
PPuurrppoossee::  The hemodynamic responses secondary to sympathetic
suppression by esmolol may alter blood flow to splanchnic organs.
We investigated whether esmolol might modify splanchnic organ
blood flow responses during sodium nitroprusside (SNP)-induced
hypotension in dogs anesthetized with sevoflurane. 
MMeetthhooddss::  The control group (n = 10) received SNP (SNP group).
The ES25 and ES100 groups (n = 10, each) received SNP com-
bined with esmolol infused at a constant rate of 25 and 100
µg·kg–1·min–1 during the hypotensive period after a mean arterial
pressure (MAP) of 60 mmHg was attained by the infusion of a
0.03% SNP solution, respectively. The renal, hepatic, and pancre-
atic blood flows (RBF, HBF, and PBF) were measured by using the
hydrogen clearance method. 
RReessuullttss::  Cardiac index in the SNP group increased (P < 0.01), but
in the ES groups it decreased (P < 0.01). Left ventricular dP/dtmax
in the SNP group remained unchanged, but in the ES groups it
decreased (P < 0.01, each) during the hypotensive period. Except
for HBF in the SNP group, the splanchnic blood flow in all groups
decreased (P < 0.01, each). The HBF in the ES groups was lower
than that in the SNP group (SNP vs ES25, ES100; 70 ± 1 vs 64 ±
5, 6 3 ± 3 mL·min–1·100 g–1).
CCoonncclluussiioonnss::  This study shows that the differences in HBF
between SNP-induced hypotension with or without esmolol may
be due to the changes in cardiac output caused by alterations of car-
diac contractility. These findings suggest that a small dose of esmolol
may impair the maintenance of HBF during SNP-induced hypoten-
sion. 

Objectif : Les réactions hémodynamiques secondaires à la suppres-
sion sympathique par l’esmolol peuvent modifier le débit du sang vers
les organes splanchniques. Nous avons vérifié si l’esmolol pouvait mo-
difier la réaction du débit sanguin des organes splanchniques à l’hy-
potension induite par le nitroprussiate de sodium (NPS) chez des
chiens anesthésiés avec du sévoflurane.

Méthode : Le groupe témoin (n = 10) a reçu du NPS (groupe NPS).
Les groupes ES25 et ES100 (n = 10, chacun) ont reçu du NPS com-
biné à une perfusion d’esmolol selon un débit constant de 25 ou 100
µg·kg–1·min–1 pendant l’hypotension suivant la tension artérielle
moyenne (TAM) de 60 mmHg obtenue par la perfusion d’une solution
de NPS à 0,03 %. Les débits sanguins rénal, hépatique et pancréa-
tique (DSR, DSH et DSP) ont été mesurés par la méthode de clairance
à l’hydrogène.

Résultats : L’index cardiaque a augmenté dans le groupe NPS (P <
0,01), mais il a diminué dans le groupe ES (P < 0,01). La dP/dtmax
ventriculaire gauche est demeurée inchangée dans le groupe NPS,
mais a diminué dans les groupes ES  (P < 0,01, chacun) pendant la
période d’hypotension. Excepté pour le DSH dans le groupe NPS, le
débit sanguin splanchnique a baissé dans tous les groupes (P < 0,01
chacun). Le DSH dans les groupes ES a été plus bas que celui du
groupe NPS (NPS vs ES25, ES100 ; 70 ± 1 vs 64 ± 5, 63 ± 3
mL·min–1·100 g–1).

Conclusion : L’étude montre que les différences de DSH entre l’hy-
potension induite par le NPS avec ou sans esmolol peuvent relever des
changements de débit cardiaque amenés par des modifications de la
contractilité cardiaque. Ces résultats suggèrent qu’une faible dose
d’esmolol peut nuire au maintien du DSH pendant l’hypotension
induite par le NPS.
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LTHOUGH sodium nitroprusside (SNP)
is the most commonly used vasodilating
agent for induced hypotension, it occa-
sionally causes a hyperdynamic state sec-

ondary to reflex tachycardia, rebound hypertension
elicited by activation of the sympathetic nervous and
the renin-angiotensin systems, and cyanide toxicity
due to overdose.1,2 These disadvantages of SNP-
induced hypotension are attenuated by propranolol3,4

that possesses a relatively long half-life but might not
be suitable for rapid control of the hemodynamic
responses during SNP-induced hypotension.

Esmolol is a beta1-selective adrenergic receptor
antagonist with a rapid onset and a short half-life5 that
is effective in the management of the perioperative
hemodynamic responses caused by sympathetic stim-
uli6,7 and is used as a primary agent to induce
hypotension.8–10 However, esmolol-induced hypoten-
sion is known to have the potential for inducing a
marked myocardial depression.11,12

SNP and esmolol differ in their abilities to alter the
hemodynamic, sympathetic, and splanchnic organ
blood flow responses to hypotension.13 In addition,
the differences in pharmacological properties for the
different hypotensive agents suggest that a combina-
tion of these agents may provide a pharmacological
profile superior to either agent alone.12,14 The mecha-
nisms by which SNP and esmolol-induced hypoten-
sion might alter splanchnic organ blood flow
responses to hypotension remain to be elucidated.
Because the hemodynamic and endocrine responses
due to the sympathetic suppression caused by esmolol
may alter blood flow to the splanchnic organs, this
study was designed to determine whether two small
doses of esmolol modify splanchnic organ blood flow
responses during SNP-induced hypotension.

MMeetthhooddss
The study protocol was approved by the Animal
Experimental Ethics Committee of Showa University
Fujigaoka Hospital. Thirty healthy mature mongrel
dogs of either sex weighing between 14 and 29 kg
(18.8 ± 3.6 kg, mean ± SD) were fasted overnight.
Anesthesia was induced with sevoflurane 7% in oxygen
administered in a sealed plastic induction chamber (40
× 85 × 60 cm). When the dogs became unconscious,
they were removed from the induction chamber and
the trachea was intubated. After tracheal intubation,
the lungs were ventilated mechanically with a volume-
cycled animal ventilator (Model 613, Harvard
Respirator, South Natrick, MA, USA) to maintain
normocapnia. Anesthesia was maintained with 2.4%
sevoflurane at a 1.0 minimum alveolar concentration

via an Acoma sevoflurane vaporizer (Acoma, Tokyo,
Japan) using oxygen as the carrier gas. End-tidal
sevoflurane and CO2 concentrations were measured
continuously by an infrared analyzer (Capnomac
Ultima, Datex, Helsinki, Finland). The animals were
given pancuronium bromide (0.1 mg·kg–1, iv) to facil-
itate the experimental procedures.

Catheters were placed into the left femoral artery for
continuous systemic blood pressure (SBP) monitoring
and blood sampling, and into the right femoral vein for
drug administration. Normal saline was infused at a rate
of 7 mL·kg–1·hr–1. A 7-F flow-directed pulmonary
artery catheter (Swan-Ganz thermodilution catheter,
Baxter Healthcare, Irvine, CA, USA) was advanced into
the pulmonary artery via the right external jugular vein
for measurement of right atrial pressure (RAP), pul-
monary artery pressure, pulmonary capillary wedge
pressure (PCWP), and cardiac output (CO). The CO
was measured by thermodilution using 5 mL of cold,
temperature-monitored normal saline in triplicate. The
results were recorded with a computerized system
(MTC6210, Nihon Kohden, Tokyo, Japan). A 7-F
catheter tipped transducer (Model SPC-370, Millar
Instrument, Houston, TX, USA) was inserted through
the right common carotid artery and positioned in the
left ventricle to obtain left ventricular pressure, left ven-
tricular end-diastolic pressure, and an instantaneous rate
of change in the left ventricular pressure (left ventricu-
lar dP/dt max) with the use of an electric differentiator
(EG-601G, Nihon Kohden). Heart rate (HR) was
obtained from lead II of the continuously monitored
electrocardiogram (ECG) using a cardiotachometer
(AT601G, Nihon Kohden, Tokyo, Japan). Each pres-
sure catheter was connected to a pressure transducer
(Uniflow, Baxter Healthcare, Irvine, CA, USA). The
SBP and ECG were monitored continuously on a poly-
graph (RM6200, Nihon Kohden, Tokyo, Japan) and
recorded with an eight-channel pen recorder (VM-
640G, Nihon Kohden, Tokyo, Japan). The dogs were
immobilized in the supine position during the mea-
surements, and the zero reference was levelled at the
middle chest. Mean arterial pressure (MAP) and mean
pulmonary artery pressure (MPAP) were determined
electronically. Body temperature, monitored by the pul-
monary artery catheter thermometer, was maintained at
37.0 ± 1.0°C with electric heating pads and lamps.
Arterial blood samples were drawn anaerobically from
the femoral cannula. Arterial blood was analyzed for
pHa, PaCO2, PaO2, and base excess (BE) using a blood
gas analyzer (Ciba-Corning 238, Chiron Diagnostics,
MA, USA). 

Following these preparations, a midline laparotomy
was performed and the left kidney, liver, and pancreas
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were identified. Platinum electrodes (Standard needle
type 100 µM diameter, UHE-100, Unique Medical,
Tokyo, Japan) were placed in the cortex of the left kid-
ney, the left lobe of the liver, and the body of the pan-
creas. These platinum electrodes were introduced to a
depth of 3 to 6 mm from the surface of the organs.
Reference electrodes for the renal, hepatic, and pan-
creatic platinum electrodes were silver/silver chloride
electrodes (Plate type UHE-001, Unique Medical,
Tokyo, Japan) placed subcutaneously in the animal’s
flank close to the kidney, liver, and pancreas. The
abdomen was then closed. The platinum electrodes
were connected to hydrogen detection systems
(Digital UH meter MHG-D1, Unique Medical,
Tokyo, Japan), and recorders (Desk recorder U-288,
Unique Medical). Splanchnic organ blood flows were
measured by using the hydrogen clearance method as
described previously.15

The 30 dogs were divided into three groups: The
ES25 and ES100 groups (n = 10, each) received
esmolol 25 and 100 µg·kg–1·min–1 during the
hypotensive period, respectively. The SNP group (n =
10) received normal saline as control. After comple-
tion of surgical preparation, animals were observed at
least 60 min to allow hemodynamic variables (SBP,
MPAP, and HR) to stabilize. The baseline was mea-
sured before hypotension was induced. After baseline
measurements, MAP was reduced to 60 mmHg by the
infusion of a 0.03% solution of SNP in all three
groups. Esmolol was infused after the predetermined
MAP was attained with the SNP solution. The hemo-
dynamic variables were measured 15, 30, 45, and 60
min during hypotension, and five, 15, 30, and 60 min
after hypotension. The splanchnic organ blood flows
and the arterial blood gases were measured every 30
min during and after hypotension.

Values are expressed as mean ± SD. Hemodynamic
variables and splanchnic organ blood flows for different
time periods within a group were analyzed by ANOVA
of the same variables followed post hoc by the Tukey’s
test. Intergroup comparisons (control group vs treat-
ment groups) were analyzed by ANOVA of the same
variables followed by Dunnett’s test where appropriate.
A P < 0.05 was considered statistically significant. 

RReessuullttss
SNP administration in all groups was in a step-wise
fashion until the predetermined MAP was attained.
The hypotensive state was achieved within 6.7 ± 1.8
min in the SNP group, 5.6 ± 1.5 min in the ES25
group, and 6.3 ± 1.2 min in the ES100 group. The
dose of SNP required to maintain the hypotensive
state was 10.4 ± 2.6 µg·kg–1·min–1 in the SNP group,
9.0 ± 1.6 µg·kg–1·min–1 in the ES25 group, and 7.8 ±
0.9 µg·kg–1·min–1 in the ES100 group. 

The time course of splanchnic organ blood flow
changes is shown in Table I. The renal blood flow
(RBF) decreased in all groups during the hypotensive
period. The hepatic blood flow (HBF) in the SNP
group remained unchanged throughout the experi-
ment, but in the ES groups it decreased during the
hypotensive period. The HBF was less in the ES
groups than that in the SNP group at 60 min during
the hypotensive period. The pancreatic blood flow
(PBF) decreased in the ES groups during the hypoten-
sive period, but in the SNP group it decreased at 30
min during the hypotensive period. 

The time course of hemodynamic changes is
detailed in Tables II and III, available as Additional
Material at www.cja-jca.org. MAP decreased in all
groups during the hypotensive period but, in the SNP
group, it remained depressed for 15 min after SNP
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TABLE I Changes in splanchnic organ blood flows before, during, and after SNP-induced hypotension with or without esmolol

Variables Baseline during Hypotension after Hypotension
30 min 60 min 30 min 60 min

RBF SNP 120 ± 11 112 ± 10* 110 ± 11** 117 ± 10 117 ± 10
(mL·min–1·100 g–1) ES25 126 ± 8 119 ± 10* 115 ± 11** 122 ± 7 124 ± 6

ES100 126 ± 6 117 ± 9** 116 ± 9** 122 ± 6 123 ± 5
HBF SNP 69 ± 3 70 ± 2 70 ± 1 71 ± 1 71 ± 2
(mL·min–1·100 g–1) ES25 70 ± 2 67 ± 5* 64 ± 5**+ 69 ± 3 70 ± 2

ES100 71 ± 3 68 ± 3* 63 ± 3**+ 70 ± 3 71 ± 3
PBF SNP 38 ± 3 35 ± 3* 35 ± 3 36 ± 3 37 ± 3
(mL·min–1·100 g–1) ES25 37 ± 2 35 ± 2** 35 ± 1** 36 ± 1 36 ± 2

ES100 40 ± 3 37 ± 6* 37 ± 6* 38 ± 6 40 ± 5

Values are mean ± SD. RBF = renal blood flow; HBF = hepatic blood flow; PBF = pancreatic blood flow. *P < 0.05; **P < 0.01 vs base-
line; +P < 0.05 vs SNP.



was terminated. The HR remained unchanged in all
groups during the hypotensive period, but in the
ES100 group it remained decreased at 60 min after
hypotension was terminated. The cardiac index
increased in the SNP group, whereas in the ES groups
it decreased during the hypotensive period. The stroke
volume index increased in the SNP group, remained
unchanged in the ES25 group, but decreased in the
ES100 group during the hypotensive period. Left ven-
tricular dP/dt max in the SNP group remained
unchanged throughout the experiment, but in the ES
groups it was reduced during the hypotensive period.
RAP, MPAP, and PCWP decreased in all groups dur-
ing the hypotensive period. The SVR decreased in all
groups during the hypotensive period, but in the SNP
group it remained depressed until 30 min after
hypotension was terminated. 

Changes of the arterial blood gas variables with
time are presented in Table IV, available as Additional
Material at www.cja-jca.org. The PaCO2 in the SNP
group increased, but in the ES groups it remained
unchanged throughout the experiment. The PaO2 in
the SNP and ES25 groups remained unchanged
throughout the experiment, but in the ES100 group
it decreased during the hypotensive period. The BE
decreased in all groups throughout the experiment
but remained within normal limits.

DDiissccuussssiioonn
Our study shows that SNP-induced hypotension with
or without esmolol resulted in a reduction in systemic
vascular resistance associated with varying changes in
CO resulting from the alterations in cardiac contrac-
tility. SNP-induced hypotension preserved HBF in the
presence of a normal CO whereas SNP with esmolol
resulted in reductions in HBF associated with a
decreased CO. 

The hemodynamic responses caused by SNP with
esmolol imply that the beneficial properties of SNP
may be masked by even small doses of esmolol. The
effects of SNP-induced hypotension with esmolol on
hemodynamic responses should be considered when
these drugs are used clinically. SNP-induced hypoten-
sion with esmolol should not be used in patients with
hypovolemia or heart failure, because it may exacer-
bate the decrease in CO and may be further aggravat-
ed by an esmolol-induced cardiac depression.

Splanchnic blood flow is regulated by intrinsic and
extrinsic mechanisms.16 The extrinsic control of the
hepatic circulation is regulated by CO, arterial blood
pressure, and sympathethic nervous activity. In addi-
tion, HBF is maintained by both hepatic arterial and
portal venous flows; this hepatic circulation is regulat-

ed by the hepatic arterial buffer response.17 Systemic
hypotension may lead to a decreased portal venous
flow, and subsequently to a decreased HBF. The main-
tenance of HBF associated with the significant decreas-
es in PBF in the presence of increased CO during
SNP-induced hypotension may reflect a compensatory
increase in hepatic arterial blood flow, because a
decrease in portal blood flow is reciprocally compen-
sated by an increase in hepatic arterial blood flow.18,19

In contrast, the significant decreases in HBF during
SNP-hypotension with esmolol were associated with a
decreased PBF, most likely as a result of an esmolol-
induced cardiac depression. The mechanisms responsi-
ble for HBF reductions may reflect a redistribution of
blood flow to the vital organs. The differences in HBF
between the SNP and ES groups were due, probably,
to the effects of esmolol on cardiac function, since
SNP-induced hypotension with esmolol produced a
more pronounced decrease in CO than did SNP-
induced hypotension. In these conditions, the ability of
the hepatic artery to increase HBF in response to
decreases in portal blood flow may have been limited.
Portal venous flow is determined by the arterial inflow
resistance of the splanchnic organs. As a result, signifi-
cant reductions in HBF were observed during SNP-
induced hypotension with esmolol. Therefore, CO
rather than arterial blood pressure may be proposed as
a modulator of hepatic vascular tone and play a central
role in the hepatic circulation during SNP-induced
hypotension, because changes in hepatic plasma flow
were linearly correlated to changes in cardiac index,
but not to changes in MAP.20 These findings imply that
the mechanisms of hepatic arterial buffer response may
be well preserved with SNP-induced hypotension, but
may be disrupted by esmolol. Although SNP-induced
hypotension in a clinical study was suggested to pro-
duce a transient impairment of splanchnic perfusion
and hepatocellular integrity during isoflurane anesthe-
sia,21 the interaction between SNP and sevoflurane
affected the hepatic circulation only slightly in this
study. SNP-induced hypotension with esmolol pro-
duced hypoperfusion, but may not have increased the
risk for ischemic liver damage, because the HBF was
able to provide sufficient hepatic circulation to meet
the oxygen demand, as revealed by arterial blood gas
analyses. However, SNP-induced hypotension with
esmolol should not be selected as the anesthetic of
choice when reductions in HBF or deterioration in
hepatic oxygenation are to be avoided.

RBF decreased equally during SNP-induced
hypotension with or without esmolol in this study. It
is more likely that the reductions in RBF in all three
groups were due to hypotension beyond the normal
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range of renal autoregulation, because RBF intrinsi-
cally autoregulates with change in MAP from 80 to
180 mmHg in dogs.22 In addition, SNP has only a
weak vasodilating activity on the renal vasculature.23,24

Because hypotension within the autoregulatory pres-
sure range of the renal vasculature has been shown to
result in redistribution of blood flow from the outer
cortical layers to juxtamedullary layers,25 mechanisms
responsible for RBF reductions may cause a maldistri-
bution of RBF within the autoregulation process.
Although MAP recovered after induced hypotension
was terminated, there were significant reductions in
RBF in the ES groups. The possible explanation is that
RBF reductions may be mediated by increases in plas-
ma catecholamine concentrations and by augmenta-
tion of sympathetic nervous activity which may
produce vasoconstriction of the renal arteries, because
esmolol has been reported to increase plasma norepi-
nephrine concentrations26,27 and beta-adrenergic
receptor antagonist slows the clearance of norepi-
nephrine from plasma.28,29

In conclusion, during sevoflurane anesthesia the
reductions in HBF during SNP-induced hypotension
with esmolol were due to the decrease in CO caused
by the reductions in cardiac contractility. These find-
ings suggest that small doses of esmolol may impair
the maintenance of HBF during SNP-induced
hypotension in dogs anesthetized with sevoflurane. 
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