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Background: Arginine-vasopressin (AVP) can successfully
stabilize hemodynamics in patients with advanced vasodilatory
shock. It has been suggested that inhibition of cytokine-induced
nitric oxide production may be an important mechanism
underlying AVP-induced vasoconstriction. Therefore, serum
concentrations of nitrite/nitrate (NOx), the stable metabolite of
nitric oxide, were measured in patients suffering from advanced
vasodilatory shock treated with either AVP in combination with
norepinephrine (NE) or NE alone.
Methods: This trial was a separate study arm of a previously
published prospective, randomized, controlled study on the
effects of AVP in advanced vasodilatory shock. Thirty-eight
patients were prospectively randomized to receive a combined
infusion of AVP (4 U h�1) and NE, or NE infusion alone. Serum
NOx concentrations were measured at baseline, 24, and 48 h
after randomization. The increase in mean arterial pressure
during the first hour after study enrollment was documented
in all patients.
Results: No difference in NOx concentrations was found
between groups throughout the study period. AVP patients
demonstrated a significantly greater increase in mean arterial

pressure than NE patients (22� 10 vs. 5� 9 mmHg; P< 0.001).
The magnitude of pressure response to AVP was not correlated
with NOx concentrations before start of AVP infusion (Pearson’s
correlation coefficient, �.009; P¼ 0.971).
Conclusion: Cardiovascular effects of AVP infusion in
advanced vasodilatory shock are not mediated by a clinically
relevant reduction in serum NOx concentrations. Therefore,
hemodynamic improvement of patients in advanced vasodila-
tory shock during continuous infusion of AVP has to be attrib-
uted to other mechanisms than inhibition of nitric oxide
synthase. In addition, the magnitude of pressure response to
AVP is not correlated with baseline concentrations of NOx.

Accepted for publication 25 February 2004

Keywords: Arginine vasopressin; nitric oxide; nitric oxide
synthase; nitrite/ nitrate; septic shock; vasodilatory shock.

# Acta Anaesthesiologica Scandinavica 48 (2004)

ALTHOUGH vasodilatory shock may originate from
shock of any etiology, sepsis and cardiovascular

surgery requiring cardiopulmonary bypass are the
most frequent causes (1, 2). Besides dysregulation of
ATP-sensitive potassium channels in vascular smooth
muscle cells and deficiency of endogenous vasocon-
strictive hormones, stimulation of the inducible form
of nitric oxide synthase has been suggested to play a
pivotal role in the pathogenesis of cardiovascular fail-
ure in vasodilatory shock (1, 2). Accordingly, over-
production of nitric oxide has been shown to induce
excessive vasodilatation, changes in vascular perme-
ability, as well as reduced vasoconstrictive effects of
endogenous vasopressor hormones (3).

Arginine vasopressin (AVP) can reliably stabilize
hemodynamics even in advanced vasodilatory shock
with catecholamine-resistant vasoplegia (2, 4). Aside
from V1-receptor mediated vasoconstriction, AVP has
been reported to causally influence several mechan-
isms involved in the pathogenesis of vasodilatation
(2). Thus, AVP has been demonstrated to attenuate
cytokine-induced nitric oxide production by inhibit-
ing nitric oxide synthase (5, 6). It is speculated that
inhibition of nitric oxide production may be an
important mechanism contributing to AVP-mediated
vasoconstriction in advanced vasodilatory shock.

While these observations may suggest that AVP
affects nitric oxide physiology, other studies actually
indicate that nitric oxide affects pharmacological
effects of AVP. For example, reduced responsiveness
of vascular resistance vessels to AVP has been
reported in septic rats (7). Administration of a nitric
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oxide synthase inhibitor partly restored AVP res-
ponsiveness, indicating a nitric oxide-dependent
mechanism. Nitric oxide-mediated modulation of
AVP receptors was suggested to include quantitative
reduction (8), impairment of inositol lipid metabolism
(9), as well as perturbation of transmembrane signal-
ing pathways (10).

The purpose of the present study was to examine, if
AVP at dosages administered in advanced vasodila-
tory shock (4 U h�1) influences nitrite/nitrate (NOx)
serum concentrations, the stable metabolite of nitric
oxide and indicator of nitric oxide synthase activity
(3). Therefore, differences in serum NOx concentra-
tions between patients receiving a combined AVP/NE
infusion and patients receiving NE infusion alone
were evaluated during a 48-hour observation period.
In addition, the correlation of the hemodynamic
response to AVP and serum NOx concentrations
before start of AVP infusion was examined in order
to detect a possible nitric oxide-mediated reduction of
hemodynamic effects of AVP in advanced vasodila-
tory shock.

Methods

The study protocol was approved by the ethical com-
mittee of the Leopold Franzens University of
Innsbruck, Austria. As a separate study arm, the
study was partly performed in the same study popu-
lation (n¼ 34) as a recently published prospective,
randomized, controlled trial on the effects of AVP on
hemodynamic and laboratory parameters in
advanced vasodilatory shock (11). After inclusion of
the first 14 patients into the original protocol, data
collection to examine NOx serum concentrations was
started and performed along with the main protocol
in 34 patients. For the present trial, four further
patients not included in the hemodynamic trial were
randomized.

Critically ill patients suffering from vasodilatory
shock after cardiovascular surgery or due to systemic
inflammatory response syndrome with and without
sepsis (12) with a mean arterial pressure (MAP)
< 70 mmHg despite adequate volume resuscitation,
and NE requirements >0.5mg kg�1 min�1, were
prospectively enrolled. All patients were invasively
monitored, including a pulmonary artery catheter.
Adequate volume resuscitation was performed
using colloid solutions according to the response of
stroke volume to fluid loading. Normovolemia was
assumed if a trial of volume loading did not further
increase stroke volume. If stroke volume index

remained <25 ml min�1 m�2, or cardiac index
<2 l min�1 m�2, a milrinone infusion was started.
Ninety-two per cent of the study patients (35/38)
were on continuous veno-venous hemofiltration
because of multiple organ dysfunction syndrome-
associated acute renal failure.

At study entry, patients were randomized to AVP or
NE treatment. In the AVP group, AVP (Pitressin1;
Parke Davis, Berlin, Germany) was infused at a
constant rate of 4 U h�1 (no bolus injections were
given); NE infusion was then adjusted to maintain
MAP� 70 mmHg. When NE requirements decreased
<0.3mg kg�1 min�1, AVP infusion was tapered off
stepwise according to the response of MAP. In NE
patients, MAP� 70 mmHg was achieved by adjusting
NE infusion as necessary.

The primary study end-point was to evaluate differ-
ences in serum NOx concentrations between patients
receiving a combined AVP/NE infusion and patients
receiving NE infusion alone. The secondary study
end-point was to examine the relationship between
NOx concentrations and the response in MAP during
the first h of AVP infusion.

Age, admission diagnosis, and intensive care unit
mortality were documented in all patients. A modified
Goris multiple organ dysfunction syndrome score (13)
was calculated from worst clinical data at study entry.
The increase in MAP during the first h after study
enrollment was documented in both study groups.

Serum concentrations of NOx were collected before,
24, and 48 h after study entry and analyzed as pre-
viously described (14) with minor modifications. In
brief, after removal of protein from heparin plasma by
ultrafiltration, samples were purified from interfering
compounds over a C-18 reversed phase HPLC col-
umn, passed through a Cd reduction column to con-
vert nitrate to nitrite, mixed with the Griess reagent,
heated to 65 C, and the absorption was determined at
546 nm. None of the study patients had gastroenter-
itis, which is known to be associated with an elevation
of NOx serum concentration (15).

Statistical analysis
Continuous demographic and clinical data were com-
pared, if Gaussian distributed with independent sam-
ple t-tests (age), and if non-Gaussian distributed with
Mann—Whitney U-rank sum test (MODS). Categorical
data were compared with the use of the chi-squared
test (diagnosis, intensive care unit mortality). Differ-
ences between groups were analyzed using linear
mixed effects models (SPSS1 11.0 for Windows;
SPSS Inc., Chicago, IL) to account for death-related
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drop outs (16). The relationship between serum con-
centrations of NOx and the increase in MAP during
the first h of AVP infusion was analyzed using a linear
regression analysis.

The P-values were considered to indicate statistical
significance, if<0.05. All data are given as mean
values� SD, if not indicated otherwise.

Results

During the study period, 38 critically ill patients
suffering from advanced vasodilatory shock were
enrolled into the study protocol. Table 1 presents
age, admission diagnoses, severity of multiple
organ dysfunction syndrome, and intensive care
unit mortality in AVP and NE patients. There
were no significant differences between study
groups.

The NOx concentrations were elevated in all
patients at baseline (48.9� 29.2mmol l�1), and during
the study period when compared to a healthy study
population (17). Figure 1 displays NOx concentrations
in study patients during the observation period. There
was no significant difference at baseline (P¼ 0.36),
and during the observation period (P¼ 0.14) between
patients receiving a combined infusion of AVP and
NE when compared to patients receiving NE infusion
alone.

Figure 2 presents differences in the increase in MAP
during the first h after study enrollment between
groups. Patients receiving a combined AVP and NE
infusion exhibited a significantly greater increase in
MAP than NE patients (22� 10 vs. 5� 9 mmHg;
P< 0.001).

The relationship between serum concentrations of
NOx and the increase in MAP during the first h after
initiation of AVP infusion is shown in Figure 3. There
was no significant correlation between NOx levels

and the increase in MAP (P¼ 0.971; Pearson’s correl-
ation coefficient¼�0.009).

Discussion

In this study protocol, no differences in NOx concen-
trations were found between patients receiving a com-
bined infusion of AVP and NE, and patients receiving
NE infusion alone at baseline and during the 48-hour
observation period. The response in MAP after initi-
ation of AVP infusion was not correlated with serum
levels of NOx.

Our observation finding no interaction between
AVP infusion and NOx serum concentrations is in
contrast to experimental studies demonstrating a
reduction of cytokine-stimulated nitric oxide produc-
tion by AVP-mediated inhibition of nitric oxide
synthase (5, 6). Two mechanisms might explain con-
troversial findings in the clinical setting in patients
with advanced vasodilatory shock.

First, AVP dosages of 4 U h�1 might have been too
low to induce a clinically relevant inhibition of nitric
oxide synthesis. In an animal experiment, a terlipres-
sin dosage of 0.05 mg kg�1 was shown to significantly
inhibit lipopolysaccharide stimulated nitric oxide
synthase (18). However, in human vasodilatory
shock, terlipressin has been applied at two- to three-
fold lower dosages (0.015—0.025 mg kg�1), thereby
inducing similar hemodynamic effects as a continu-
ous AVP infusion at 4 U h�1 (19, 20). Thus, it is con-
ceivable that terlipressin, when used at equipotent
clinical dosages, may also fail to significantly inhibit
nitric oxide synthase, leading to unchanged NOx
plasma concentrations.

Second, inhibition of nitric oxide synthase is primar-
ily mediated by stimulation of V1-receptors (5). Corres-
pondingly, inhibition of nitric oxide synthase in rats
was achieved by administration of the synthetic

Table 1

Characteristics of vasopressin/norepinephrine and norepinephrine patients.

Vasopressin/norepinephrine Norepinephrine

n 19 19
Age (years) 70� 9.4 71� 7.5
Diagnosis (n/%) SIRS 5/19 (26.3) 6/19 (31.6)

SS 7/19 (36.8) 6/19 (31.6)
PS 7/19 (36.8) 7/19 (36.8)

MODS 12.1� 0.9 11.8� 0.9
ICU mortality (n/%) 13/19 (68.4) 14/19 (73.4)

SIRS, Systemic Inflammatory Response Syndrome; SS, septic shock; PS, post-cardiotomy shock; MODS, Multiple Organ Dysfunction
Syndrome Score; ICU, intensive care unit.
There were no significant differences between groups.
Data are given as means values �SD, if not otherwise indicated.
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V1-specific vasopressin analog terlipressin (18). In
contrast to terlipressin, AVP simultaneously stimu-
lates both V1- and V2-receptors to an equal extent (2).
Since stimulation of V2-receptors has been reported
to release nitric oxide in some vascular beds (21, 22),
simultaneous V2-receptor mediated activation of
nitric oxide synthase may have antagonized any

V1-receptor mediated decrease in NOx concentra-
tions. Overall, other studies have paradoxically
reported a V1-receptor mediated increase in indu-
cible nitric oxide synthase mRNA and nitric oxide
concentrations (23, 24). Therefore, any effect of AVP
and its synthetic analogs on serum concentrations of
nitric oxide may depend on dosages applied in vivo,
the severity and primary etiology of vasodilatory
shock, as well as the vasopressin derivative being
employed for treatment.

As shown in previous studies, patients receiving
an additional AVP infusion exhibited significantly
improved cardiovascular function when compared
to patients receiving NE infusion alone (11, 25, 26).
Since a depressant effect of AVP on NOx serum con-
centrations could not be identified in this study, other
mechanisms than inhibition of nitric oxide synthase
inhibition have to account for the observed hemo-
dynamic effects of AVP in vasodilatory shock. Such
mechanisms include V1-receptor mediated vasocon-
striction, enhancement of adrenergic responsiveness
through potentiation of postreceptor pathways by
combined stimulation of a- and V1-receptors, as well
as reversal of an endogenous AVP deficiency (2).
Whether AVP-induced vasoconstriction is also
mediated, in part, by reversal of another underlying
pathophysiologic feature of vasodilatory shock,
namely inhibition of activated KATP-channels (27),
remains speculative.
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Fig. 1. Serum concentrations of nitrite/nitrate (NOx) in patients
receiving a combined infusion of AVP and norepinephrine (AVP/
NE), and patients receiving a norepinephrine infusion alone (NE)
at baseline (n¼ 38), 24 h (n¼ 38), and 48 h (n¼ 27) after study
enrollment.
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Fig. 2. Differences in the increase in mean arterial pressure
(MAP) during the first h after study enrollment between patients
receiving a combined AVP and norepinephrine infusion (AVP/NE)
and patients receiving norepinephrine infusion alone (NE).
*, significant difference between groups.
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Fig. 3. Correlation between the increase in mean arterial pressure
(MAP) during the first h after initiation of an AVP infusion, and
serum nitrite/nitrate concentrations (NOx) in patients receiving a
combined infusion of AVP and norepinephrine (n¼ 19).
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Another interesting finding of this study was that
the increase of MAP during the first h after start of
AVP infusion was independent of baseline serum
concentrations of NOx. Unlike adrenergic vasopressor
effects (28), AVP-mediated vasoconstriction is pre-
served in situations of high NOx concentrations origi-
nating from elevated nitric oxide levels. Accordingly,
the increase in MAP during the first h after study
enrollment was significantly higher in AVP patients,
whereas almost no increase in MAP could be
achieved in patients receiving NE infusion alone at
this advanced shock state (Fig. 1).

The observation that vasoconstrictive effects of AVP
on arterioles are not significantly influenced by NOx
serum concentrations in advanced vasodilatory shock
is once again in contrast to experimental and in vitro
examinations demonstrating nitric oxide-mediated
hyporesponsiveness of resistance vessels to AVP
(7, 29). Thus, it may be speculated that elevated NOx
serum concentrations, indicating increased nitric
oxide synthase activity, may have been either too
small to significantly attenuate hemodynamic effects
of AVP, or that AVP-mediated vasoconstriction
involves several alternative mechanisms which com-
pensate for experimentally observed nitric oxide-
induced hyporesponsiveness of arterioles to AVP.

An important limitation of this study is that the
activity of nitric oxide synthase and the actual con-
centrations of nitric oxide have not been measured
directly. However, animal and human investigations
have repeatedly shown that NOx, the stable meta-
bolite of nitric oxide, is closely associated with severity
of hemodynamic failure in vasodilatory shock, and
thus reliably reflects the activity and amount of nitric
oxide produced in these shock states (3, 30). None-
theless, measuring both NOx and 3-nitrotyrosin con-
centrations in serum and urine may have better
reflected nitric oxide production than determination
of NOx alone (3). Since 92 per cent of the study
patients were on continuous veno-venous hemofiltra-
tion, urine sampling was not available in the majority
of the study population. A further limitation of this
study that has to be considered is the fact that 38
patients may have been too small a sample size to
detect significant differences in NOx concentrations
between study groups.

In conclusion, cardiovascular effects of AVP infu-
sion in advanced vasodilatory shock are not mediated
by a clinically relevant reduction in serum NOx con-
centrations. Therefore, hemodynamic improvement of
patients in advanced vasodilatory shock during con-
tinuous infusion of AVP has to be attributed to other
mechanisms than inhibition of nitric oxide synthase.

In addition, the magnitude of pressure response to
AVP is not correlated with baseline concentrations of
NOx.
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