Agric. Food Chem. 23 (1975) 886^
891.

[118] L.C. Green, D.A. Wagner, J. Glogowski, P.L. Skipper, J.S.
Wishnok, S.R. Tannenbaum, Analysis of nitrate, nitrite,
and [15N] nitrate in biological £uids, Anal. Biochem. 126
(1982) 131^138.

[119] G.M. McKnight, L.M. Smith, R.S. Drummond, C.W.
Duncan, M. Golden, N. Benjamin, Chemical synthesis of
nitric oxide in the stomach from dietary nitrate in humans,
Gut 40 (1997) 211^214.

[120] M. McCarty, The Health E¡ects of Nitrate, Nitrite, and N-
Nitroso Compounds, National Academy Press, Washing-
ton, DC, 1981, pp. 8-3^8-8.

BBABIO 44733 26-4-99

M. Kelm / Biochimica et Biophysica Acta 1411 (1999) 273^289288



[121] R.S. Dykhuizen, J. Masson, G. McKnight, A.N.G. Mowat,
C.C. Smith, L.M. Smith, N. Benjamin, Plasma nitrate con-
centration in infective gastroenteritis and in£ammatory
bowel disease, Gut 39 (1996) 393^395.

[122] S.D. Smith, M.A. Wheeler, R.M. Weiss, Nitric oxide syn-
thase: an endogenous source of elevated nitrite in infected
urine, Kidney Int. 45 (1994) 586^591.

[123] M. Kelm, M. Feelisch, A. Deussen, B.E. Strauer, J.
Schrader, Release of endothelium derived nitric oxide in
relation to pressure and £ow, Cardiovasc. Res. 25 (1991)
831^836.

[124] M. Kelm, J. Schrader, in: S. Moncada, E.A. Higgs (Eds.),
Nitric Oxide from L-Arginine: a Bioregulatory System,
Elsevier Science, Amsterdam, 1990, pp. 47^53.

[125] J.H. Hotchkiss, Nitrite, nitrate balance, and de novo syn-
thesis of nitrate, Am. J. Clin. Nutr. 47 (1988) 161^162.

[126] Y.-T. Shen, F. Vatner, E¡ects of a K�ATP channel opener,
lemakalim, on systemic, coronary and regional vascular dy-
namics in conscious dogs: comparison with nifedipine, ad-
enosine, nitoglycerin and acetylcholine, J. Pharmacol. Exp.
Ther. 265 (1993) 1026^1037.

[127] J. Wang, M.A. Brown, S. Hom Tam, M.C. Chan, J.A.
Whitworth, E¡ects of diet on measurement of nitric oxide
metabolites, Clin. Exp. Pharmacol. Physiol. 24 (1997) 418^
420.

[128] M. Kelm, K. Yoshida, in: M. Feelisch, J. Stamler (Eds.),
Methods in Nitric Oxide Research, John Wiley and Sons,
Chichester, 1996, pp. 47^58.

[129] L. Stryer, Biochemie, Spektrum der Wissenschaft, Heidel-
berg, 1987.

BBABIO 44733 26-4-99

M. Kelm / Biochimica et Biophysica Acta 1411 (1999) 273^289 289


