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Abstract

Aim: The aim of the present study was to compare the hemodynamic features of portal

hypertension in rats with early cirrhosis with those of rats with advanced cirrhosis following

common bile duct ligation（CBDL）.

Methods:A total of 53 male Sprague-Dawley rats were used. Hemodynamics were

evaluated under conscious and unrestrained conditions 4 weeks and 8 weeks after CBDL, and

4 weeks after a sham operation. Arterial pressure and portal pressure were measured directly

via catheters placed in the right femoral artery and main portal vein, respectively. The cardiac

index and organ（splanchninc organs, brain, kidneys and lungs）blood flow were determined

by the reference sample method using 141Ce-labeled microspheres（15 µm in diameter）. Arterial
levels of endothelin-1 and nitrate�nitrite, as well as liver function variables, were also
determined.

Results: Portal pressure was significantly higher 8 weeks after CBDL（15.8±2.1, n＝8）than

4 weeks after CBDL（13.9±2.1 mmHg, n＝12, p＜0.05）, and the hyperdynamic circulation of the

early period was attenuated（p＜0.05）. Although hepatic artery blood flow 4 and 8 weeks after

CBDL was higher than that after sham operation（p＜0.05）, portal territory blood flow was not

increased. There was a significant positive correlation between portal pressure and portal

territory blood flow 8 weeks after CBDL（r＝0.822, n＝8, p＝0.012）. In rats with anemia 4

weeks after CBDL, the hemoglobin concentration was negatively correlated with portal

territory blood flow（r＝－0.597, n＝12, p＝0.040）.

Conclusion: Portal pressure was higher 8 weeks after CBDL than 4 weeks after CBDL

and increased with portal territory blood flow, suggesting that portal hypertension is

maintained by a mechanism consistent with the forward flow theory. Anemia might

exacerbate the hyperdynamic systemic circulation 4 weeks after CBDL.

（J Nippon Med Sch 2005; 72: 217―225）
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Introduction

Both common bile duct ligation（CBDL）and partial

ligation of the portal vein（PVL）are widely used to

create animal models of portal hypertension1―10. The

major difference between these two models is that

the former features intrahepatic portal hypertension

with cirrhosis, whereas the latter shows a

prehepatic portal hypertension without hepatic

dysfunction. The maximal lifespan of rats after

chronic bile duct ligation is limited to 6 weeks

because of progressive liver damage due to

complete obstruction of the biliary tract3. We have

investigated this animal model and have found that

massive internal hemorrhage is the direct cause of

death3. In the setting of chronic bile duct obstruction,

vitamin K deficiency could impair hemostasis and

lead to such a massive internal hemorrhage. In fact,

we can extend the survival of rats beyond 8 weeks

after CBDL by providing a diet enriched with

vitamins and nutrients3.

A hyperdynamic circulatory state associated with

decreased systemic and splanchnic vascular

resistance, arterial hypotension, and increased

cardiac output is the hemodynamic pattern seen

both in patients with advanced cirrhosis and in

animal models of portal hypertension4,11―15. The

mechanism underlying these circulatory abnormities

is arteriolar vasodilatation, which particularly affects

the splanchnic circulation13―15. The onset of portal

hypertension and the persistence of chronic portal

hypertension after the development of portal

collaterals have been explained by the“backward

flow” theory and the “forward flow” theory,

respectively4,14―17. Animal models of portal

hypertension due to CBDL are usually tested within

6 weeks after the procedure. To our knowledge,

hemodynamics have never been studied beyond 8

weeks after CBDL in rats. The aim of the present

study was to compare hemodynamic features

between rats with advanced liver cirrhosis due to

CBDL and rats with the early-stage cirrhosis after

ligation by examining conscious and unrestrained

animals.

Materials and Methods

（1）Portal Hypertension Models

A total of 53 male Sprague-Dawley rats weighing

200 to 250 g were used for the experiment. Bile duct

ligation was carried out in 37 rats with a sterile

procedure under anesthesia with ether and

intraperitoneal pentobarbital sodium（50 mg�kg）.
The common bile duct was carefully exposed and

double-ligated with silk threads, after which a 2-mm

segment was resected between the ligatures to

prevent recanalization. Sham surgery, involving

mobilization of the common bile duct without

ligation or resection, was performed in 16 rats in a

similar manner. Twelve CBDL rats were studied 4

to 5 weeks after surgery（CBDL-4wk group）, and 8

CBDL rats were studied 8 to 9 weeks after surtery

（CBDL-8wk group）. Eight Sham rats were studied

with the CBDL-4wk group. After the experiments,

the animals were killed with an overdose of

intravenous pentobarbital sodium, and autopsy was

carried out to macroscopically confirm the

development of liver cirrhosis. To measure serum

nitrate�nitrite（NOx）and plasma endothelin-1（ET-1）
levels and to perform liver function tests, a blood

sample（6 to 8 ml）was drawn from the abdominal

aorta after laparotomy was performed under ether

anesthesia in 8 Sham rats, 8 CBDL-4wk rats, and 9

CBDL-8wk rats, which were then killed by

exsanguination. Serum or plasma was separated

from the blood（by centrifugation at 2,000 g for 10

min at 4℃）within 20 min of collection with careful

handling to avoid hemolysis, and was stored at

－80℃ until analysis.

（2）Preparations for the Hemodynamic Study

Insertion of catheters for hemodynamic

measurements was done on the day before the

experiment under the same anesthesia as that

described above. All catheters were tunneled

subcutaneously and exteriorized at the back of the

neck. The animals were allowed to recover for 24

hours and then were fasted overnight with free

access to water. Before the experiments, the animals

were allowed to rest for at least 30 minutes after
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attachment of the experimental apparatus until they

reached a physiologically stable condition, as

confirmed by minimal fluctuation of arterial pressure

with a stable heart rate and�or minimum body

motion. Then hemodynamic measurements were

performed in a quiet , air-conditioned room

maintained at 24℃, with the rats in a conscious and

unrestrained state.

（3）Hemodynamic Measurements

Mean arterial pressure（MAP）and portal pressure

were directly measured via catheters placed in the

right femoral artery and at the bifurcation of the

superior mesenteric and splenic veins, respectively.

The cardiac index（CI）was determined by the

reference sample method using 141Ce-labeled

microspheres with a diameter of 15 µm（NENTM Life

Science Products, Inc. Boston, MA, U.S.A.）5,6. In brief,

100×104 radiolabeled microspheres suspended in 0.8

ml of saline that contained 10％ Ficoll-70 were

gradually injected over 60 sec through a silastic

catheter placed in the left ventricle, and a 0.8-ml

reference blood sample was drawn simultaneously at

a constant speed over 60 sec via a catheter placed in

the abdominal aorta using a Harvard medical pump

（Model 2400-003, Harvard Apparatus Ltd., Holliston,

MA, U.S.A.）. The radioactivity of the preinjection

microspheres, reference blood sample, and each

organ was counted with a gamma-counter（Aloka

505, Aloka Ltd., Tokyo, Japan）at a setting of 500 to

650 keV for the 141Ce channel, and the results were

corrected using a 141Ce standard. Adequate mixing of

microspheres was confirmed by a difference of

＜10％ between the left and right kidneys.

Calculations6: Hemodynamic parameters for the

systemic and portal circulations were calculated

with the following equations.

CI（ml�min�100 g body weight［BW］）＝［injected
radioactivity（cpm）�reference sample radioactivity
（cpm）］×［100�BW（g）］×0.8（ml�min）.
Organ blood flow（ml�min�100 g BW）＝［organ

radioactivity（cpm）�injected radioactivity（cpm）］×
CI.

Systemic vascular resistance（SVR）＝MAP×80�
CI（dynes・sec・cm－5�100 g BW）.
Portal territory blood flow（PTBF）was defined as

the sum of the blood flow through the stomach,

intestine, colon, pancreas, and mesentery.

Portal territory vascular resistance（PTVR）＝

（MAP-Portal pressure）×80�PTBF（dynes・sec・
cm－5�100 g BW）.
Hepatic artery vascular resistance＝MAP×80�

HABF（dynes・sec・cm－5�100 g BW）, where BW is
body weight, and HABF is hepatic artery blood flow.

Hepatocollateral vascular resistance（HCVR）＝

Portal pressure×80�PTBF dynes・sec・cm－5�100 g
BW.

（4）Laboratory Tests

NOx and liver function tests

Serum samples for determination of NOx were

deproteinized in ethanol and analyzed by an

automated high performance liquid chromatography

system according to the method of Green et al .18. In

brief, a 15-µl aliquot of treated serum was injected

into the system, nitrite and nitrate were separated

by a reverse-phase column（IC-I 524 A; Showadenko

Co., Tokyo, Japan）, and nitrate was successively

reduced to nitrite using a reduction column（Cd-Cu

reduction column; Tokyo Kasei Co., Tokyo, Japan）.

Then the nitrite（including that derived from

nitrate）was mixed with Griess reagent（Tokyo Kasei

Co.）and was analyzed at 540 nm using a visible-light

spectrophotometer（SPD-10A; Shimazu Co., Tokyo,

Japan）. Standard liver function tests were

performed with an autoanalyzer（Model 7170, Hitachi

High-technologies, Co., Tokyo, Japan）.

Plasma ET-1 level

A 2-ml sample of arterial plasma containing

EDTA-2Na and aprotinin was mixed with an

octadecylsilyl silica particle suspension, and ET-1

was adsorbed to the particles19. Then the particles

were separated from the plasma by centrifugation

and ET-1 was eluted out in an aqueous solution of

60％ methanol. This solution was evaporated to

dryness in a nitrogen gas chamber and the residue

was dissolved in the assay buffer（Tris buffer at pH

8.0 containing 0.1％ human albumin, 0.01 M EDTA-

2Na, Tween 20, 0.01％ sodium azide, and 500 kIU�ml

of aprotinin）. Then ET-1 was measured with a

double-antibody radioimmunoassay technique. Rabbit

anti-ET-1 antibody was obtained from Peninsula（St.
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Table 1 Laboratory data of the three groups

P valueCBDL-8wk（n＝ 9）CBDL-4wk（n＝ 8）Sham rats（n ＝ 8）

＜ 0.02370 ± 34c328 ± 36.4b341 ± 15Body weight（g）
＜ 0.0016.3 ± 1.4c8.5 ± 1.2b  0.0 ± 0.0aTotal bilirubin（mg/dl）
＜ 0.001213.9 ± 62.0c205.3 ± 77.7 40.8 ± 5.3aALT（IU/L）
＜ 0.0011,819.6 ± 372.5c1,496.3 ± 386.1e485.6 ± 57.0aALP（IU/L）
＜ 0.0013.1 ± 0.3c3.7 ± 0.2b  4.0 ± 0.1dAlbumin（g/dl）
＜ 0.0119.2 ± 6.5c17.5 ± 3.8 12.9 ± 1.2NOx（μmol/l）
＜ 0.00114.09 ± 2.49c9.45 ± 1.48b 1.76 ± 0.65aEndothelin-1（μmol/l）

Mean ± SD.
Tukey’ s test（Spjotvoll/Stoline test for unequal sample sizes）: a, p ＜ 0.05 vs. CBDK-4wk; b, p ＜ 0.05 vs. CBDL-8wk; c, 
p ＜ 0.05 vs. Sham.
Fisher’ s PLSD test: d, p ＜ 0.05 vs. CBDL-4wk; e, p ＜ 0.05 vs. CBDL-8wk.

Helens, UK）, ［125I］-ET-1 was obtained NEN Life

Science Products, Inc.（Boston, MA, U.S.A.）, and

human ET-1 was purchased from the Peptide

Institute Inc.（Osaka, Japan）.

（5）Statistical Analysis

Statistical analysis of differences between groups

was done with one-way ANOVA with post hoc

comparison using Tukey’s test（or the Spjotvoll�
Stoline test for unequal sample sizes）or Fisher’s

PLSD test, as well as linear correlation analysis,

using“Statistica”software（StatSoft Inc. Tulsa, OK.

U.S.A.）. All results are expressed as the mean±SD.

Statistical significance was defined as p＜0.05. The

study protocol was reviewed and approved by the

Ethics Committee for Animal Experiments of

Nippon Medical School.

Results

（1）Laboratory Data

Liver function tests revealed the features of

cholestatic hepatic dysfunction in both CBDL groups

（Table 1）. The serum albumin level was

significantly lower at 8 weeks after CBDL than 4

weeks after CBDL. Serum NOx levels were higher

in both CBDL groups than in Sham rats. However,

there was no significant difference in NOx levels

between the CBDL-8wk rats and CBDL-4wk rats

（p＝0.056）. The plasma level of endothelin-1 was

highest in the CBDL-8wk rats and lowest in the

Sham rats, and the differences among the three

groups were significant.

（2）Hemodynamics

Each variables of the systemic and splanchnic

hemodynamics in rats with portal hypertension and

Sham rats is listed in the Table 2. Hyperdynamic

changes in the circulation, with an increased CI,

decreased MAP, and reduced systemic vascular

resistance, were significant in CBDL-4wk rats

compared with those in Sham rats. In CBDL-8wk

rats, however, MAP was similar to that in Sham rats

and the difference in CI was not significant（p＝

0.085）, although systemic vascular resistance was

still significantly lower. Portal pressure was highest

in CBDL-8wk rats. There were no significant

differences in PTBF among the three groups.

However, PTVR was lowest in the CBDL-4wk rats.

HABF was significantly higher and HAVR was

significantly lower in both CBDL groups than in

Sham rats. HCVR was significantly higher in both

CBDL groups than in Sham rats, and the difference

between the two CBDL groups was also significant.

The hemoglobin concentration of CBDL-4wk rats

was significantly lower than that of Sham rats or

CBDL-8wk rats.

（3）Relationship among Hemodynamic Parameters

There was a significant positive correlation and

negative correlation between portal pressure and

PTBF or PTVR, respectively in CBDL-8wk rats

（Fig. 1）, but no such correlations were found in

CBDL-4wk rats or Sham rats. Although an

220 J Nippon Med Sch 2005; 72（4）



Table 2 Systemic and splanchnic hemodynamics of the three groups

P valueCBDL 8wk（n＝ 8）CBDL-4wk（n＝ 12）Sham rats（n ＝ 8）

＜ 0.001356.3 ± 35.3304.6 ± 23.3b361.4 ± 15.4aBody weight（g）
＜ 0.00112.0 ± 1.410.2 ± 1.3b13.1 ± 0.8aHemoglobin（g/dl）

Systemic hemodynamics:
＜ 0.01416 ± 41c373 ± 35e346 ± 28Heart rate（bpm）
＜ 0.001105.0 ± 10.096.3 ± 6.1b108.1 ± 5.9aMAP（mmHg）
＜ 0.00130.4 ± 5.636.8 ± 3.1b28.3 ± 2.9aCI（ml/min/100 g BW）
＜ 0.001283 ± 52211 ± 22b307 ± 31aSVRg

Splanchnic hemodynamics:
＜ 0.00115.8 ± 2.1c13.9 ± 2.1b6.2 ± 1.3aPortal pressure（mmHg）
＝ 0.4986.4 ± 1.97.6 ± 1.57.2 ± 0.7PTBF（ml/min/100 g BW）
＜ 0.051,194 ± 339904 ± 2371,141 ± 87dPTVRg

＜ 0.0011.93 ± 0.87c1.89 ± 0.980.34 ± 0.11aHABF（ml/min/100 g BW）
＜ 0.0015,498 ± 3,348c5,112 ± 2,46127,874 ± 8,606aHAVRg

＜ 0.001208.8 ± 51.6c150.5 ± 31.8b70.1 ± 18.3aHCVRg

＜ 0.0016.3 ± 1.1c6.7 ± 0.84.2 ± 0.7aRABF（ml/min/100 g BW）
＜ 0.0011,375 ± 208c1,158 ± 1412,092 ± 296aRAVRg

Mean ± SD. MAP, mean arterial pressure; CI, cardiac index; SVR, systemic vascular resistance; PTBF, portal 
territory blood flow; PTVR, portal territory vascular resistance; HABF, hepatic artery blood flow; HAVR, 
hepatic artery vascular resistance; RABF, renal artery blood flow; RAVR, renal artery vascular resistance; BW, 
body weight; g, dynes・sec・m － 5/100 g body weight.
Tukey’ s test（Spjotvoll/Stoline test for unequal sample sizes）: a, p ＜ 0.05 vs. CBDK-4wk; b, p ＜ 0.05 vs. CBDL-
8wk; c, p ＜ 0.05 vs. Sham.
Fisher’ s PLSD test: d, p ＜ 0.05 vs. CBDL-4wk; e, p ＜ 0.05 vs. CBDL-8wk） .

extremely strong linear correlation between portal

pressure and HCVR was seen in Sham rats, this

relationship was disproportionate in CBDL-4wk rats

and was inverted in CBDL-8wk rats（Fig. 2）. There

was a significant negative correlation between

PTBF and the hemoglobin concentration in CBDL-4

wk rats（Fig. 3）, but this relationship was not

significant in CBDL-8wk rats（r＝－0.420, p＝0.300,

n＝8）.

（4）Renal Circulation

In both CBDL groups, renal artery blood flow

（RABF）was significantly higher and renal artery

vascular resistance（RAVR）was significantly lower

than in Sham rats. There were no significant

differences in these parameters between the CBDL-

Fig. 1 Correlations between portal pressure and PTBF（A）, and PTVR（B）, in CBDL-8wk.
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8wk and CBDL-4wk rats. Interestingly, RABF was

significantly correlated with portal pressure and

PTBF in the CBDL-8wk rats, but not in CBDL-4wk

rats（r＝－0.453, p＝0.139, n＝13）or Sham rats（r＝

－0.484, p＝0.225, n＝8）（Fig. 4）. There was a

significant positive correlation between RABF and

CI in the CBDL-8wk group（r＝0.829, p＝0.011, n＝8）,

and in the Sham rats（r＝0.715, p＝0.046, n＝8）. In

the CBDL-4wk group, however, there were no

significant correlations between RABF or RAVR

and portal pressure or CI.

Discussion

Portal pressure 8 weeks after CBDL was

markedly increased in our model and was

significantly higher than at 4 weeks, but the

hyperdynamic systemic circulation that was

prominent at 4 weeks became less evident by 8

weeks. The liver was hyperperfused at both 4 and 8

weeks, whereas PTBF was not increased at either

time. Examination of the relationship between portal

pressure and PTBF or PTVR suggested that the

pressure rose along with an increase in PTBF and a

Fig. 2 Correlation between HCVR and portal pressure, in Sham rats（A）, CBDL-4wk（B）and CBDL-8wk
（C）.

Fig. 3 Correlation between hemoglobin
concentration and PTBF in CBDL-4wk.
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decrease in PTVR in the CBDL-8wk rats, indicating

that elevation of the portal pressure was maintained

by a mechanism corresponding to the forward flow

theory of chronic portal hypertension4,7,15―17. Although

backward flow, as represented by HCVR, was

markedly increased in the CBDL-8wk rats, its

correlation with the portal pressure was not

significant（data not shown: p＝0.107, and r2＝0.375

for the relative contribution of HCVR to the

increment of portal pressure）. In CBDL-4wk rats,

the relationship between portal pressure and PTBF

or PTVR was disproportionate and showed no

significance. In PVL rats, it has been demonstrated

that PTVR decreases with a resultant increase in

PTBF4,7. Although a similar change was not

prominent in our CBDL rats, HAVR decreased as

HABF increased.

Splanchnic hyperemia and a hyperdynamic

systemic circulation usually develop around 2 to 3

weeks after PVL, after which PTBF increases and

PTVR decreases7,9,17. However, long-term follow-up of

this portal hypertension model for 6 months has

revealed that the hyperdynamic circulation becomes

less prominent, although the portal pressure is still

elevated8,17. In rats with CBDL that survived beyond

8 weeks in the present study, the hyperdynamic

circulation was also attenuated compared with that

in CBDL-4wk rats. We have established a rabbit

model with presinusoidal portal hypertension by

injecting starch microspheres into the portal

system20. In this model, the portal pressure rises

during the second week（consistent with the

backward flow theory）, declines in the fourth week,

and rises again in the eighth week. The second

increase in portal pressure is associated with an

increase in portal blood flow, although portosystemic

collateral flow also increases（consistent with the

forward flow theory）. These three kinds of

longstanding portal hypertension models are similar

with respect to the above points, supporting the

forward flow theory.

Interestingly, a significant negative correlation

between PTBF and hemoglobin concentration was

observed in the CBDL-4wk group. The anemia that

Fig. 4 Correlations between RABF and CI（A）, RABF and PTBF（B）, and RABF and portal pressure（C）
in CBDL-8wk.

J Nippon Med Sch 2005; 72（4） 223



was seen 4 weeks after CBDL improved by 8 weeks

after surgery. The cause of anemia and its recovery

could not be determined in the present study（we

confirmed the absence of internal hemorrhage at

autopsy）. It is difficult to attribute the anemia to

hypersplenism, which is commonly associated with

portal hypertension, because the portal pressure

remained high at more than 8 weeks after the

procedure. A previous study focusing on the

relationship between hemodynamics and anemia

revealed that a low hemoglobin concentration

potentiated the hyperdynamic circulation in patients

with cirrhosis and portal hypertension21―23 .

Conversely, an increase in hemoglobin concentration

induced by administration of erythropoietin led to a

reduction in splanchnic vasodilatation in rats with

portal hypertension due to PVL23. This change was

probably elicited by depletion of NO due to

enhanced binding with hemoglobin23. The significant

negative correlation between the hemoglobin

concentration and the increase in PTBF in our

CBDL-4wk rats, which had an increased serum level

of NOx, appeared to be consistent with this

hypothesis23. Even if the serum level of NOx, which

has no effect on vascular smooth muscle, was

increased in the CBDL-8wk group, the improvement

in the hyperdynamic circulatory state（systemic and

partly splanchnic）in these animals without anemia

was also compatible with this hypothesis.

Particularly in the pulmonary vascular bed, it has

been demonstrated that increased hepatic

production and release of ET-1 is one mechanism

triggering vasodilatation and an increase in

pulmonary endothelial nitric oxide synthase levels

after CBDL24,25. These changes are associated with a

selective increase in pulmonary vascular ET-B

receptor expression in patients with cirrhosis and

portal hypertension, an event that appears to

enhance ET-B receptor-mediated, ET-1-induced NO

production. although our CBDL model also showed

significant increases in plasma ET-1 and serum NOx,

we could not find any significant correlation

between ET-1 and NOx levels in either model.

Renal blood flow usually decreases in patients

with advanced cirrhosis and portal hypertension26―28.

In hepatorenal syndrome, severe ischemia of the

renal cortex due to excessive vasoconstriction has

been demonstrated27―29. Our CBDL-8wk rats did not

show a decrease in renal blood flow and did not

show features（extreme splanchinic hyperemia with

moderate hypotension and marked ascites）

necessary for the development of renal failure, such

as hepatorenal syndrome. In an experimental animal

model, it was found that renal hyperemia is

associated with established portal hypertension due

to PVL or cirrhosis induced by administration of

CCl410,30. Our rats with CBDL also showed renal

hyperemia at an early stage, as well as in a late

stage. In CBDL-8wk rats, it was interesting that

RABF increased along with CI and portal pressure.

It has been suggested that RABF is regulated by

intrarenal, hormonal, and neural factors27,28,31―33. It was

difficult to assess the mechanisms related to

modulation of the renal circulation in the present

study. However, the striking linear correlation

between RABF and PTBF suggests that blood flow

to both vascular beds might be regulated by the

same factor or factors.

Although the portal pressure was high in rats

surviving beyond 8 weeks, the systemic circulation

was less hyperdynamic than in the early period

after CBDL. Moreover, the rise in portal pressure

appeared to be dependent on the increase in

splanchnic blood flow or the decrease in splanchnic

vascular resistance. This supports the forward flow

theory as the mechanism maintaining chronic portal

hypertension after the development of portal

collateral channels. In our portal hypertension model

created by CBDL, the hemodynamic abnormalities

changed over time. It was suggested that a stable

relationship among hemodynamic parameters was

achieved in the advanced stage of CBDL and that

the presence of anemia contributed to the lack of

such stability in the early period after CBDL.
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