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Circulatory consequences of reduced endogenous nitric
oxide production during small-volume resuscitation
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Hypertonic small-volume resuscitation transiently restores the cardiovascular function during various circulatory
disturbances. Nitric oxide (NO) is an important mediator of flow-induced peripheral and central hemodynamic
changes, and therefore, we hypothesized that a decreased endogenous NO production could influence the
consequences and the effectiveness of hypertonic fluid therapy. The main goal of this study was to outline and
compare the circulatory effects small volume hypertonic saline-dextran (HSD, 7.5% NaCl-10% dextran; 4 ml/kg iv)
infusion with (n=7) or without (n=7) artificially diminished NO production in normovolemic anesthetized dogs.
HSD administration significantly increased cardiac index (CI), coronary flow (CF) and myocardial contractility, and
elevated plasma nitrite/nitrate (NOx) and endothelin-1 (ET-1) levels. However, the late (2 h) postinfusion period was
characterized by significantly decreased myocardial NO synthase (NOS) and enhanced myeloperoxidase activities.
Pre-treatment with the non-selective NOS inhibitor N-nitro-L-arginine (NNA, 4 mg/kg) immediately increased
cardiac contractility, and the HSD-induced CI and CF elevations and the positive inotropy were absent. Additionally,
plasma ET-1 levels increased and NOx levels were significantly decreased. In conclusion, our results demonstrate
that HSD infusion leads to preponderant vasoconstriction when endogenous NO synthesis is diminished, and this
could explain the loss of effectiveness of HSD resuscitation in NO-deficient states.
Keywords: nitric oxide, hypertonic saline–dextran, endothelin-1, cardiac contractility

Nitric oxide (NO) is a broad-spectrum regulator of the cardiovascular homeostasis; it
modulates the systemic blood pressure but participates in vascular remodelling and
angiogenesis as well (23, 35, 36). A variable-level, but steady generation of NO is achieved
by a family of NO synthase (NOS) isoenzymes, including neuronal NOS (nNOS), inducible
NOS (iNOS) and endothelial NOS (eNOS) (35). NO is produced by many cells in the body;
however, its production by the vascular endothelium is particularly important in the regulation
of the blood flow, through the Ca2+/calmodulin-dependent constitutive types of NOS (cNOS)
activity (27, 35).
The integrity of the endothelium is essential for flow-mediated vasodilation (26), which
is largely due to the release of NO (17, 25). Physiologically, the most important stimulus for
the continuous formation of NO is the viscous drag (shear stress) generated by the streaming
blood on the endothelial layer (27). Indeed, it has been demonstrated that endothelial
dysfunction is closely associated with reduced NO bioavailability in the cardiovascular
system (8, 26).

Corresponding author: Mihály Boros MD, PhD, DSc
Institute of Surgical Research, University of Szeged
P.O. Box 464, H-6701 Szeged, Hungary
Phone: +36 62 545103; Fax: +36 62 545743; E-mail: boros@expsur.szote.u-szeged.hu
0231–424X/$ 20.00 © 2011 Akadémiai Kiadó, Budapest

394

Molnár G et al.

Disturbances of flow-mediated vasodilation may have several pathophysiological
consequences. Humans with atherosclerosis, diabetes or hypertension often exhibit impaired
NO pathways (9, 33). In patients with coronary artery disease and impairment of the
endothelial vasodilatory function, increases in blood flow through the diseased coronary
artery cause paradoxical vasoconstriction, which can contribute to myocardial ischemia
during exercise or mental stress (42). In hypercholesterolemic animals and man, endotheliumdependent relaxation is reduced and vasoconstriction is enhanced. Again, this is largely due
to a reduction in NO activity, and not to the physical absence of the endothelium (9).
Small-volume resuscitation by means of hypertonic solutions has been proposed as an
effective means for restoration of cardiovascular function in acute circulatory failure. Indeed,
it has been shown that small-volume resuscitation with hypertonic saline-dextran (HSD)
solutions improves the cardiovascular function much more efficiently than normotonic
volume replacement (28, 29, 49). The primary target organ of fluid replacement is the
vascular endothelium, a sensitive sensory and transmitter surface between the circulating
blood and the wall of the vessels throughout the body, where several vasoactive mediators
of endothelial origin are synthesized and released (14, 30). Our earlier study demonstrated
that the HSD infusion-induced peripheral flow stimulus correlated with cardiac contractility
changes in line with an enhanced peripheral NO and endothelin-1 (ET-1) output (11). Another
study from our laboratory pointed out that the nonspecific inhibition of NOS by N-nitro-Larginine (NNA) enhances the ET-A receptor-dependent myocardial contractile responses (7).
Several experimental and clinical studies have investigated the efficacy, dosages
and infusion rates of different hyperosmotic solutions: primarily 7.5% hypertonic saline
administered alone or in combination with dextran or hetastarch (3, 29). Although the clinical
data do not indicate that the administration of hypertonic solutions increases mortality in the
clinical setting (50, 52). The results of experimental studies suggest that the administration of
HSD exacerbates bleeding from injured vessels and often leads to early death in anesthetized
animals (30, 48).
As we hypothesized that the bioavailability of NO, or its amount relative to other inotropic
agents is of crucial importance in vasoregulation, we sought to examine the consequences of
artificially diminished NO production on the peripheral and central hemodynamics. Secondly,
we assumed that a decreased endogenous NO production could play significant roles in the
circulatory consequences of HSD infusion. With these objectives, we set out to identify the
HSD-induced circulatory and myocardial contractility changes caused by NO-dependent and
NO-independent mechanisms by using the non-selective NOS inhibitor (NNA) prior to HSD
infusions.
Materials and Methods
The experiments were performed in adherence to the NIH guidelines for the use of
experimental animals. The study was approved by the Ethical Committee for the Protection
of Animals in Scientific Research at the University of Szeged.
Surgical preparation
The experiments were performed on f 24 inbred mongrel dogs (average weight 17 ± 2.1 kg).
Anesthesia was induced with sodium pentobarbital (30 mg kg–1 iv) and sustained with 0.2 mg
kg–1 h–1 supplementary doses. After intubation of the trachea, the animals were mechanically
ventilated with room air (Harvard Apparatus, South Natick, MA, U.S.A.). The left femoral
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artery and vein were cannulated for the measurement of mean arterial pressure (MAP) and
the administration of drugs and fluids, respectively. Blood gas parameters were regularly
controlled throughout the experiments. The animals received 15 ml kg–1 h–1 Ringer’s
lactate infusion during surgical procedure, until the start of HSD treatment. A Swan-Ganz
thermodilution catheter (Corodyn TD-E-N, 5011-110-7Fr; Braun Melsungen AG, Melsungen,
Germany) was positioned into the pulmonary artery via the right femoral vein to measure the
cardiac otput (CO) and calculate the cardiac index (CI). To measure coronary blood flow,
an ultrasonic flow probe (Transonic Systems, Ithaca, NY, USA) was placed around the left
circumflex coronary artery supplying the left ventricle.
An inflatable balloon-catheter (Foley catheter, 14Fr, Kendall Company Ltd., Basingstoke,
U.K.) was introduced into the inferior caval vein via the left jugular vein. The filling volume
was 10 ml. A catheter tip micromanometer (Millar Instruments Inc., Houston, TX, U.S.A.)
was introduced into the left ventricle through the left internal carotid artery to monitor the
LV pressure (LVP). A left thoracotomy was performed at the sixth intercostal space and
the pericardium was opened. A pair of ultrasonic dimension crystals (3 MHz, ID-4, Custom
Transducers, Poway, CA, U.S.A.) were sutured onto the anterior and posterior walls of the
left ventricle, opposite each other, using an atraumatic surgical technique for measurement of
the LV diameter (LVD). The thoracic cavity was revised and the chest wall was closed in four
layers. The air was removed from the thorax; the animals were then breathing spontaneously.
o
Their body temperature was maintained at 38 C with a homeothermic blanket. At the end of
the experiments, a myocardial tissue biopsy sample was taken from the left ventricle and the
animals were killed with an overdose of pentobarbital.
Macrohemodynamic measurements
All hemodynamic signals (pressures, LVP, LVD and coronary flow) were registered with a
computerized data-acquisition system (SPEL Advanced Haemosys 2.72, Experimetria Ltd.,
Budapest, Hungary). The MAP and central venous pressure (CVP) were monitored with
Statham P23Db transducers. The heart rate (HR) was calculated from the MAP curve. The
CO was determined by thermodilution, using a Cardiostar CO-100 computer (Experimetria
Ltd., Budapest, Hungary), normalized for body weight and expressed as CI (ml kg–1 min–1).
The total peripheral vascular resistance (TPR) was calculated via the standard formula.
The ultrasonic dimension crystals were connected to a sonomicrometer (Triton
Technology, Inc., San Diego, CA, U.S.A.). Via the LVP and LVD signals, the end-systolic
elastance, as a parameter of the LV myocardial contractility, was estimated from the slope of
the end-systolic pressure vs diameter relationship (20) with a computer program developed
by our group. The inferior caval vein was briefly occluded by a balloon catheter, and the
pressure vs diameter loops were registered for 8 s. The end-systolic points of the loops (which
can be fitted to a sigmoid curve) were recorded. The linear part of the curve was selected
on the basis of the lowest variance, and a straight line was fitted to the selected points.
The computer program calculated contractility as the slope of the end-systolic pressure vs
diameter relationship, and the variance of fitting was determined. The calculation was based
on a minimum of 8 cardiac cycles.
Biochemical measurements
Plasma ET-1 measurements
Two-ml blood samples were drawn from the jugular vein into chilled polypropylene tubes
containing EDTA (1 mg ml–1) and aprotinin (Trasylol, Bayer, Leverkusen, Germany) (500
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KIU/mL) before and after NNA infusions, and at the end of the observation period. The
blood samples were centrifuged at 1200 g for 10 min at 4 oC. The plasma samples were then
collected and stored at –70 oC until assay. Plasma samples were analyzed for ET-1 with an
ELISA kit (Biomedica, Vienna, Austria). According to the manufacturer, the cross-reactivity
with ET-1 and ET-2 was 100%.
Plasma nitrite/nitrate level measurements
The levels of plasma nitrite/nitrate (NOx), stable end-products of NO, were measured by the
Griess reaction. The assay depends on the enzymatic reduction of nitrate to nitrite, which was
then converted into a colored azo compound detected spectrophotometrically at 540 nm (37).
NOS activity measurements
NO formation in cardiac tissues was measured via the conversion of [3H]L-citrulline from
[3H]L-arginine (11). Briefly, heart biopsies kept on ice were homogenized in phosphate
buffer (pH 7.4) containing 50 mM Tris-HCl, 0.1 mM EDTA, 0.5 mM dithiotreitol, 1 mM
phenylmethylsulfonyl fluoride, 10 μg ml–1 soybean trypsin inhibitor and 10 μg ml–1 leupeptin.
The homogenate was centrifuged at 4 oC for 20 min at 24,000 g and the supernatant was
loaded into centrifugal concentrator tubes (Amicon Centricon-100; 100,000 MW cut-off
ultrafilter). The tubes were centrifuged at 1000 g for 150 min and the concentrated supernatant
was washed out from the ultrafilter with 250 μl homogenizing buffer. The samples were
incubated with a cation-exchange resin (Dowex AG 50W-X8, Na+ form) for 5 min to deplete
endogenous L-arginine. The resin was separated by centrifugation (1500 g for 10 min) and
the supernatant containing the enzyme was assayed for NOS activity.
For the Ca2+-dependent NOS (cNOS) activity, 50 μl enzyme extract and 100 μl
reaction mixture (pH 7.4, containing 50 mM Tris-HCl buffer, 1 mM NADPH, 10 μM
tetrahydrobiopterine, 1.5 mM CaCl2, 100 U ml–1 calmodulin and 0.5 μCi [3H]L-arginine
(Amersham U.K., specific activity 63 Ci mmol–1)) were incubated together for 60 min at
37 oC. The reaction was stopped by the addition of 1 ml ice-cold HEPES buffer (pH 5.5)
containing 2 mM EGTA and 2 mM EDTA. Measurements were performed with the NOS
inhibitor NNA (3.2 mM) to determine the extent of [3H]L-citrulline formation independent
of the NOS activity. Ca2+-independent NOS activity (iNOS) was measured without Cacalmodulin and with EGTA (8 mM). One ml reaction mixture was applied to Dowex cationexchange resin (AG 50W-X8, Na+ form) and eluted with 2 ml distilled water. The eluted [3H]
L-citrulline activity was measured with a scintillation counter (Tri-Carb Liquid Scintillation
Analyzer 2100TR/2300TR, Packard Instrument Co, Meriden, CT, U.S.A.). Protein contents
of samples were determined by the Lowry method.
Myocardial myeloperoxidase (MPO) activity measurement
The MPO activity, as a marker of tissue polymorphonuclear leukocyte infiltration, was
measured via cardiac muscle biopsies (32). Briefly, the sample was homogenized with TrisHCl buffer (0.1 M, pH 7.4) containing 0.1 mM phenylmethylsulfonyl fluoride to block tissue
proteases, and then centrifuged at 4 oC for 20 min at 2000 g. The MPO activities of the
samples were measured at 450 nm (UV-1601 spectrophotometer, Shimadzu, Japan) and the
data were referred to the protein content.
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Experimental protocols
Surgery was followed by a recovery period for cardiovascular stabilization, and baseline
variables were then determined during a 30-min control period. The animals were randomly
allocated to one or other of three groups. Group 1 (n = 10), which as control, was treated
with 0.9% saline (4 ml kg–1), while Groups 2 (n = 7) and 3 (n = 7) were infused iv with 4 ml
kg–1 HSD during 15 min. The solution was prepared from isotonic 10% dextran-40 (Baxter,
Munich, Germany) and 7.2% NaCl solution. The animals in Group 3 were additionally
treated with 4 mg kg–1 NNA (Sigma Chem., U.S.A.) in 2 ml kg–1 saline during a 5-min iv
infusion 15 min before HSD treatment. The beginning of HSD infusion served as the zero
point of the experiments, and hemodynamic measurements were performed every 30 min.
The animals were observed for a further 120 min in all groups.
Statistical analysis
Data analysis was performed with a statistical software package (SigmaStat for Windows,
Jandel Scientific, Erkrath, Germany). Nonparametric methods were used. Friedman repeated
measures analysis of variance on ranks was applied within the groups. Time-dependent
differences from the baseline (time 0) for each group were assessed by Dunn’s method, and
differences between groups were analyzed with Kruskal-Wallis one-way analysis of variance
on ranks, followed by Dunn’s method for pairwise multiple comparison. In the Figures
and Table 1, median values and 75th and 25th percentiles are given. P values < 0.05 were
considered significant.
Results
The concentration of the HSD solution and the optimal conditions for the volume expander
protocol were determined in pilot studies (data not shown). In the control group (Group 1),
there were no significant hemodynamic changes as compared with the baseline values, and
the mediator level did not change significantly during the 120-min observation period.
Hemodynamic effects of HSD infusion with or without NNA treatment
The HSD-induced peripheral circulatory reaction was characterized by transient MAP (Fig.
1A) and CVP increases (after HSD infusion: 3.8±0.26 mmHg vs control: 1.7±0.45 mmHg).
TPR showed a biphasic change: an initial decrease was followed by a return to the baseline
during the early phase of the postinfusion period, and the TPR was significantly elevated at
120 min in the postinfusion period (Fig. 1B). NNA pretreatment significantly elevated the
MAP before HSD infusion, but there was no significant difference between the two HSDinfused groups (Fig. 1A). This pretreatment caused significant, long-lasting elevations in
CVP (after NNA+HSD infusion: 5.9±0.65 mmHg) and TPR relative to the HSD and control
groups (Fig. 1B).
The cardiac consequences of the HSD-induced volume loading included a significant
increase in CI (Fig. 2A), together with a gradually elevated HR (Fig. 1C). HSD caused a
marked and significant elevation in coronary blood flow, too (Fig. 2B). HSD infusion
significantly increased the LVD and myocardial contractility until 60 min of the postinfusion
period (Fig. 3A and B).
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Fig. 1. Changes in MAP (A), TPR (B) and in HR in the saline-treated control group (circles), the HSD-treated
group (squares) and the NNA+HSD treated group (triangles). * P < 0.05 within group; X P < 0.05 between groups
vs saline-treated control group values; # P < 0.05 between groups vs HSD-treated group values
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Fig. 2. Changes in CI (A) and in coronary flow (B) in the saline-treated control group (circles), the HSD-treated
group (squares) and the NNA+HSD treated group (triangles). * P < 0.05 within group; X P < 0.05 between groups
vs saline-treated control group values; # P < 0.05 between groups vs HSD-treated group values

The NNA pretreatment immediately caused a 22% decrease in CI before HSD infusion
and significantly inhibited the HSD-induced CI elevation for 60 min (Fig. 2A). This treatment
resulted in a lower HR as compared with the HSD infusion, especially in the postinfusion
phase (Fig. 1C). Nonselective NOS inhibition decreased the HSD-induced coronary flow
elevation (Fig. 2B). The preload index LVD did not differ significantly from the result in the
HSD-only group, but the late effect of the NNA treatment was a noteworthy decrease as a
percentage of LVD (Fig. 3A).
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Fig. 3. Changes in diastolic LVD (A) and in myocardial contractility (B) in the saline-treated control group
(circles), the HSD-treated group (squares) and the NNA+HSD-treated group (open triangles). * P < 0.05 within
group; X P < 0.05 between groups vs saline-treated control group values; # P < 0.05 between groups vs HSDtreated group values

The cardiac contractility showed a biphasic reaction under this experimental protocol:
NNA treatment immediately increased the end-systolic pressure-diameter relationship before
volume loading, but the HSD-induced positive inotropy was decreased significantly until 60
min after HSD infusion and gradually increased again in the late phase of the postinfusion
period (Fig. 3B).
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Biochemical changes in blood and myocardial tissue
The plasma ET-1 concentration was significantly increased (approximately 1.5-fold) by the
end of the infusion (HSD group: 3.09±0.21 vs control: 1.72±0.11 fmol ml–1), and remained
significantly higher than in the control group up to the end of the 120-min observation
period (Fig. 4A). Concomitantly, the HSD infusion caused a transient and significant, 45min elevation in plasma NOx level (Fig. 4B). The NNA pretreatment significantly enhanced
the HSD-induced increase in plasma ET-1 level throughout the whole observation period as
compared with the HSD-only group (Fig. 4A), while a lowered level of the plasma NOx was
detected in the course of the postinfusion period (Fig. 4B).

Fig. 4. Changes in plasma ET-1 level (A) and in plasma NOx level (B) in the saline-treated control group (circles),
the HSD-treated group (squares) and the NNA+HSD treated group (triangles). * P < 0.05 within group; X P < 0.05
between groups vs saline-treated control group values; # P < 0.05 between groups vs HSD-treated group values
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However, 120 min after the HSD infusion, the myocardial cNOS activity was
significantly lower as compared with that in the control group (Fig. 5A). In these biopsies, the
tissue MPO activity was significantly increased relative to the control group (Fig. 5B). The
nonselective NOS inhibitor pretreatment lowered the HSD-induced decrease in myocardial
cNOS activity more appreciable by the end of the postinfusion period, but the NOS values
were not significantly different from those in the HSD group (Fig. 5A). The administration
of NNA increased the myocardial MPO activity, but the differences were not statisticaly
significant in MPO activity between the HSD-only group and the NNA-pretreated groups.

Fig. 5. cNOS activities (A) and myocardial MPO activities (B) in myocardial tissue 120 min after treatment in the
saline-treated (empty box), the HSD-treated (gray box) and the NNA-treated (checked box) animals. X P < 0.05
between groups vs saline-treated control group values, # P < 0.05 between groups vs HSD-treated group values

Discussion
Our study was designed to outline the role of NO in the HSD-evoked global hemodynamic
changes and to investigate the feasibility of small-volume resuscitation in conditions
associated with diminished NO production. The results revealed that HSD is less effective in
NO-deficient state, and HSD-induced alterations of cardiac contractility have NO-dependent
and independent components. Indirectly, the data suggest that an extreme upset of the NO –
ET-1 balance significantly decreases the coronary perfusion which has predominant role to
maintain cardiac contractility.
Hemodynamic effects of HSD
Hypertonic saline (HS) solutions were originally developed for prehospital use to replace
larger volumes of isotonic solutions. The reasons for using a standard dose of 4 ml kg–1
HS or HSD seem to be based more on practicality rather than on any true physiologic
concept (28, 29, 49). HSD solutions bring about rapid changes in the macrohemodynamics
in various circulatory beds causing plasma volume expansion by withdrawing water from the
extravascular space, reducing the extravascular pressure, increasing the circulating volume
and creating favorable histological pressure conditions at the level of the capillaries (29). As
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a result, HSD effectively improves the cardiovascular function and this could be related to
a number of mechanisms, including a direct relaxing action on the vascular smooth muscle,
a blood fluidity improvement by hemodilution, and a stretch-induced ventricular dilatation
caused by a pressure or volume overload (18, 29). Indeed, in our study the HSD infusion
resulted in prompt increases in MAP and CI and a decrease in TPR. The HR and coronary
flow increased concomitantly, and a significant rise in myocardial contractility was noted in
the early phase of the postinfusion period. The increased LV preload might contributed to the
positive inotropy, but the mechanism of the HSD-induced myocardial contractility elevation
is rather complex, and this change could not be a simple consequence of an increased
intravascular volume. This hemodynamic pattern could increase the coronary blood flow,
too (Gregg effect), which itself could lead to positive inotropy (13, 16). The rationale of
our approach was to achieve a rapid increase in flow velocity. Lower molecular weight of
the dextran component of the HSD solution (e.g. 40 kD) was preferable, since a significant
improvement in blood flow was the primary goal. Higher molecular weight dextran (e.g. 70
kD) is advantageous when a longer circulation time is specifically required (15).
An expansion of the blood volume has been shown to increase the HR and blood pressure
via the sympathetic nerves in a number of species, and this effect is based primarily on the
activation of volume receptors at the venous-atrial junctions of the heart (24). Stimulation
of volume receptors by acute volume expansion results in an elevation of the plasma atrial
natriuretic factor (ANF) level, which correlates significantly with the right atrial pressure. An
increase in ANF level contributes to the elevation in preload, which could indirectly influence
the LV contractility (38). Indeed, blockade of the autonomic nervous system (by sinoaortic
denervation, vagotomy or hexamethonium treatment) did not influence the increase in plasma
ANF level during volume expansion by 20 ml/kg dextran in lactated Ringer’s solution (24,
40).
Several studies suggest the increased activity of the humoral positive inotropic agents in
the case of volume expansion. Wade et al. and Elgjo et al. demonstrated elevations in plasma
renin and norepinephrine following HSD or hypertonic saline infusion (10, 51). Angiotensin
II activation through AT1 receptors potentiates Na+/H+ exchange activity, and an increase in
intraneuronal Na+ will lead to the excessive release of norepinephrine from the sympathetic
neurons (34). It has been shown that an acute volume expansion caused by a rapid infusion
of hypertonic colloid solution results in an increase in plasma ET-1 (3, 11). The plasma level
of ET-1 increased significantly in this setup, too, and the plasma ET-1 level subsequently
remained elevated until the end of the experiment. Our earlier results revealed that mast cells
could have a significant role in this process, since HSD-induced mechanical stimuli result in
the mast cell-derived protease output in the plasma (11). An elevated flux of proteases could
be increase level of ET-1 from pre–pro ET or from big-ET (34). The ET-1 induced positive
inotropy can be prevented by ET-A receptor antagonist pretreatment (7, 11).
The postinfusion period was characterized by significant rises in the plasma NO and
ET-1 concentrations. Various mechanical stimuli, such as fluid shear stress on the endothelium
(14, 31) and the physical stretching of smooth muscle vascular cells or cardiomyocytes (5,
46) trigger release or syntheses of both vasoactive mediators. In our experiments, the HSD
infusion induced moderate elevation of the plasma level of NOx, an end-product of NO, could
be a result of the enhanced plasma viscosity by dextran component. Tsai et al. demonstrated
that elevation of the plasma viscosity increases shear stress in the microcirculation leading to
the increase of NO release from the endothelium (45).
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This shear stress dependent NO release could contribute positively to the LV contractility
in this concentration. Although previous studies have indicated that excessive NO delivery
from inflammatory cells (or cytokine-stimulated cardiomyocytes themselves) may result
in profound cellular disturbances leading to attenuated cardiac contractility (35), others
have reported that the stimulation of myocardial NO production can offset the increase in
contraction in response to a rise in intracellular Ca2+. Cardiac NO production is also activated
by stretching and, under these conditions, NO has been shown to facilitate the Frank-Starling
response and to contribute to the increase in intracellular Ca2+ transients that mediates the
slow increase in contraction in response to stretching (5).
In the later phase of the postinfusion period, the HR gradually increased, the CI decreased
and the myocardial contractility returned to a near-baseline level, while the TPR increased
significantly. Further, these hemodynamic and biochemical changes were accompanied
by enhanced myocardial MPO activity and decreases in myocardial cNOS activity. It has
been proved in number of diseases involving circulatory failure (myocardial infarction,
cardiogenic shock, atherosclerosis and congestive heart failure), also in surgical interventions
that an increased ET-1 level is associated with decreased NO production (41), and increased
MPO activity (21). This marked decrease in NOS activity may be an indirect consequence
of the elevation in ET-1 level. ET-1 per se could inhibit endogenous NO synthesis through
enhanced asymmetric dimethylarginine synthesis (39) or superoxide radical production,
which simultaneously with instantaneous NO production, can lead to the formation of
peroxynitrite, a known inhibitor of NOS activity (41, 44). On the other hand, peroxynitritemediated myocardial protein nitration has been associated with a depressed cardiac pump
function. Borbely et al. proposed that alpha-actinin is a target for peroxynitrite in the human
myocardium; and its nitration can induce a contractile dysfunction (4). Additionally, an
in vivo interaction might occur between the increased nitrite level and myocardial MPO,
affording reactive nitrosyl derivatives (6) and leading to protein nitration, too.
Effects of NNA pretreatment
NNA pretreatment definitely inhibited the HSD-evoked favorable hemodynamic features, the
CI declined below the control level, and TPR increased significantly during the observation
period. It has been demonstrated that NOS inhibition-induced elevation of pulmonary
vascular resistance reduces CI, because of the increase in right ventricular after-load leading
to impaired left ventricular function in vivo (2, 20). HSD-induced NOx release was blocked by
NNA pretreatment at 15 min of the postinfusion period. Moreover, the plasma level of ET-1
was significantly higher in the NNA+HSD group than in the HSD-only group. The extreme
elevation of the ET-1 level could explain the increased TPR and venoconstriction, but ET-1related positive chronotropy was not detected. As a result of NNA pretreatment, the HSDinduced HR elevation was abrogated; it remained permanently at the control level. Our results
are consistent with findings of the acute study by Pontieri et al., in which microinjections of
a nonselective NOS inhibitor into the nucleus tractus solitarius increased the baroreceptor
reflex gain with decreased HR in conscious normotensive rats (43). In another study, the oral
intake of an NOS inhibitor enhanced the baroreceptor reflex gain due to a potentiation of
reflex bradycardia (47). Overall, it seems that HR regulation under volume expansion is an
NO-dependent rather than an ET-1-dependent process.
NNA pretreatment did not influence the HSD-induced increase in LVD during the
acute phase of volume expansion. Though NO largely accounts for the myocardial diastolic
properties, the HSD-induced LVD increase seems to be NO-independent. This could be
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explained by the mechanical atrial stretch due to volume expansion, or by the high sodium
concentration of the HSD infusion, which stimulates ANF release with an enhanced
ventricular diastole (1). However, in the late phase of the postinfusion period, the effect of
NNA pretreatment was characterized by a gradually decreased LVD with a lowered filling
volume, because of the ET-1-induced venoconstriction.
Flow-induced dilation of small coronary vessels is one of the most important
mechanisms contributing to the local regulation of myocardial blood flow. This response is
mediated by NO in most species (27). The impairment of flow-induced NO release likely
leads to ischemic episodes and contributes to the development of coronary heart disease (33).
Cardiac contractility is essentially dependent on oxygen supply and is characterized by high
oxygen consumption (19). HSD-induced volume expansion demands a higher energy supply,
which is covered by an increased coronary flow. It has been evidenced that positive inotropy
related to the increased utilization of ATP leading to the release of adenine nucleosides.
Moreover, it has been demonstrated that exogenous ET-1 causes a significant elevation in
the purine metabolism and stimulates adenosine release (53). However, the inhibition of NO
production reversed the cardiac contractility changes, with an extreme increase in plasma
ET-1 level, which could be responsible for the decreased coronary perfusion (12, 19). Hence,
the volume per cardiac cycle decreased to a level which was not able to maintain sufficient
tissue perfusion. Accordingly, the diminished NO production with enhanced ET-1 release
as an unfavorable side-effect of HSD fluid therapy could have a significant role in a cardiac
power deficit. In the later phase of the postinfusion period, the coronary perfusion did not
decrease under the control level, despite the decreased cardiac NO production. This could be
explained by the enhanced level of adenosine originating from ATP breakdown, which is the
main mediator of coronary metabolic adaptation in the heart (22). It could be assumed that
the gradual increase in cardiac contractility at the end of the observation period was due to
the adapted cardiac perfusion with the energy supply. This late positive inotropy means that
volume expansion can stimulate the release of other vasoconstrictors, and not only ET-1. In
this regard, the roles of the renin-angiotensin system and catecholamines could be of interest
(34). Overall, the HSD-induced positive inotropy proved an indirect NO-dependent process,
which predominates through the coronary perfusion rather than through direct effects on
cardiac contractility.
The data reported here demonstrate that HSD-induced mechanical stimuli cause
significant peripheral NO and ET-1 release in the heart. As a result of NNA pretreatment,
the extreme upset of the NO – ET-1 balance significantly decrease the coronary perfusion,
which has predominate role to maintain cardiac contractility. The maintained NO production
is absolutely necessary for normal peripheral and cardiac hemodynamic functions. Our
results suggest that medication via HSD volume therapy could exert a negative influence on
the outcome in numerous diseases associated with a decreased NO production (myocardial
infarction, congestive heart failure, atherosclerosis and diabetes), since the HSD-induced
circulatory changes and in alterations of cardiac contractility have mainly NO-dependent
components.
Acknowledgements
GM and ECs contributed equally to this work. The authors are grateful to Ms. Ágnes Fekete, Ms. Anna Nagyiván
and Ms. Mariann Csíkszentimrei for skillful assistance. This study was supported by research grant OTKA T 037835
and TAMOP 4.2.1./B-09/1/KONV-2010-0005.
Acta Physiologica Hungarica 98, 2011

406

Molnár G et al.

REFERENCES
1. Arjamaa O, Vuolteenaho O: Sodium ion stimulates the release of atrial natriuretic polypeptides (ANP) from rat
atria. Biochem. Biophys. Res. Commun. 132, 375–381 (1985)
2. Avontuur JA, Biewenga M, Buijk SL, Kanhai KJ, Bruining HA: Pulmonary hypertension and reduced cardiac
output during inhibition of nitric oxide synthesis in human septic shock. Shock 9, 451–454 (1998)
3. Boldt J, Knothe C, Zickmann B, Hammermann H, Stertmann WA, Hempelmann G: Volume loading with
hypertonic saline solution: endocrinologic and circulatory responses. J. Cardiothorac. Vasc. Anesth. 8, 317–323
(1994)
4. Borbely A, Toth A, Edes I, Virag L, Papp JG, Varro A, Paulus WJ, van der Velden J, Stienen GJ, Papp Z:
Peroxynitrite-induced alpha-actinin nitration and contractile alterations in isolated human myocardial cells.
Cardiovasc. Res. 67, 225–233 (2005)
5. Casadei B, Sears CE: Nitric-oxide-mediated regulation of cardiac contractility and stretch responses. Prog.
Biophys. Mol. Biol. 82, 67–80 (2003)
6. Cooper CE, Odell E: Interaction of human myeloperoxidase with nitrite. FEBS Letters 314, 58–60 (1992)
7. Czóbel M, Kaszaki J, Molnár G, Nagy S, Boros M: Nonspecific inhibition of nitric oxide synthesis evokes
endothelin-dependent increases in myocardial contractility. Nitric Oxide Biol. Chem. 21, 201–209 (2009)
8. Dixon LJ, Hughes SM, Rooney K, Madden A, Devine A, Leahey W, Henry W, Johnston GD, McVeigh GE:
Increased superoxide production in hypertensive patients with diabetes mellitus: role of nitric oxide synthase.
Am. J. Hypertens. 18, 839–843 (2005)
9. Drexler H, Zeiher K, Meinzer K, Just H: Correction of endothelial dysfunction in coronary microcirculation of
hypercholesterolaemic patients by L-arginine. Lancet 338, 1546–1550 (1991)
10. Elgjo GI, Eide I, Knardahl S: The role of the adrenal medulla in cardiovascular responses to hypertonic saline in
haemorrhaged conscious rats. Acta Physiol. Scand. 151, 429–439 (1994)
11. Eszlári E, Czóbel M, Molnár G, Bogáts G, Kaszaki J, Nagy S, Boros M: Modulation of cardiac contractility
through endothelin-1 release and myocardial mast cell degranulation. Acta Physiol. Hung. 95, 301–319 (2008)
12. Fazekas L, Kékesi V, Soós P, Barát E, Huszár E, Juhász-Nagy A: Coronary metabolic adaptation restricted by
endothelin in the dog heart. Acta Physiol. Hung. 88, 35–46 (2001)
13. Feigl EO: Coronary physiology. Physiol. Rev. 63, 1–205 (1983)
14. Fissthaler B, Dimmeler S, Hermann C, Bussek R, Fleming I: Phosphorylation and activation of the endothelial
nitric oxide synthase by fluid shear stress. Acta Physiol. Scand. 168, 81–88 (2000)
15. Gonzalez-Castillo C, Rubio R, Zenteno-Savin T: Coronary flow-induced inotropism is modulated by binding of
dextrans to the endothelial luminal surface. Am. J. Physiol. Heart Circ. Physiol. 284, H1348–1357 (2003)
16. Gregg DE: Effect of coronary perfusion pressure or coronary flow on oxygen usage of the myocardium. Circ.
Res. 13, 497–500 (1963)
17. Hecker M, M Isch A, Bassenge E, Busse R: Vasoconstriction and increased blood flow: two principal mechanisms
of shear stress-dependent endothelial autacoid release. Am. J. Physiol. 265, H828–H833 (1993)
18. Janicki JS, Brower GL, Gardner JD, Forman MF, Stewart JA Jr, Murray DB, Chancey AL: Cardiac mast cell
regulation of matrix metalloproteinase-related ventricular remodeling in chronic pressure or volume overload.
Cardiovasc. Res. 69, 657–665 (2006)
19. Juhász-Nagy A: Pathological action of endothelin-1 on the heart: coronary spasm and arrhythmia. Orv. Hetil.
140, 1395–1401 (1999)
20. Kaszaki J, Wolfard A, Bari F, Boros M, Parratt JR, Nagy S: Effect of nitric oxide synthase inhibition on
myocardial contractility in anesthetized normal and endotoxemic dogs. Shock 6, 279–285 (1996)
21. Kaszaki J, Czóbel M, Szalay L, Nagy S, Boros M: Endothelin-1 induces organ-specific histamine liberation and
neutrophil granulocyte accumulation in the rat. Inflamm. Res. 57, 396–402 (2008)
22. Kékesi V, Zima E, Barát E, Juhász-Nagy A: Pericardial concentration of adenosine, inosine, and hypoxanthine
in experimental model of spastic ischemia. Clin. Sci. (Lond) 103 (Suppl 48), S202–S205 (2002)
23. Kelly RA, Balligand JL, Smith TW: Nitric oxide and cardiac function. Circ. Res. 79, 363–380 (1996)
24. Kohara K, Otsuka A, Mikami H, Katahira K, Tsunetoshi T, Ogihara T: Effects of the baroreceptor reflex system
on atrial natriuretic factor secretion during volume expansion in dogs. Clin. Sci. (Lond) 77, 29–34 (1989)
25. Koller A, Bagi Z: Nitric oxide and H2O2 contribute to reactive dilation of isolated coronary arterioles. Am. J.
Physiol. Heart Circ. Physiol. 287, H2461–H2467 (2004).
26. Koller A, Huang A: Impaired nitric oxide-mediated flow-induced dilation in arterioles of spontaneously
hypertensive rats. Circ. Res. 74, 416–421 (1994)

Acta Physiologica Hungarica 98, 2011

Nitric oxide and small-volume resuscitation

407

27. Koller A, Kaley G: Role of endothelium in reactive dilation of skeletal muscle arterioles. Am. J. Physiol. Heart
Circ. Physiol. 259, H1313–H1316 (1990)
28. Kramer GC, Perron PR, Lindsey DC: Small-volume resuscitation with hypertonic saline dextran solution.
Surgery 100, 239–246 (1986)
29. Kramer GC: Hypertonic resuscitation: physiologic mechanisms and recommendations for trauma care. J.
Trauma 54, S89–S99 (2003)
30. Krausz MM: Controversies in shock research: hypertonic resuscitation – pros and cons. Shock 3, 69–72 (1995)
31. Kuchan MJ, Frangos JA: Shear stress regulates endothelin-1 release via protein kinase C and cGMP in cultured
endothelial cells. Am. J. Physiol. 264, H150–H156 (1993)
32. Kuebler WM, Abels C, Schuerer L, Goetz AE: Measurement of neutrophil content in brain and lung tissue by a
modified myeloperoxidase assay. Int. J. Microcirc. Clin. Exp. 16, 89–97 (1996)
33. Kuo L, Davis MJ, Cannon MS, Chilian WM: Pathophysiological consequences of atherosclerosis extend into
the coronary microcirculation. Restoration of endothelium-dependent responses by L-arginine. Circ. Res 70,
465–476 (1992)
34. Mackins CJ, Kano S, Seyedi N, Schafer U, Reid AC, Machida T, Silver RB, Levi R: Cardiac mast cell-derived
renin promotes local angiotensin formation, norepinephrine release, and arrhythmias in ischemia/reperfusion. J.
Clin. Invest. 116, 1063–1070 (2006)
35. Massion PB, Feron O, Dessy C, Balligand JL: Nitric oxide and cardiac function: ten years after, and continuing.
Circ. Res. 93, 388–398 (2003)
36. Moncada S, Palmer RMJ, Higgs EA: Nitric oxide: physiology, pathophysiology and pharmacology. Pharmacol.
Rev. 43, 109–142 (1991)
37. Moshage H, Kok B, Huizenga JR, Jansen PL: Nitrite and nitrate determinations in plasma: a critical evaluation.
Clin. Chem. 41, 892–896 (1995)
38. Nakajima K, Onishi K, Dohi K, Tanabe M, Kurita T, Yamanaka T, Ito M, Isaka N, Nobori T, Nakano T: Effects
of human atrial natriuretic peptide on cardiac function and hemodynamics in patients with high plasma BNP
levels. Int. J. Cardiol. 104, 332–337 (2005)
39. Ohnishi M, Wada A, Tsutamoto T, Fujii M, Matsumoto T, Yamamoto T, Takayama T, Wang X, Kinoshita
M: Endothelin stimulates an endogenous nitric oxide synthase inhibitor, asymmetric dimethylarginine, in
experimental heart failure. Clin. Sci. 103 S48, 241S–244S (2002)
40. Otsuka A, Ogihara T, Mikami H, Kohara K, Katahira K, Tsunetoshi T, Kumahara Y: Contribution of the
baroreflex afferent nerves to the production of vasoconstricted hypertension in volume-expanded dogs. Circ.
Res. 65, 1467–1474 (1989)
41. Ovadia B, Bekker JM, Fitzgerald RK, Kon A, Thelitz S, Johengen MJ, Hendricks-Munoz K, Gerrets R, Black
SM, Fineman J: Nitric oxide-endothelin-1 interaction after acute ductal constriction in fetal lambs. Am. J.
Physiol. 282, H862–H871 (2002)
42. Pedersen EM, Agerbaek M, Kristensen IB, Yoganathan AP: Wall shear stress and early atherosclerotic lesions in
the abdominal aorta in young adults. Eur. J. Vasc. Endovasc. Surg. 13, 443–451 (1997)
43. Pontieri V, Venezuela MK, Scavone C, Michelini LC: Role of endogenous nitric oxide in the nucleus tractus
solitarii on baroreflex control of heart rate in spontaneously hypertensive rats. J. Hypertens. 16, 1993–1999
(1998)
44. Sheehy AM, Burson MA, Black SM: Nitric oxide exposure inhibits endothelial NOS activity but not gene
expression: a role for superoxide. Am. J. Physiol. 274, L833–L841 (1998)
45. Tsai AG, Acero C, Nance PR, Cabrales P, Frangos JA, Buerk DG, Intaglietta M: Elevated plasma viscosity in
extreme hemodilution increases perivascular nitric oxide concentration and microvascular perfusion. Am. J.
Physiol. Heart. Circ. Physiol. 288, H1730–H1739 (2005)
46. van Wamel AJ, Ruwhof C, van der Valk-Kokshoom LE, Schrier PI, van der Laarse A: The role of angiotensin
II, endothelin-1 and transforming growth factor-beta as autocrine/paracrine mediators of stretch-induced
cardiomyocyte hypertrophy. Mol. Cell. Biochem. 218, 113–124 (2001)
47. Vasquez EC, Cunha RS, Cabral AM: Baroreceptor reflex function in rats submitted to chronic inhibition of nitric
oxide synthesis. Brazilian J. Med. Biol. Res. 27, 767–774 (1994)
48. Vassar MJ, Perry CA, Holcroft JW: Analysis of potential risks associated with 7.5% sodium chloride resuscitation
of traumatic shock. Arch. Surg. 125, 1309–1315 (1990)
49. Velasco IT, Pontieri V, Rocha e Silva M, Lopes OU: Hyperosmotic NaCl and severe hemorrhagic shock. Am. J.
Physiol. 239, H664–H673 (1980)
50. Wade C, Grady J, Kramer G: Efficacy of hypertonic saline dextran (HSD) in patients with traumatic hypotension:
meta-analysis of individual patient data. Acta Anaesthesiol. Scand. Suppl. 110, 77–79 (1997)
Acta Physiologica Hungarica 98, 2011

408

Molnár G et al.

51. Wade CE, Hannon JP, Bossone CA, Hunt MM, Loveday JA, Coppes RI Jr, Gildengorin VL: Neuroendocrine
responses to hypertonic saline/dextran resuscitation following hemorrhage. Circ. Shock 35, 37–43 (1991)
52. Younes RN, Aun F, Ching CT, Goldenberg DC, Franco MH, Miura FK, Santos SS, Sequeiros IM, Rocha e
Silva, Fujimura I, Birolini D: Prognostic factors to predict outcome following the administration of hypertonic/
hyperoncotic solution in hypovolemic patients. Shock 7, 79–83 (1997)
53. Zima E, Kékesi V, Nagy A, Juhász-Nagy S: Endothelin-1 induced elevation in purine metabolite concentrations
– autoregulatory protection in the canine pericardium? Clin. Sci. (Lond) 103 (Suppl 48), S198–S201 (2002)

Acta Physiologica Hungarica 98, 2011

