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Abstract

Objectives To obtain the biomechanical and morpholog-
ical remodelling of hepatic arteries in swine with portal
hypertension.

Methods A number of 20 white pigs was used, of which
14 were subjected to liver cirrhosis and portal hypertension
(PHT) induced by carbon tetrachloride and pentobarbital;
the rest were used as the control group. The biomechanical
remodelling of the hepatic arteries was measured, namely,
the incremental elastic modulus (Ej,.), pressure—strain
elastic modulus (E,), volume elastic modulus (E,), the
incremental compliance (C), the opening angle and the
stained microstructural components of the vessels.

Results The percentages for the microstructural compo-
nents and the histologic data significantly changed in the
experimental group, three incremental elastic moduli (E;,,
E,, and E,) of the experimental group were significantly
larger than those of the control group (P < 0.05); the
compliance of hepatic arteries decreased greatly (P < 0.05)
too. The opening angle (OA) was considerably larger than
that of control group (P < 0.05).

Conclusions The study suggests that the morphological
and biomechanical properties of swine hepatic arteries
have changed significantly during the process of portal
hypertension and that from biomechanical aspects, the
hepatic arteries have also suffered from extensive
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remodelling, which in turn deteriorates the existing portal
hypertension.
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Introduction

Liver is well known as a double blood-supply structure, with
75% of its total flow coming from the portal veins and the
other 25% from the hepatic arteries [1, 2]. The blood flow of
portal veins varies greatly in response to a wide variety of
stimuli. Alterations of portal venous blood flow are coun-
tered by flow changes of the hepatic artery under physio-
logical condition, aiming at maintaining the total hepatic
blood flow [3, 4]. This mechanism described as the hepatic
artery buffer response (HABR) seems to be regulated by
adenosine [5, 6]. And the responsible receptor for adenosine-
mediated vasodilatation in the hepatic artery of normal livers
is the adenosine A, receptor [7]. Several researchers have
investigated this response and found that nitric oxide (NO)
and H,S are also responsible for HABR [8-11].

During the process of portal hypertension (PHT), the
altered haemodynamics crucially deteriorates tissue oxy-
genation and liver function, which may cause hypoxaemia
in cirrhosis and the HABR shown in others’ previous
studies [12, 13]. Due to the existence of HABR, the hepatic
arterial blood flow becomes more and more significant
during the development of PHT. In fact, vascular remod-
elling has been shown in pulmonary and superior mesen-
teric arteries of cirrhotic animals [14, 15].

To the best of our knowledge, major interest of the
previous studies has been focused on vasoactive substances
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about HABR under physiological conditions [5, 7, 10], and
only very few studies have addressed the role of HABR
and the biomechanical remodelling of the hepatic artery
under pathophysiological conditions. Zipprich [16] and his
colleagues have investigated the response of adenosine in
hepatic arteries of CCly-cirrhosis livers mediated mainly by
the adenosine A; receptor. Both the CCly- and BDL-cir-
rhotic models have shown vascular remodelling in the
intrahepatic arteries [17], but there are no existing data on
extrahepatic vascular remodelling of hepatic arteries of
PHT. Consequently, our study intends to establish a reli-
able swine CCly-cirrhotic PHT model in order to investi-
gate the biomechanical and morphological remodelling of
the extrahepatic vascular of hepatic arteries and provide
some references for probing HABR and the in-depth
pathogenesis of PHT and offer approaches to prevention
and treatment of PHT.

Materials and methods
Establishment of swine PHT model

A number of 8 male and 12 female with 2-month-old healthy
swine were applied with an initial average body weight of
16.5 kg and the study is performed in compliance with the
state guidelines confirmed by institutional ethical committee
for humane treatment and care of the laboratory animals. No
obvious abnormality was found in liver function test and
colour doppler ultrasonography (GE Medical Systems,
Milwaukee, WI, USA) among the 20 pigs before the exper-
iment. After 1 week of acclimation, 14 animals were
administered carbon tetrachloride (CCly, Sigma) at a dose of
3 mg/kg/d after pretreatment with oral phenobarbitone
(3 mg/kg/d) to induce liver cirrhosis and PHT [18, 19]. In
order to accelerate this process and mimic the pathophysio-
logical disturbances of PHT addressed in human studies, the
experimental animals were subjected to continuous con-
sumption of a diet containing 20% grease and 10% alcohol as
the only drink. The treatment lasted for approximately
16 weeks. At the same time, the rest six swine of the same
age and size were maintained with normal drinking water
and swine chow and served as the control group.

Portal pressure determination and portal vein sampling

After measuring the body weight for the last time, swine of
the two groups were anaesthetized with intramuscular
injection of pentobarbital sodium (10 mg/kg) and ketamine
(20 mg/kg). The anesthesia was maintained by cannulation
of an ear vein and intravenous administration of additional
pentobarbital sodium (2 mg/kg) and ketamine (2 mg/kg)
until the end of the operation. The swine were placed in a
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supine position with a midline incision in the abdominal
wall and the portal vein exposed. A 5-Fr flow-directed
thermodilution fiberoptic catheter (CCOmbo 744HSF,
Edwards Swan-Ganz, Baxter Edwards Critical Care, Irvine,
Calif, USA) filled with heparinized saline was inserted in
the main portal vein from a distal puncture in the inferior
mesenteric vein. The portal pressure was recorded via the
catheter in the portal vein and connected to blood pressure
transducers (Transpac Disposable Transducer, Abbott,
Chicago, 111, USA). During surgery, the body temperature
of the animals was kept at 38 £+ 1°C using an operating
table heater and warmed fluids. When all surgical proce-
dures were completed, the animals were killed with an
overdose of pentobarbital sodium. The liver including the
portal vein, the hepatic artery and the bile duct was rapidly
removed together with the spleen and all were then placed
in the physiological salt solution. The hepatic artery was
gently dissected free from surrounding tissue and isolated
carefully without any traction or protraction. The end close
to the origin from the celiac artery was assigned as the
proximal end, the opposite end close to its branching
before entering the liver as the distal end.

Staining and image quantitative analysis

Before the distension test, the distal end of each blood vessel
sample was quickly sliced up into 5- to10-pm frozen trans-
verse sections with a cold incubator microtome. The sections
were stained with haematoxylin—eosin (HE), orange G,
Weigert’s iron—haematoxylin and aniline blue, respectively,
then washed in tap water for 5 min at room temperature,
dehydrated in ethanol/water series (30 s each) followed by
three changes in absolute ethanol (2 min each) and cleared in
xylene. The diameter, thickness and the microstructure
components including smooth muscle (including the cellular
nuclear number density, CNND and the cellular nuclear area
density, CNAD), collagen and elastin of each blood vessel
sample were measured and quantified by a computer image
analysis system (Leica-Q500IW; Leica Ltd, Cambridge,
UK). This system detected all pixels in the image that were
equivalent to, or nearly equivalent to, the colour levels of the
select area. The total area of each component was the sum of
the areas covered by the fibre in the same field and was
expressed as the percentage of the total area of the vessel wall
[the relative content (Aa%)]. For each sample, readings were
taken from six representative fields and the mean values
obtained were used for analysis.

Biomechanical test
The pressure—diameter experiments were carried out as

described previously [20, 21]. Before the pressure—diameter
experiment, a small section of both ends was cut and
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reserved in the Kreb’s solution for opening angle (OA)
experiments and the proximal and distal ends of the hepatic
artery were fixed on a self-developed soft tissue mechanical
test machine (supervised and produced by the Centre of
Technology, Dongfeng Automobile Co., Ltd, Shiyan,
China). The proximal end was connected to an electronic
peristaltic pump and a pressure transducer through a three-
way apparatus and the distal end was closed and fixed. The
middle superior part of vessel was stained into a black band
with the width of approximately 3 mm by using the oil-
soluble black pigment. The samples were axially stretched
to the length as in vivo; the pressure sensor was calibrated to
zero before the test. The whole experiment was performed in
a controlled temperature saline solution bath of 37 4 0.5°C.
The vessel was preconditioned ten times with a step dis-
tension test. During the test, the Kreb’s solution was infused
into the vessels at a constant rate of 1.5 ml/min with the
electronic peristaltic pump; the pressure was controlled at
the range of 0-27 kPa with the increment of 3.0 kPa in each
step. A camera was fixed above the vessel and focused on the
black bands to monitor the changes of vascular diameter
(D) with the alteration of pressure (P). The sampling rate
was 100 times per min. After the pre-conditioning test, the
step test was repeated five times as the final tests. The outer
diameters of vessels were recorded at each pressure step.

Zero-stress state observation

After its ventral side was marked, the section reserved for
OA experiment was cut into nearly 1-mm-long ring and
was then placed in the Kreb’s solution. After a radial cut
was made in the ring along the coloured marking, the
vessel ring sprang open rapidly and continued to open more
slowly until it reached a constant OA for 20-30 min for the
occurrence of viscoelastic creep. Photographs were taken
by the camera connected to a computer, and signals were
input to the computer and analysed (the angle between the
two lines joining the midpoint of the inner arc of the cross-
section to its tips was known as the opening angle).

Biomechanical analysis

As for the incremental Young’s elastic modulus for
cylinders extended by pressure at axial isometry having
been relatively thin but not negligible thick walls the
modulus defined by the classical work of Cox [22] is
usually applied. Elastic modulus plotted against tensile
stress is advised to characterize elasticity of wall material
[23]. In this study, based on the pressure—diameter curves,
the effective (isotropic) incremental Young’s modulus
(Eine), the circumferential incremental modulus (E,), the
longitudinal incremental modulus (E,) and the segment
incremental compliance (C) were calculated as follows:

Epe = 0.75- AP/AR - R2/h
E, = AP/AR -R/2

E, = AP/AR-R

C = dV/dP =27R- AR/AP

While P, R, and & are pressure, radius and thickness of the
blood vessel, respectively, AP is the pressure change and
AR is the radius change.

Statistical analysis

Data were presented as means £ SEM and differences
between the groups were compared by 7 test. The statistical
analysis was performed with SPSS 11.0 software (SPSS
Co., Chicago, IL, USA). A value of P < 0.05 was con-
sidered statistically significant.

Results

At the end of 16th week, two swine of the experimental
group died from acute serious hepatitis and upper gastro-
intestinal hemorrhage. The body weight of experimental
group was 32.5 + 2.1 kg (n = 12), lower than that of the
control group (77.3 £ 3.6 kg, P < 0.01). Cirrhosis was
histologically confirmed in CCly-cirrhotic animals and
ascites were shown in all cirrhotic animals. The mean
portal pressure of these swine (4.17 £ 1.03 kPa) was
approximately threefold greater than that of the controls
(1.51 £ 0.39 kPa, P < 0.001).

Portal hypertension leads to morphological
and microstructural changes of hepatic artery

Using specific staining method, the morphological data and
microstructural components have been demonstrated in
Fig. 1. Figure 1(a—d) illustrates that hepatic artery is a
muscular artery typically composed of three layers: the
intima, the media and the adventitia. Internal elastic
membrane is dense and wavy, which can be the result of
fixation at zero pressure; the media membrane constitutes
the majority of the hepatic artery wall and composed of the
1020 lines of shuttle-shaped smooth muscle cells;
between the smooth muscle cells there was a small amount
of collagen fibers and elastic fibers, and matrix, the
adventitia membrane was composed of loose connective
tissue. Figure 1(e-h) illustrates that when portal hyper-
tension, internal elastic membrane was ruptured or com-
pletely disappeared, elastic fibres were degraded and
broken in media membrane (Fig. 1f), the cellular nuclear of
smooth muscle cells were deformed and separated by
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Control

PHT

Fig. 1 The representative microstructure photographs of hepatic artery normal (fop panel) and PHT (lower panel) swine

collagen fibres (Fig. le); collagen and extracellular matrix
were increased in the entire wall (Fig. 1g).

Haematoxylin—eosin staining (a, ¢ x200) was used to
determine the vessel diameter, wall thickness, the CNND
and the CNAD of smooth muscle cells; Weigert’s iron—
haematoxylin (b, f x400), Aniline Blue (c, g x400) and
Orange G (d, h x400) specific staining were used to
determine the relative content (Aa%) of the elastic fibers,
collagen and smooth muscle in each vessel wall.

Quantified by a computer image analysis system, the
histological data of the hepatic artery are shown in Table 1;
while portal hypertension, the intima and media thickness
and the diameter of hepatic artery were significantly higher
than the control (P < 0.05), the wall thickness of hepatic
artery is significantly higher than the control (P < 0.01).

The percentage of the microstructural components of the
hepatic artery is shown in Table 2. When in the condition of
portal hypertension, the percentage of collagen fibers of
hepatic artery was significantly higher than the control
(P < 0.01), the relative percentage of elastic fiber content
decreased significantly (P < 0.05), with no significant chan-
ges in the percentages of smooth muscle; the ratio of C and
E was significantly increased (P < 0.01), and the CNND and
CNAD were also significantly increased (P < 0.05).
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Portal hypertension induces biomechanical changes
in hepatic artery wall

Based on the pressure—diameter curves, the lumen diameter
(LD) and the media thickness (MT) of hepatic arteries from
two groups were calculated and plotted against pressure
(P). Figure 2 illustrates the relationship between LD
(Fig. 2a), MT (Fig. 2b), and pressure (P), respectively. It
indicates that the LD of hepatic artery in both groups
increased with the pressure within the pressure range of
0 ~ 27 kPa, and the MT of hepatic artery of both groups
decreased with the pressure. But at the same pressure, the
LD and MT of hepatic artery of the PHT group were sig-
nificantly higher than those of the control group
(P < 0.05).

Based on the pressure—diameter curves, the effective
(isotropic) incremental Young’s modulus (Ej,), the cir-
cumferential incremental modulus (E,), and the longitudi-
nal incremental modulus (Ep) of hepatic arteries from two
groups were calculated and plotted against pressures.
Figure 3 illustrates the relationship between E, (Fig. 3a),
E;,. (Fig. 3b), E, (Fig. 3c), and pressure, respectively. It
indicates that within the pressure range of 0 ~ 27 kPa,
three kinds of incremental elastic modulus of both groups
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Table 1 Changes of the geometrical morphology of hepatic artery
(Means £+ SEM, mm)

Control group Experimental group

(n=6) n=12)
Intima thickness 0.033 + 0.007 0.061 =+ 0.008°
Media thickness 0.198 + 0.012 0.261 + 0.017*
Adventitia thickness 0.085 + 0.010 0.087 + 0.006
Wall thickness 0.313 + 0.011 0.408 + 0.012°
Diameter 2.76 £ 0.315 3.541 + 0.219*
*p<0.05

® P < 0.01, versus control group

Table 2 Changes of the microstructural components of hepatic artery
(Mean £+ SEM) %

Control group Experimental group

(n=06) n=12)
Collagen (Aa%) 1047 £ 0.42 16.36 &+ 0.71°
Elastin (Aa%) 21.29 + 1.65 15.92 4+ 0.94*
CIE 0.49 + 0.09 0.96 £ 0.11°
Smooth muscle (Aa%) 2495 + 1.36 29.24 + 1.99
CNND (entries/mm?) 5,149.68 + 487.72  6,258.22 + 840.19*
CNAD (Aa%) 13.54 £ 2.68 19.81 + 3.21*

*P<0.05
® P < 0.01, versus control group

increased with the pressure, but at the same pressure, the
three incremental elastic modulus of the PHT group were
significantly higher than those of the control group
(P < 0.05).

The segment incremental compliance (C), which was
used as an indicator for the distensibility changes of hepatic
portal arteries, was calculated out. As can be seen from
Table 3, the compliance of the two groups decreased with
the increasing of intravascular pressure; at the same

pressure the compliance of the PHT group was significantly
lower than that of the control group (P < 0.05).

The OA of hepatic arteries is shown in Table 4. As can
be seen from Table 4, with portal hypertension, the OA of
the proximal and distal was significantly higher than those
of the control (P < 0.05). Moreover, the OA of distal end
was significantly higher than that of the proximal end
(P < 0.05).

Discussion

Portal hypertension is a syndrome characterized by
abnormal haemodynamical changes of portal venous sys-
tem. Normally, portal veins provide the major blood supply
to liver. With cirrhosis, the hepatic portal vein blood flow
reduced, the maintenance of hepatic artery blood flow and
the preserved HABR must be considered to protect overall
hepatic circulation, so as to offset the impaired nutritive
blood supply of the cirrhotic liver. Altered haemodynamics
crucially deteriorates tissues and liver function and leads to
the morphological and biomechanical remodelling of liver
conduits of four kinds known as the portal vein system, the
hepatic artery system, the hepatic vein system and the bile
duct system. The significance of the biomechanical
remodelling of hepatic conduits in PHT conditions is still
poorly understood, even neglected. In the present study, a
reliable liver cirrhosis model of swine with PHT has been
established; the morphological and biomechanical remod-
elling of hepatic arteries has been obtained.

Our results indicate the extrahepatic vascular morpho-
logical remodelling of the hepatic arterioles in CCly-cir-
rhotic swine. The changes are reflected by the increase of
luminal diameter and wall thickness, the CNND, the rela-
tive content of collagen fibers and the decrease of the rel-
ative content of elastic fiber. The results are not entirely
consistent with the findings of Zipprich et al. [17] which
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Table 3 Changes of

. . Pressure
compliance of hepatic artery
(Means + SEM, mm?/kPa) 3 9 15 21 27
Experimental group ~ 1.04 + 0.04°  0.56 + 0.03* 031 +0.03* 021 = 0.04*  0.10 = 0.02°
, n = 12)
P < 0.05, versus control Control group (n = 6) 145+ 0.11  0.87 007 057 +0.04 037 +005  0.25 + 0.03

group

Table 4 Changes of opening angles of hepatic artery (Means £
SEM, °)

Control group Experimental group

(n=6) n=12)
Proximal segment 35.1 £ 10.2 95.8 + 21.3*
Distal segment 43.7 £ 13.6 117.5 + 28.4*°

* P < 0.05, versus control group
® P < 0.05, versus proximal segment

showed the decrease of wall thickness and the smooth
muscle nuclei number of the intrahepatic vascular in CCly-
and BDL-cirrhotic rats. This difference might be due to the
fact that the morphological changes of hepatic arteries
inside and outside the liver are not consistent in cirrhosis.
Since the hepatic artery is under local as well as systemic
control, the two factors could influence the grade of
remodelling, since during the development of portal
hypertension, growth of vascular smooth muscle in vivo
can be initiated by an increased load on the smooth muscle
cells in the vessel wall, caused by an increased transmural
pressure [24]. On the other hand, endotoxin and other toxic
substances could directly injure the smooth muscle cells
through the broken endothelium, the degeneration and
necrosis of smooth muscle cell. The cellular nuclei of the
smooth muscle cell show signs of deformation (Fig. 1a),
may be it is atrophy and compensatory hyperplasia, so the
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number density and area density of smooth muscle cellular
nuclei increased significantly.

Blood vessel elasticity is important in physiological
and pathophysiological problems involving surgery,
remodelling, engineering and angioplasty. Vessel wall is a
kind of visco-elastic material, characterized by creep,
stress relaxation, hysteresis and so on. Young’s modulus,
compliance and zero-stress state (opening angle) are
commonly used in describing the biomechanical proper-
ties of blood vessel. The use of a simple incremental
modulus of elasticity is proposed for describing the
mechanical properties of the arterial wall. The arterial
wall becomes stiffer as it is extended. Compliance can be
used as an indicator of blood vessel flexibility and
intensity. Therefore, it has been widely used in diagnosis
and prognosis assessment of cardiovascular and cerebro-
vascular diseases [25, 26]. Zero-stress state tension at
0 mmHg of the intact wall, a state supposedly exists when
unloaded vascular rings are cut and characterized by their
opening angles, can be used to reflect tissue remodelling
since under zero-stress state any structural change may
occur without deformation. The zero-stress state of a
vessel can be the change of OA due to the non-uniform
growth in the vessel wall, which reflects the changes of
the residual stress [27]. Liu and Fung [28] emphasized
that any mechanical analysis must begin at the zero-stress
state and show axial variation along the arteries and their
branches [23, 28, 29].
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The results of this study also significantly indicate that
with the increase of the elastic modulus of the hepatic
artery, the compliance decreased in PHT group. One
explanation for even more obvious increase of the hepatic
arterial elastic modulus in CCly-cirrhosis is likely due to
structural changes in the hepatic arterioles. Increases of
modulus with the increasing pressure depend on the elastic
properties of the collagen, elastin,and muscle within the
arterial wall and their arrangement and linkages [30].
However, the elastic modulus of active muscle must be
considerably greater than the tension it can exert. It is
generally assumed that the collagen and elastin in the
arterial wall function in parallel (Fig. 1). A parallel
arrangement of the constituents implies that the properties
of the arterial wall are more obviously related to radius
than to pressure, which takes considerable time for a col-
lapsed vessel to regain its original size under pressure, and
significant changes in arterial elasticity are to be expected
immediately after any substantial fall in blood pressure.
Our results show the increase of luminal diameter and
content of collagen fibres and the decrease of content of
elastic fibre. So the increased elastic modulus may be
associated with the increased ratio of C and E.

Data on opening angles at the zero-stress state have
clinical relevance because they vary with disease, such as
hypoxic hypertension [31] and diabetes [32]. Fung [27]
previously suggested that the remodelling of zero-stress
state was an index of the non-uniformity of growth and
remodelling. Fung and Liu [31-33] showed that hyper-
tension induced growth of intima that exceeded growth of
the adventitia and then consequently induced an increase of
the opening angle. Conversely, Lu et al. [34] showed that
overload of flow could induce growth of adventitia that
exceeded growth of the intima, thus decreasing the opening
angle. Vascular reconstruction can be shown not only by
the changes of the stress—strain relationship but also by the
changes of zero-stress state. Zero-stress state is a specific
state under physiological conditions in vitro. The higher the
growth rate of the inner wall of blood vessels is, the larger
the residual stress will be; thus the larger the OA will be
induced, and vice versa. Significant increases of OA of the
hepatic artery with PHT have been found in our study and
bigger OA of the distal end than that of the proximal. This
shows that non-uniform growth exists in the arterial wall of
hepatic arteries with PHT, which may be due to the for-
mation of false lobular liver cirrhosis and the decrease of
hepatic arterial resistance in cirrhosis [17]; the tensile stress
of inner arterial wall increased more quickly than that of
the outer wall and hence the thickening of inner wall which
is more obvious than the outer wall under the stress—growth
law and the increase of OA of zero-stress state [23]. This
result may be explained by the concept of a violation
growth towards inside arterial wall with hypertension.

Fung and his colleagues [23, 28] showed that the opening
angles of aorta at zero-stress state changed at different
position from the proximal to the distal, and the structure
and function of arterial wall might be different, and the OA
tends to increase from the proximal to the distal. In our
study, carbon tetrachloride was used to induce liver cir-
rhosis thus to cause PHT so as to establish the cirrhosis
model of swine with PHT. The major site of resistance
within the portal circulation was at the level of sinusoids,
and the resistance of hepatic artery close to the liver is
more obvious, so we concluded that the OA of distal end of
hepatic artery with PHT was greater than that of the
proximal end.

Conclusions

This study has established a reliable cirrhosis model of
swine with PHT using carbon tetrachloride. Because of the
serious pathological changes of liver and portal vein sys-
tem, the haemodynamic changes of hepatic arteries have
been prompted and thus the significant changes of
mechanical remodelling of hepatic artery have taken place:
the elastic modulus and the OA have been increased, while
the compliance has been decreased which is a compensatory
and adaptive response and in turn deteriorates the existing
portal hypertension. However, which humoral factor par-
ticipates in the response and how the adaptive response
mechanisms take place, still need to be further explored.
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