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Abstract
AIM: To determine the possible existence of a hepato-
cardiovascular response and its regulatory mechanism
in normal rats.

METHODS: Systemic hemodynamic changes following
intraportal injection of latex microspheres were studied
in two modified rat models of hepatic circulation, in which
the extrahepatic splanchnic circulation was excluded by
evisceration and the liver was perfused by systemic blood
via either the portal vein (model 1) or hepatic artery
(model 2) in vivo.

RESULTS: In model 1, intraportal injection of two sized
microspheres (15-m and 80-m) induced a similar
decrease in mean arterial pressure, while extrahepatic
portal venous occlusion induced an immediate increase in
mean arterial pressure. In model 2, microsphere injection
again induced a significant reduction in mean arterial
pressure, aortic blood flow and aortic resistance. There
were no significant differences in these parameters
between liver-innervated rats and liver-denervated rats.
The degrees of microsphere-induced reduction in mean
arterial pressure (-38.1±1.9% in liver-innervated rats
and -35.4±2.1% in liver-denervated rats, respectively)
were similar to those obtained by withdrawal of 2.0 mL
of blood via the jugular vein (-33.3±2.1%) (P>0.05).
Injection of 2.0 mL Haemaccel in microsphere-treated
rats, to compensate for the reduced effective circulating
blood volume, led to a hyperdynamic state which, as
compared with basal values and unlike control rats, was
characterised by increased aortic blood flow (+21.6±3.3%),
decreased aortic resistance (-38.1±3.5%) and reduced
mean arterial pressure (-9.7±2.8%).

CONCLUSION: A hepato-cardiovascular response exists
in normal rats. It acts through a humoral mechanism
leading to systemic vasodilatation, and may be involved
in the hemodynamic disturbances associated with acute
and chronic liver diseases.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Several mechanisms are involved in the regulation of hepatic
hemodynamics, which include distensible hepatic resistance[1],
changeable hepatic blood volume[2], hepatic arterial buffer
response[3] and intrahepatic portal systemic shunts[4-6]. However,
a direct hemodynamic relationship between the liver and the
cardiovascular system has not been described.
       In our previous studies, it was found that intrahepatic portal
block by microspheres induced an acute reduction in systemic
blood pressure[4-6]. Originally this was attributed to mesenteric
pooling of portal venous blood[4-6], but subsequent studies
have suggested that this might be due to a hepato-cardiovascular
response[7,8]. To further confirm such a response, the present
study used eviscerated rats to exclude extrahepatic splanchnic
circulation, and the liver was perfused with systemic blood via
either the portal vein or hepatic artery in vivo. Thus, if an
autoregulatory response mechanism exists between the liver
and the systemic circulation, this could be activated directly
following appropriate stimulation to the liver. The aims of the
present study were to determine whether: (1) intraportal injection
of latex microspheres would result in hemodynamic changes in
the systemic circulation; (2) different-sized microspheres
affected changes in systemic hemodynamics; (3) systemic
circulatory responses to the microsphere injection could be
induced in the absence of portal flow to the liver; and (4)
denervation of the liver altered microsphere-induced responses
in systemic hemodynamics.

MATERIALS AND METHODS

Animals and surgical procedures
Male Wistar rats (350-400 g) were anaesthetized with fentanyl/
fluanisone (0.3 mL/kg subcutaneously) and midazolam (0.3 mL/kg
subcutaneously). The left carotid artery was cannulated for
measurement of mean arterial pressure (MAP). Another cannula
was inserted into the right jugular vein and advanced 2-3 cm to
reach the superior vena cava for measurement of central venous
pressure (CVP).
      The abdomen was then opened via a midline incision. The
gastric artery, splenic artery and superior mesenteric artery
were exposed and ligated, and the stomach, intestines and
spleen were subsequently removed.
     After evisceration, the liver was perfused either by aortic
blood via the portal vein in vivo (model 1) or by hepatic arterial
blood in vivo (model 2). In model 1, the hepatic artery was
carefully dissected and ligated. The main portal vein was
divided so that a complete evisceration could be achieved. To
re-construct the portal venous supply to the liver, the abdominal
aorta was ligated and divided just above its bifurcation and the



cephalad end of the aorta was connected to the hepatic end of
the portal vein by a T-type connector. The third arm of the
connector was used for measurement of portal venous pressure
(PVP) and injection of microspheres (Figure 1A). In model 2,
the liver was supplied only by the hepatic artery. The portal
vein was also divided, and the hepatic remnant cannulated for
injection of microspheres (Figure 1B).

Experimental design
Experiment 1  After a 20-min stabilization period, a vascular
clamp was applied to the portal vein in model 1 (Figure 1A) for
2-3 min and the pressures recorded as a measurement of the
maximum attainable portal venous pressure[4,5]. Five minutes
after releasing the vascular clamp, rats were given intraportally
via four equal injections (0.2 mL/injection) with a total of 2.2 × 107

15 m diameter microspheres (group 1, n = 6), or 3.6 × 105 80 m
diameter microspheres (group 2, n = 6)[4,5]. Identical volumes of
saline were given intraportally to controls (group 3, n = 6) during
the same time course. When steady-state portal venous
pressure was obtained, portal venous occlusion (PVO) was
performed again. The resultant changes in MAP and PVP were
continuously monitored. Because the liver was perfused by
aortic blood with high pressure, which might have enlarged the
hepatic sinusoids and/or opened intrahepatic portal-systemic
shunts[4-6] to lead to pulmonary embolization with a large number
of microspheres, an additional group of rats (n = 6) was,
therefore, used for measurement of intrahepatic shunting by
using 15-m diameter 51Cr labeled microspheres[6,9].
Experiment 2  In model 2 (Figure 1B), 5.6×106 15-m diameter
microspheres or equivalent volumes of saline (0.2 mL) were
injected intraportally, and the resultant changes in MAP, CVP
and aortic blood flow (ABF) were measured in liver-innervated
rats (group 1, n = 8), liver-denervated rats[10] (group 2, n = 8) and
control rats (group 3, n = 8) respectively. ABF was measured by
using an electromagnetic flow transducer that was placed around
the abdominal aorta between the celiac axis and renal arteries.

Results obtained were compared with that of group 4 (n = 6)
which underwent sequential blood withdrawals and subsequent
Haemaccel injections via the jugular vein (0.5 mL/withdrawal or
injection, both up to 6 times). The microsphere-induced
hypovolemia, secondary to vasodilatation (see below), was then
identified, and an appropriate volume of Haemaccel was given
via the jugular vein to rats pre-treated with 15-m diameter
microspheres (5.6×106) injected intraportally (group 5, n = 8).

Statistical analysis
Aortic blood flow was measured as mL/(min·100 g) body weight.
Aortic resistance (AR) was calculated as kPa/aortic blood flow.
Intrahepatic shunting was calculated from injection of 15-m
diameter 51Cr labeled microspheres as follows[9]:  Intrahepatic
shunting (%) = lung radioactivity (cpm)×100/ liver radioactivity
(cpm) + lung radioactivity (cpm). The results were expressed as
mean ± SE. Statistical comparisons were performed using t test
and factorial ANOVA where appropriate unless otherwise stated.
Results were considered statistically significant when a P value
was <0.05.

RESULTS

MAP, PVP and intrahepatic shunting in experiment 1
Basal MAP and PVP were significantly increased by PVO to a
similar level, which returned to basal values immediately after
release of PVO (Table 1, Figure 2). In contrast, although
microsphere injections in groups 1 and 2 gradually increased
PVP due to increased intrahepatic portal resistance, MAP was
significantly decreased following the first injection of
microspheres in both groups, and showed no further significant
changes following the subsequent 3 injections. There were no
significant differences in MAP reduction between group 1 and
group 2. PVO, following microsphere injections, induced a
significantly smaller increase in MAP and PVP than PVO prior
to injection of microspheres (Table 1, Figure 2). There were no

Figure 1  Diagram of experimental models. Rats in both models were eviscerated. In model 1, the hepatic artery was divided and
the liver was then perfused only by aortic blood via the portal vein (A). In model 2, the liver was perfused only by the hepatic artery
(B). Latex microspheres were injected intraportally and the resultant changes in mean arterial pressure (MAP), central venous
pressure (CVP) and portal venous pressure (PVP) were monitored by the cannulae in the carotid artery, jugular vein and portal
vein, respectively. Aortic blood flow (ABF) was measured by an electric magnetic flow probe placed around the abdominal aorta.
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significant changes in control rats given saline.
      Although the liver was perfused via the portal vein by aortic
blood with high pressure, intrahepatic shunting was negligible
with a mean value of (0.06±0.04)% (0.03-0.10%).

Table 1  Changes in MAP and PVP during PVO, intraportal
injection of microspheres and re-PVO after microsphere in-
jections in experiment 1 (mean±SE)

                           Basal              PVO       Microsphere       Re-PVO
                  injection

MAP (kPa)

Group 1 11.6±0.4       13.0±0.3a        8.8±0.4a      9.0±0.4c

Group 2 11.2±0.3       13.2±0.5a        8.5±0.3a      9.3±0.3c

Group 3 11.4±0.4       12.6±0.3a      11.5±3.9    12.4±0.3

PVP (kPa)

Group 1   4.1±0.3       13.0±0.3b        4.5±0.3a      8.4±0.3c

Group 2   4.5±0.2       13.2±0.4b        5.1±0.2a      9.2±0.2c

Group 3   4.2±0.2       12.6±0.3b        4.2±0.2    12.4±0.3

Group 1: 15 m microspheres; group 2: 80 m microspheres;
group 3: saline control. MAP, mean arterial pressure; PVP,
portal venous pressure; PVO, portal venous occlusion. aP<0.05;
bP<0.01 vs Basal. cP<0.05 vs PVO.

Figure 2  Mean arterial pressure (MAP) and portal venous pres-
sure (PVP) recordings from a rat in group 2 of experiment 1 dur-
ing portal venous occlusion (PVO), intraportal injection of 80-µm
diameter microspheres and re-PVO after microsphere injection.

Systemic hemodynamics in experiment 2
Intraportal injection of microspheres resulted in significant
reductions in MAP, ABF and AR, 60-90 s after microsphere
injection (Table 2, Figure 3). CVP showed no significant changes
following microsphere injection. There were no significant
differences in these parameters between liver-innervated rats
(group 1) and liver-denervated rats (group 2). No significant
changes were observed in control group given saline.

Figure 3  Central venous pressure (CVP), mean arterial pres-
sure (MAP) and aortic blood flow (ABF) recordings from ex-
periment 2 after intraportal injection of 15-µm diameter
microspheres in a liver-innervated rat (group 1) and saline
injection in a control rat (group 3).

Table 2  Changes in CVP, MAP, ABF and AR before and after
intraportal injection of microspheres in experiment 2 (mean±SE)

                               Pre-injection      Post-injection      Change (%)

CVP (kPa)
Group 1         0.43±0.07            0.39±0.06 -6.9±0.72

Group 2         0.40±0.08            0.38±0.59 -5.5±0.66

Group 3         0.34±0.06            0.35±0.08  1.3±0.22
MAP (kPa)

Group 1         12.7±0.4              7.9±0.4a -38.1±1.9

Group 2         12.9±0.6              8.4±0.5a -35.4±2.1
Group 3         12.9±0.4            13.1±0.4    1.5±0.2

ABF (mL/min/

100 g BW)
Group 1           4.2±0.3              3.4±0.3a -21.3±2.6

Group 2           3.7±0.2              3.1±0.2a -16.8±2.5

Group 3           4.1±0.3              4.2±0.3    2.1±0.1
AR (kPa/mL/

min/100 g BW)

Group 1          3.1±0.1              2.4±0.1a -21.0±2.3
Group 2          3.5±0.1              2.7±0.1a -21.7±2.3

Group 3          3.3±0.2              3.2±0.2   -0.4±0.1

Group 1: liver-innervated rats; group 2: liver-denervated rats;
and group 3: control rats. CVP, central venous pressure; MAP,
mean arterial pressure; ABF, aortic blood flow; AR, aortic
resistance. aP<0.05 vs pre-injection.

      Sequential blood withdrawal in group 4 caused a parallel
decrease in MAP and ABF, which, after subsequent Haemaccel
injections, completely returned to basal values. Microsphere-
induced MAP reductions in liver-innervated rats (7.9±0.4 kPa)
and liver-denervated rats (8.4±0.5 kPa) were comparable to those
obtained by withdrawal of 2.0 mL blood via the jugular vein in
group 4 (8.3±0.5 kPa) (P>0.05). Therefore 2.0 mL of Haemaccel
was infused in microsphere-treated rats in group 5, to compensate
for the reduced effective circulating blood volume. This led to a
hyperdynamic state which, as compared with the basal values
and unlike rats in group 4, was characterized by increased ABF,
decreased AR and reduced MAP (Table 3, Figures 4, 5).

Table 3  Changes in MAP, ABF and AR following intraportal
injection of microspheres (5.6×106) and infusion of Haemaccel
(2 mL) via the jugular vein in group 5 of experiment 2

                                        Basal           Microsphere      Haemaccel
                                                               injection            injection

MAP (kPa) 12.8±0.5  7.6±0.3b 11.6±0.4a,d

ABF (mL/min/

100 g body weight)   4.4±0.2  3.4±0.2b   5.6±0.4b,d

AR (kPa/mL/min/
100 g body weight)   2.9±0.1  2.3±0.1b   2.1±0.1b

MAP, mean arterial pressure; ABF, aortic blood flow; AR, aortic
resistance. aP<0.05; bP<0.01 vs Basal. dP<0.01 vs Microsphere injection.

Figure 4  Mean arterial pressure (MAP), aortic blood flow
(ABF) and aortic resistance (AR) after intraportal injection of
15-µm diameter microspheres and subsequent Haemaccel in-
jection in group 5 of experiment 2. aP<0.05, bP<0.01 vs Basal.

M
A
P
 (

kP
a
)

PVO 80-m microsphere in jections R e- PVO

26

13

0

14

7

0

Time (min)

P
V
P
 (

kP
a
)

0 5

M
A
P
 (
kP

a
)

15-m microsphere injection

(0.2 mL, 5.6×106)

3

0

Time (min)

C
V
P
 (

kP
a
)

0 5
Saline injection

(0.2 mL)

13

0

15

0A
B
F
 (

m
L/

m
in

)

Basal

6

4

2

0

Microsphere

injection

Haemaccel

injection

MAP ABF AR

b

A
B
F
 (

m
L/

m
in

·1
0
0
 g

/B
W

)14

7

0

M
A
P
 (

kP
a
)

A
R
 (

kP
a/

m
L·

m
in

- 1
0
0
 g

/B
W

)3.3

2.2

1.1

0.0

b

b
bb

a

678             ISSN 1007-9327    CN 14-1219/ R       World J Gastroenterol    February 7, 2005   Volume 11   Number 5



Figure 5  Illustration of the hepato-cardiovascular response
and its regulatory mechanism. Intrahepatic stimulation in-
duced by microspheres led to release of humoral mediator (s)
from the liver, which, in turn, caused systemic vasodilatation
and subsequently the reduction in arterial blood pressure.

DISCUSSION

The present study established two modified rat models of
hepatic circulation, in which the extrahepatic splanchnic
circulation was excluded by evisceration and the liver was
perfused by systemic blood via either the portal vein (model 1)
or hepatic artery (model 2) in vivo. Therefore, the possible
hemodynamic relationship between the liver and the
cardiovascular system could be easily observed. Results
showed that intraportal injection of microspheres induced a
significant reduction in MAP in both models, thus supporting our
previous hypothesis that there exists a hepato-cardiovascular
response in normal rats[7,8].
       In model 1, the liver was only supplied by aortic blood via
the portal vein (Figure 1A). It was expected that in this model,
either intraportal injection of microspheres or PVO should
increase the resistance to aortic blood that was flowing through
the portal vasculature, thus leading to elevations in both MAP
and PVP. As expected, PVO prior to injection of microspheres,
induced an immediate increase in mean arterial pressure.
However, injection of microspheres into the liver induced an
immediate decrease in MAP. Furthermore, PVO following
microsphere injections induced a significantly smaller increase
in MAP.
       The reduction in MAP might be a result of a major shunting
of microspheres into the pulmonary circulation, due to enlarged
sinusoids and opened intrahepatic portal-systemic shunts[4,5]

caused by a high portal venous perfusion pressure. However,
we showed that the percentage of intrahepatic shunting,
measured with 15m diameter labeled microspheres, was
negligible (<0.1%). This is consistent with our recent findings
that intrahepatic shunts in the normal rat liver are predominantly
small with diameters less than 15-m[6].
      The liver is characterized by a high degree of compliance.
Therefore the microsphere-induced reductions in MAP could
also result from intrahepatic blood pooling, secondary to portal
block by the injected microspheres. If so, MAP should decrease
progressively with increasing numbers and sizes (diameters)
of microspheres as more sinusoids would become occluded in
the liver, but this was not observed. In fact, a similar and
sustained reduction in MAP was observed in groups 1 and 2 of
experiment 1, following the first injection of 15-m and 80-m
microspheres, respectively. Moreover, significant intrahepatic
portal pooling could not occur because the opening of intrahepatic

portal systemic shunts (<15-m) can permit 70% of the basal
portal venous blood to bypass the hepatic sinusoids[6]. We,
therefore, hypothesize that the reduction in MAP is possibly due
to an autoregulatory response elicited by the effects of injected
microspheres in the liver.
    This hypothesis is supported by the results from the
subsequent experiments with model 2, in which the absence of
portal flow excluded portal venous pooling as the cause. Again,
significant reductions in MAP, aortic blood flow and aortic
resistance were induced by intraportal injection of microspheres.
These changes strongly suggest a significant systemic
vasodilatation leading to reductions in effective circulating blood
volume. Furthermore, the microsphere-induced hemodynamic
responses are different from those seen in acute toxic liver
injury, in which vasodilatation develops over hours or days[11],
not in seconds as observed in the present study. It is, therefore,
suggested that a hepato-cardiovascular response exists in
normal rats, by which the systemic circulation may quickly
respond to intrahepatic portal block by injected microspheres.
      The fact that denervation of the liver does not eliminate this
response suggests that a humoral mechanism is involved in
the hepato-cardiovascular response, and that, following
microsphere injection, the liver releases substance (s) which
may exert a potent vasodilator action on the systemic circulation.
Although we did not perform humoral measurements as this is
beyond the scope of the present study, it is well known that
the liver can produce many vasodilators such as nitric oxide[12].
The systemic responses in model 1, in which a large quantity of
aortic blood flows through the liver via the portal vein with low
resistance, occurred immediately, while in model 2 there was a
delay of 60-90 s. This is consistent with rapid flushing of humoral
factors into the systemic circulation in model 1.
      Microsphere-induced acute systemic vasodilatation resulted
in a state of relative hypovolemia and thus a reduction in MAP
comparable to withdrawal of 2.0 mL of blood via the jugular
vein. Infusion of 2.0 mL Haemaccel, to compensate for the
reduced effective circulating blood volume in microsphere-
treated rats, led to a hyperdynamic circulation, characterized
by increased aortic blood flow, decreased aortic resistance and
reduced MAP. Such circulatory disturbances are similar to those
observed following acute[11] or chronic liver injuries[13], and
consistent with the hypothesis that the combination of
vasodilatation and expanded plasma volume is necessary for
full expression of the hyperdynamic state[14]. However, the
initiating factor for the hyperdynamic circulation appears to be
the development of vasodilatation, which evokes an increase in
blood volume and cardiac output as a compensatory response[15].
Although the mechanisms underlying the vasodilatation are
still not fully understood, we have shown here, for the first
time, a direct hemodynamic response between the liver and the
cardiovascular system. It is suggested that this response may
play a role in the development of vasodilatation observed in
acute and chronic liver diseases such as severe hepatitis and
cirrhosis, where the mechanical stimulation to the liver, similar to
that induced by microsphere injections, is a common feature which
results from leukocyte accumulation[16], endothelial oedema[17],
Kupffer cell swelling[16], and portal occlusion or compression by
scar tissue and regenerative hyperplastic nodules[18,19].
     In conclusion, this study demonstrates the existence of a
hepato-cardiovascular response in normal rats. This response
acts through a humoral mechanism and leads to systemic
vasodilatation, and may be involved in the hemodynamic
disturbances associated with acute and chronic liver diseases.
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