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Changes in nitric oxide release in vivo in response to vasoactive
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1 Changes in the release of nitric oxide (NO) in vivo were studied in rats following the administration
of endothelium-dependent and -independent vasodilators as well as the NO synthesis inhibitor, N€-nitro-
L-arginine methyl ester (L-NAME). NO production was assessed by measuring variations of nitrate in
plasma by capillary ion analysis.

2 Intravenous administration of the endothelium-dependent vasodilators, bradykinin (2 and
10 ug kg~! min~') or substance P (0.3-3 ug kg=' min~!) caused a transient dose-dependent
hypotension followed by an increase in plasma nitrate concentration (maximal increments: 33+ 5%
and 38+6%, for bradykinin and substance P, respectively). Prior administration of L-NAME
(10 mg kg~! min~") inhibited the hypotension and increase in plasma nitrate caused by these substances.
Intravenous administration of sodium nitrate (200 ug kg=') also produced a transitory elevation in
plasma nitrate which was similar in magnitude as that caused by the vasodilators. A rapid and transitory
increment in plasma nitrate was observed after i.v. administration of authentic NO (400 ug kg=").

3 Rats receiving the endothelium-dependent vasodilators, prostacyclin (0.6 ug kg=' min~') or
adenosine (3 mg kg~! min~') intravenously showed a drop in blood pressure paralleled by a decrease
in plasma nitrate (maximal decreases: 34+5% and 24+4%, for prostacyclin and adenosine,
respectively). A similar effect on the plasmatic concentration of nitrate was observed when L-NAME
(10 mg kg=! min~!, i.v.) was administered to the animals.

4 This study demonstrates that (i) changes in plasma nitrate can be detected in vivo after stimulation or
inhibition of NO synthase, (ii) an increased production of NO, measured as plasma nitrate, is related to
the hypotension caused by bradykinin and substance P and (iii) a diminished concentration of plasmatic
nitrate is associated to the hypotension induced by adenosine or prostacyclin (endothelium-independent
vasodilators), suggesting that the L-arginine: NO pathway is capable of rapid down-regulation in

response to a fall in blood pressure.
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Introduction

Endothelium-derived nitric oxide (NO), synthesized by a con-
stitutive NO synthase (NOS) in endothelial cells (Moncada,
1992) causes vasodilatation and plays a role in the regulation of
arterial pressure and vascular resistance both in animals (Rees
et al., 1989) and man (Vallance et al., 1989). Another type of
NOS (inducible NOS), produced following immunological sti-
muli (e.g. endotoxaemia), synthesizes NO in comparatively
larger quantities and is involved in host defence mechanisms
(Moncada, 1992). NO released within the circulation is oxi-
dized very rapidly, principally to nitrate, by the oxyhae-
moglobin present in erythrocytes (Wennmalm e al., 1992).
NO metabolites have been used as an index for NO pro-
duction. For instance, in sepsis and during cytokine therapy,
situations where inducible NOS is formed, the increase in
plasma nitrate is very substantial (Granger et al., 1991; Schulz
et al., 1992; Nava et al., 1992) and reverses when NO synthesis
is inhibited (Nava et al., 1992) suggesting that nitrate derives
from NO in this case. Changes in the concentration of nitrate
and/or nitrite in body fluids have also been used as indicators of
constitutive endothelial NO production (Suzuki et al., 1992;
Takahashi et al., 1992; Shultz & Tolins, 1993; Sawada et al.,
1994; Winlaw et al., 1994; Majid et al., 1995). More recently,
studies on the metabolism of NO have defined blood nitrate as
a major product of endogenously formed NO (Rhodes et al.,
1995; Sakinis & Wennmalm, 1995; Zeballos et al., 1995).
However, no systemic study has been carried out so far on the

possible relationship between NO-generated nitrate and the
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stimulation or inhibition of endothelial NOS. If blood nitrate
assessment is an appropriate tool to measure NO release within
the circulation, an increase in plasma nitrate concentration
should be detected when endothelial NOS is activated with
bradykinin or substance P which are well known endothelium-
dependent vasodilators (Furchgott & Vanhoutte, 1989). Also, a
decrease in plasma nitrate should occur when NOS is inhibited
with, for example, guanidino-substituted analogues of L-argi-
nine. Detection of these changes in vivo was the first aim of our
work. The second objective of this study was to determine
whether NO release is down-regulated when blood pressure
falls. To this end, we lowered arterial pressure in the anaes-
thetized rat with prostacyclin or adenosine, drugs known to
cause hypotension via a non-NO dependent mechanism
(Moncada & Vane, 1979; Furchgott & Vanhoutte, 1989), and
measured changes in basal plasma nitrate concentration. Since
small differences in the amount of NO generated by the con-
stitutive vascular NOS are expected when the activity of this
enzyme changes (Moncada, 1992), a sensitive and precise assay
system is required to detect the associated variations in plasma
nitrate concentration. To achieve this, we have used a capillary
ion analysis method (Leone et al., 1994) suitable for the de-
tection of small oscillations in plasma nitrate concentration.

Methods
Surgical procedures
Male Wistar rats (250—300 g), fed standard chow, were an-

aesthetized with pentobarbitone (Sagatal, 100 mg kg™, i.p.).
A tracheotomy was performed and the animals breathed room
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air spontaneously. The tail vein, left carotid artery and the
right atrium (via the right external jugular vein) were cannu-
lated for the administration of drugs, measurement of arterial
pressure and withdrawal of blood, respectively. The carotid
catheter was connected to a pressure transducer (Druck PDCR
75, Lectromed Ltd., Jersey, UK) and arterial pressure recorded
on a Multitrace polygraph (Lectromed Ltd., Spain). The area
under the curve of arterial pressure was determined by com-
puterized planimetry (Apple Maclntosh). All the catheters
contained heparinized saline (10 u ml~') to prevent blood
clotting. Anaesthesia was supplemented intravenously with
isotonic saline as required. Following surgery, a period of at
least 30 min was allowed for stabilization of arterial blood
pressure. Two basal blood samples were withdrawn with a
5 min delay before each experiment. During administration of
drugs 2—-4 blood specimens were extracted from each animal.
Timing commenced exactly when the blood pressure effects of
the administered drug were first noticeable. Blood samples of
150-200 ul were collected. Animals received the following
treatments: (each animal was subjected to only one procedure).

Sterile saline solution (0.1 ml min~") intravenously infused for
10 min. Blood samples were taken at 1, 5 and 9 min during the
infusion.

Bradykinin (2 or 10 pg kg~' min~"'), infused i.v. for 10 min.
Blood samples were extracted at 1, 3, 5 and 9 min during the
infusion.

Bradykinin and L-NAME: 10 mg kg~' min~!, L-NAME was
infused i.v. during 10 min. After 15 and 20 min of completion
of infusion two samples were withdrawn and used as basal.
Bradykinin (10 ug kg~' min~') was then administered in the
same way as above.

Substance P (0.3, 1 and 3 pg kg™' min~'), i.v. for 10 min.
Blood specimens were removed at 1, 5 and 9 min.

Substance P and L-NAME: Same procedure as with bradykinin
but using substance P (3 pug kg~' min~").

Sodium nitrate (200 ug kg=") or authentic NO (400 ug kg™")
administered intraarterially as a bolus. Sampling at 0.5, 1, 5
and 9 min.

Prostacyclin = (0.6 uyg kg=' min~') or adenosine (3 mg -
kg~! min~!) infused i.v. for 10 min. Sampling at 5 and 9 min.

L-NAME alone: Infusion of L-NAME (10 mg kg™' min™"),
i.v. Samples withdrawn at 5 and 9 min.

In a separate series of experiments, rats were given L-
NAME (1 g17!) in drinking water for 1 week. Water con-
sumption was computed on a daily basis. At the end of the
week, animals were anaesthetized, arterial blood pressure was
measured and venous blood samples withdrawn for nitrate
measurement.

Following withdrawal, blood samples were immediately
centrifuged at room temperature (13,000 g, 2 min), the plasma
ultrafiltered (Ultrafree-MC 10000 NMWL filter unit, Milli-
pore) and stored for 24 h at 4°C until analysed. All tubes,
syringes and pipette tips were flushed twice with ultrapure
water (Milli-Q UF plus, Millipore) to minimize external nitrate
contamination.

Determination of plasma nitrate

Nitrate was determined by capillary ion analysis (Leone et al.,
1994). The ultrafiltrate was diluted 1/10 in ultrapure water and
analysed in duplicate or triplicate on a Quanta Capillary Ion
Analyser system (Waters Cromatografia, s.a. Barcelona, Spain)
using 100 cm fused silica capillaries, 75 um in internal diameter
(Composite Metal Services, Hallow, England). The electrolyte
consisted of sodium sulphate (10 mM) containing 5% osmotic

flow modifier (CIA-Pak Anion-BT, Waters Cromatografia, s.a.
Barcelona, Spain) in purified water. Samples were injected by
electromigration for 120 s at —1 kV and analysed at an applied
potential of 30 kV with negative polarity.

Data were acquired at 214 nm onto a Millennium 2010
Chromatography Manager (Millipore Corp., Milford, Mas-
sachussetts, U.S.A.) at a sampling rate of 20 points s~'. Plasma
nitrate was quantified in the samples by reference to a standard
curve of NaNQ; diluted in a pool of rat plasma resulting in
final concentrations of nitrate of 0.6—20 uM over the basal
concentration. Several standard curves were performed
throughout the study and were combined to obtain the final
curve from where the amount of nitrate in each sample was
calculated. The limit of detection of plasma nitrate was esti-
mated to be approximately 0.1-0.2 uM. Nitrate peaks ap-
peared normally at approximately 5 min and were 0.035 min
in duration. Preceding the nitrate, small peaks corresponding
to nitrite were occasionally observable.

Drugs

L-NAME hydrochloride, bradykinin acetate salt, substance P
acetate salt, adenosine free base and sodium nitrate were
purchased from Sigma-Aldrich Quimica (Alcobendas, Spain).
Prostacyclin (sodium epoprostenol, Flolan) was obtained from
Wellcome, U.K. Authentic NO gas solutions were prepared as
previously described (Palmer et al., 1987).

Statistics

Results are expressed as the mean +standard error of the
mean. One way ANOVA followed by Bonferronni’s correction
for multiple comparisons, Student’s 7 test or Duncan’s multiple
range test were used as appropriate to determine statistical
significance (Glantz, 1981). P<0.05 was considered statisti-
cally significant. A Complete Statistical System (Statsoft, Inc)
was used to perform the statistical analyses.

Results

Rats used in this study had a mean arterial blood pressure of
130+4 mm Hg (n=19). The mean basal plasma nitrate con-
centration was 7.8+ 0.3 uM (n=45).

Sterile saline infusion provoked no changes in arterial blood
pressure (n=15). Plasma nitrate concentrations were (uM): ba-
sal, 8.7+0.7; at 1 min, 8.3+0.7; at 5 min, 8.44+0.9 and at
9 min, 8.2+0.6.

Infusion of bradykinin (2 ug kg~' min~' and 10 ug kg™!
min~!, i.v.) caused a transient fall in arterial pressure and a
concomitant increase in plasma nitrate (Figure 1). The vaso-
depression and increase in plasma nitrate caused by the high
dose of bradykinin was greater than responses obtained at the
low dose (Figure 1). The hypotensive effects of bradykinin (2
and 10 ug kg=! min~"), expressed as areas under the arterial
blood pressure curve, were: 265+ 62 and 520+ 87 mm? (n=5
and 7), respectively. After 3 min, bradykinin (2 ug kg™!
min~') had increased plasma nitrate concentration from
75404 to 86+05uM (n=5, P<0.05). Bradykinin
(10 pug kg=! min~"), also at 3 min, raised nitrate in plasma
from 7.240.2 to 9.1+0.3 uM (n=6, P<0.05).

Bradykinin and L-NAME: L-NAME increased arterial pressure
by 39+5% and plasma nitrate concentration fell 25+ 5%
(P<0.01), as assessed 20 min after administration. Under
these conditions bradykinin had no depressor effects and the
increase in plasma nitrate was abolished (n=>5) (Figure 1b).

Infusion of substance P also elicited a rapid and dose-depen-
dent decrease in arterial pressure accompanied by an increase
in plasma nitrate concentration that followed a similar time
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course (Figure 2). The fall in arterial pressure, expressed as
area under the blood pressure curve, was 450+ 57, 594+ 77
and 1421+ 129 mm? after injection of substance P (0.3, 1 and
3 ug kg~! min~!, respectively) (all n=6). Substance P (0.3 and
1 ug kg~! min~!) elicited a maximal increase in plasmatic ni-
trate at 1 min (n=3 and 8, respectively). Actual changes were:
substance P (0.3 pyg kg7 min™'): 8.3+2.2 to 9.9+2.2 uM;
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substance P (1 ug kg~ ' min~"): 10.7+1.1 to 14.3+1.3 um
(both P<0.05). The highest concentration of substance P
showed a maximal increase in nitrate at 5 min (5.3+0.6 to
7.7+1.3 uM (n=17, P<0.05).

Substance P and L-NAME: The increment in plasma nitrate
induced by the highest concentration of substance P was
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Figure 1 Effects of bradykinin on arterial blood pressure (@) and plasma concentration of nitrate (solid columns): (a) bradykinin

(2pgkg™!

min~!, i.v.); (b) bradykinin (10 ugkg~'min~!, i.v.). Bradykinin (10 ugkg™'min~") in the presence of 10mgkg ™ 'min~!,

L-NAME (O/open columns). Results are expressed as % change. *Significant changes compared to values at baseline (P <0.05).
#Statistically significant (P<0.05) compared to values obtained in the absence of L-NAME.
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Figure 2 Effects of substance P on arterial blood pressure (@) and plasma concentration of nitrate (solid columns): (a, b and ¢)
0.3, 1 and 3ugkg 'min~!, respectively. Substance P (3ugkg 'min~') in the presence of L-NAME (100mgkg~!, O/open
columns). Results are expressed as % change. *Significant changes compared to basal values (P<0.05). #Statistically significant
(P<0.05) compared to values obtained in the absence of L-NAME.
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Figure 3 Effects of bolus administration of sodium nitrate
(200 ugkg™', i.v.) (a) and authentic NO (400 ugkgmin~", i.v.) (b)
on the concentration of plasma nitrate. Results are expressed as %
change. *Significant changes compared to basal values (P<0.05).

abolished (n=3) and the hypotensive response significantly
attenuated (n=6, P <0.05) by the inhibitor of NO synthesis. In
these conditions, the depressor effect of substance P
(3 ug kg7' min~"), expressed as the area under the curve, was:
4244110 mm? (Figure 2c).

Sodium nitrate: There was a 65% increase in the plasma con-
centration of nitrate (n=3), 30 s after a bolus injection of
NaNO; (200 ug kg~"). One min after the bolus injection this
concentration reached a comparable level as with the above
mentioned vasodilators (39%). Nitrate concentration fell
during the course of the experiment, returning to the baseline
after 9 min (Figure 3a). Administration of authentic NO
solution (400 ug kg~") also produced a maximal increase in
plasma nitrate after 30 s, gradually decreasing over the time of
the experiment (n=3) (Figure 3b).

Infusion of prostacyclin elicited a drop in blood pressure paral-
leled by a rapid diminution of plasma nitrate (n=35) (Figure 4).
At9 min the decrease was 34 + 5% lower than basal, (7.0 + 0.8 to
4.9+0.8 uM (P <0.05). Administration of adenosine had similar
effects on blood pressure to prostacyclin and was also paralleled
by a reduction in plasma nitrate (n=4) which at 9 min was
244+ 4% lower than basal, (6.0+0.9 to 4.6+ 0.7 uM) (P <0.05).
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Figure 4 Effects of the endothelium-independent vasodilators
prostacyclin and adenosine on blood pressure and plasma nitrate.
Results are expressed as % change. *Significant changes compared to
basal values (P <0.05).

Figure 4 displays the effects of the endothelium-independent
vasodilators on blood pressure and plasma nitrate.

L-NAME alone: Maximal increase in blood pressure induced
by L-NAME (10 mg kg=' min~") occurred at 3—4 min and
was 30+ 6% (n =06, Figure 5). The effect of this drug on plasma
nitrate was already detectable at S min (14+6% drop,
8.3+0.5t0 7.24+0.7 uM). At 9 min the fall was 25+ 3% (down
to 6.6+0.6 uM).

Animals chronically treated with L-NAME (1 gl17") in
drinking water received 22 + 1.3 mg per 24 h of this drug (n = 8).
These rats had a basal arterial blood pressure of 175+ 2 mmHg
(P<0.01, versus controls) and the plasma nitrate decreased by
75% (to 1.74+0.5 uM, P<0.01 compared to untreated rats).

Discussion

Our results show that stimulation of endothelial NOS with
endothelium-dependent vasodilators causes an increase in NO
release which can be detected in vivo by measuring changes in
plasma nitrate. We also demonstrate that treatment with en-
dothelium-independent vasodilators diminishes the production
of NO, measured as nitrate. The basal concentration of plasma
nitrate in rats was 5—15 uM, which is lower than that reported
in human subjects (30—100 uM) (Takahashi et al, 1992;
Wennmalm et al., 1992; Leone et al., 1994). Our measurements
show that chronic inhibition of NO synthesis after addition of
L-NAME to drinking water produces a remarkable fall in
plasma nitrate concentration, indicating that a large propor-
tion of the nitrate in the plasma of these rats comes from the L-
arginine: NO pathway. This observation supports the idea that
nitrate is a major metabolite of NO in blood (Sakinis &
Wennmalm, 1995; Zeballos ef al., 1995). The exogenous diet-
ary intake of nitrate is known to be high in human subjects and
other species and may mask the endogenous production of this
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Figure 5 Immediate effects of an i.v. infusion of L-NAME
(10mgkg~'min~!) on arterial blood pressure and concentration of
plasma nitrate. Results are expressed as % change. *Significant
changes compared to basal values (P<0.05).

anion (Green et al., 1981; Granger et al., 1991; Leone, 1994).
The relative contribution of endogenous and exogenous nitrate
to the existing concentration in human blood is not yet known
but probably intake of nitrate is higher than in rodents. In-
deed, starvation considerably diminishes plasma nitrate con-
centration in man (Leone et al., 1994).

A variety of studies have focused on measurement of var-
iations of NO metabolites in body fluids assuming that these
originated from NO and, therefore, changes in concentration
are due to alterations in the endothelial cell capacity to pro-
duce NO (Suzuki et al., 1992; Takahashi et al., 1992; Shultz &
Tolins, 1993; Winlaw et al., 1994; Sawada et al., 1994; Majid et
al., 1995). However, no studies have systematically analysed
the relation between NO metabolites measured in vivo and
endothelium-generated NO. On the basis that nitrate is an
important metabolic product of NO (Rhodes et al., 1995; Sa-
kinis & Wennmalm, 1995; Zeballos et al., 1995), we hypothe-
sized that an increment in the blood concentration of this
metabolite should be detectable after endothelial NOS is sti-
mulated. Our results show that bradykinin and substance P,
two well-established endothelium-dependent vasodilators
known to act via the release of NO (Furchgott & Vanhoutte,
1989; Whittle et al., 1989; Rees et al., 1990), can raise the
concentration of plasma nitrate in the anaesthetized rat. This
increase is associated temporally with the depressor effect of
these vasodilators. The inhibitor of NO synthesis, L-NAME,
abolishes or at least markedly diminishes the agonist-induced
decrease in arterial pressure and the concurrent increase in
nitrate, suggesting that nitrate is generated from NO, most

probably of endothelial NOS origin. Our findings also indicate
that NO mediates, at least in part, the vasodilator action of
substance P and bradykinin. L-NAME inhibited the hypoten-
sive effects of bradykinin to a greater extent than those of
substance P. On the other hand, the increment in plasmatic
nitrate caused by bradykinin was similar to that elicited by
substance P but the latter was associated with a larger fall in
arterial blood pressure. These findings suggest that the con-
tribution of NO to the effects of bradykinin is probably more
important than that of substance P. Other relaxant factors
might be also participating in the action of these vasodilators,
e.g. prostanoids (Lamontagne et al., 1992; Bodelsson &
Stjernquist, 1994) and endothelium-derived hyperpolarizing
factor (Mombouli & Vanhoutte, 1995).

In situations where NOS is induced, such as endotoxin
shock or cytokine therapy, increases of up to 50 fold in plasma
nitrate concentration have been measured (Granger et al.,
1991; Schulz et al., 1992; Nava et al., 1992). The increase in
plasma nitrate resulting from stimulation with endothelium-
dependent vasoactive substances is much smaller (< 1.7 fold).
These findings indicate that the amount of NO required for
physiological purposes is relatively small when compared to
that generated in pathological states. The increase in plasma
nitrate concentration caused by bradykinin and substance P is
also very brief, suggesting a rapid diffusion of NO-originated
nitrate in the organism. This conclusion is supported by the
finding that bolus administration of NaNO; or authentic NO
causes a rapid increment in plasma nitrate, which is compar-
able in size to that induced by bradykinin and substance P and
returns to basal within 9 min. Injected NO solution im-
mediately (in less than 30 s) resulted in measurable changes in
plasma nitrate indicating that the oxidation of NO by the
blood oxyhaemoglobin (Wennmalm et al., 1992) is very rapid.
From these observations it can be suggested that only a con-
tinuous stimulation of NO synthesis can cause NO-derived
nitrate to surpass basal levels. This may be of relevance for
research as changes in plasma nitrate will probably not be very
long-lasting during an experiment where increases in the re-
lease of NO originating from the constitutive NOS are ex-
pected. It has been recently indicated that the distribution
volume of nitrate in the body is very large, i.e. the whole ex-
tracellular space rather than just the plasma volume (Zeballos
et al., 1995). A fast distribution in a very large volume and the
fact that the increment in plasma nitrate elicited by the vaso-
dilators is relatively small helps to explain why these changes in
nitrate concentration are so ephemeral.

In contrast to the effects of bradykinin and substance P, L-
NAME and the endothelium-independent vasodilators,
prostacyclin and adenosine, cause a reduction in plasma ni-
trate concentration. This suggests that endothelial cells di-
minish the release of NO to counteract the hypotensive action
of the vasodilators. The fall in nitrate concentration is indeed
fast, suggesting that the elimination of this anion is quick in
the rat. This hypothesis is corroborated by the fact that in-
terruption of NO synthesis with L-NAME provokes an im-
mediate fall in plasma nitrate which is similar in range to that
caused by prostacyclin and adenosine. These results support
the assumption that the normal concentration of nitrate in
blood is, besides external intake, the result of a continuous
release of NO. When this release ceases, NO-generated nitrate
appears to be rapidly eliminated. Chronic inhibition of NO
synthesis reduces plasma nitrate further than acute inhibition,
indicating that a longer time than that allowed in the acute
experiments is necessary to eliminate NO-derived nitrate from
the organism completely. According to our results it is rea-
sonable to suggest that endothelial NO release is down-
regulated in response to decrements in arterial pressure.
Whether there is also an up-regulation of NO production in
response to increments in arterial pressure is very likely.
Recent reports showing that the activity of constitutive NOS
and the concentration of serum nitrate appears higher in
some animal models of hypertension (Nava et al., 1995;
Dubey et al., 1996) support this idea.
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In conclusion, the present results show that changes in
plasma nitrate related to alterations in the release of NO can be
detected in the anaesthetized rat in vivo by stimulating or in-
hibiting endothelial NOS. These changes are very fast, prob-
ably due to rapid distribution and elimination of the nitrate in
the organism. Prostacyclin and adenosine, which induce va-
sodilatation by a NO-independent mechanism appear to
down-regulate the endothelial generation of NO.
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