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Abstract
AIM: To investigate the usefulness of direct hemoperfusion with a polymyxin B-immobilized fiber column
(DHP-PMX therapy) for warm hepatic ischemia-reperfusion (I/R) injury after total hepatic vascular exclusion
(THVE) using a porcine model.
METHODS: Eleven Mexican hairless pigs weighing
22-38 kg were subjected to THVE for 120 min and then
observed for 360 min. The animals were divided into
two groups randomly: the DHP-PMX group (n = 5) underwent DHP-PMX at a flow rate of 80 mL/min for 120
min (beginning 10 min before reperfusion), while the
control group did not (n = 6). The rate pressure product
(RPP): heart rate × end-systolic arterial blood pressure,
hepatic tissue blood flow (HTBF), portal vein blood flow
(PVBF), and serum aspartate aminotransferase (AST)
levels were compared between the two groups.
RESULTS: RPP and HTBF were significantly (P <
0.05) higher in the DHP-PMX group than in the control group 240 and 360 min after reperfusion. PVBF in
the DHP-PMX group was maintained at about 70% of
the flow before ischemia and differed significantly (P
< 0.05) compared to the control group 360 min after
reperfusion. The serum AST increased gradually after

reperfusion in both groups, but the AST was significantly (P < 0.05) lower in the DHP-PMX group 360 min
after reperfusion.
CONCLUSION: DHP-PMX therapy reduced the hepatic warm I/R injury caused by THVE in a porcine
model.
© 2009 The WJG Press and Baishideng. All rights reserved.
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INTRODUCTION
In ischemia-reperfusion (I/R), the generation of reactive
oxygen species on reoxygenation inflicts tissue damage
and initiates a cascade of deleterious cellular responses
leading to inflammation, cell death, and ultimately organ
failure[1]. Hepatic I/R injury occurs in various clinical
settings, such as transplantation, trauma, liver or bowel
resection, and hemorrhagic shock[2]. Severe hepatic I/R
injury can lead to liver or multiple organ failure and is
associated with increased morbidity and mortality [3].
Total hepatic vascular exclusion (THVE), which
involves the total occlusion of the liver vasculature at
the hepatoduodenal ligament (i.e. Pringle’s maneuver)
and the occlusion of the inferior vena cava below and
above the liver, is used during the resection of large
and posterior portions of the liver clinically[4,5]. As this
technique induces hepatic I/R injury, inhibition of this
injury caused by THVE is necessary to obtain a better
postoperative course.
The Toraymyxin polymyxin B-immobilized fiber
column (PMX cartridge; Toray Industries, Tokyo, Japan)
was developed in Japan in 1994 as an extracorporeal
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hemoperfusion device that uses polymyxin-B fixed to
α-chloroacetamide-methyl polystyrene-derived fibers
packed in the cartridge. Direct hemoperfusion with
PMX (DHP-PMX) therapy can remove circulating
endotoxin and reduce various cytokines, even in patients
with high plasma cytokine levels [6]. This method has
been used to treat endotoxemia[7] and was reported to
lower inflammatory cytokine and plasminogen activator
inhibitor-1 (PAI-1) levels immediately [8]. DHP-PMX
therapy has also been found effective for severe sepsis
secondary to intra-abdominal infection[9] and acute lung
injury or acute respiratory distress syndrome caused by
sepsis[10]. Recently, we reported the efficacy of DHPPMX therapy in nor mother mic cardiopulmonar y
bypass[11], a pulmonary warm I/R injury model[12], and a
small intestine warm I/R injury model[13].
In this study, we evaluated the usefulness of DHPPMX therapy in warm hepatic I/R injury with a porcine
THVE model.

MATERIALS AND METHODS
Animals
All animals were cared for in accordance with the
Principles of Laboratory Animal Care formulated by
the National Society for Medical Research and the
guidelines set forth in the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes
of Health (NIH publication 85-23, revised 1985). The
study was performed under the supervision of the
Animal Care and Experimental Committee of Gunma
University, Showa campus, Japan.
Operative procedure
Eleven Mexican hairless pigs (both sexes, weighing
22-38 kg) were used in this study. They were not
allowed access to food for 24 h before the experiment.
After administering ketamine hydrochloride (250 mg)
and atropine (0.5 mg) intramuscularly, the pigs were
intubated endotracheally and ventilated mechanically at a
tidal volume of 25 mL/kg and a rate of 12 breaths/min.
During the experiment, general anesthesia was maintained
with a mixture of 1%-2% isoflurane and 100% oxygen.
Lactated Ringer’s solution (20 mL/kg per hour) was
infused via a catheter inserted into the right subclavian
vein. A laparotomy was performed via a midline incision.
The liver was skeletonized completely by dividing all of
the suspensory ligaments and dissecting the retrohepatic
vena cava from the posterior abdominal wall. The portal
vein, hepatic artery, and common bile duct were isolated
and their collaterals were occluded separately. THVE was
achieved by clamping the infrahepatic and suprahepatic
vena cava after clamping the portal vein and hepatic
artery. An active venovenous (v-v) bypass system was
started as a portosystemic shunt just before THVE to
prevent congestion of the portal vein and lower body.
This system consisted of a centrifugal pump system
(Lifestream; St. Jude Medical, Chelmsford, MA) and
venous cannulas. The blood-contact surfaces of these
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components were heparin-coated. The v-v bypass system
was established with drains (12 Fr) inserted into the
splenic and right external iliac veins for blood removal,
with another drain inserted into the right external jugular
vein (12 Fr) for blood return. Blood from the portal vein
and infrahepatic vena cava was bypassed into the right
external jugular vein via a Y-shaped shunt. The bypass
blood flow was maintained at more than 20 mL/kg per
minute with systemic heparinization (200 U/kg). Liver
ischemia was induced by total exclusion of hepatic
inflow for 120 min. After releasing the clamps to end the
ischemia, the bypass system was removed. The splenic,
right external iliac, and right external jugular veins were
ligated after removing the cannulas. The parameters
described below were measured and the animals were
observed for 360 min after reperfusion.
Experimental groups
The experimental study involved two groups: the DHPPMX (n = 5) and control (n = 6) groups. The animals
were assigned randomly to either group. In the DHPPMX group, a double-lumen catheter was positioned
in the right atrium through the left subclavian vein and
DHP-PMX was performed through the catheter at a
flow rate of 80 mL/min for 120 min (beginning 10 min
before reperfusion). Direct hemoperfusion was not
performed in the control group.
Monitoring and sampling
The external iliac artery was cannulated for monitoring
the ar terial blood pressure and collecting blood
samples. Arterial blood pressure and heart rate (HR)
were monitored directly through a catheter connected
to a transducer (Spectramed TA 1017; San-ei, Tokyo,
Japan). The rate pressure product (RPP: HR × endsystolic arterial blood pressure) was also calculated.
Blood samples were collected from the same catheter
before and after the procedure [before ischemia and
immediately (0 min) and 30, 60, 120, 240 and 360 min
after reperfusion]. All samples were centrifuged at 900 × g
for 15 min at 4℃, and the serum or plasma was frozen
at -80℃ for later measurement.
Hepatic tissue blood flow (HTBF)
HTBF was measured with a laser Doppler flowmeter
(Laser Blood Flow Monitor MBF 3; Moor Instruments,
Devon, UK) before ischemia and immediately (0 min)
and 30, 60, 120, 240 and 360 min after reperfusion. The
laser probe was always placed on the right median lobe
of the liver. HTBF is expressed as a percentage of the
flow before ischemia.
Portal vein blood flow (PVBF)
PVBF was measured before ischemia and 30, 60,
120, 240 and 360 min after reperfusion using an
electromagnetic blood flowmeter (Model MFV-3100;
Nihon Kohden, Tokyo, Japan). PVBF is expressed as a
percentage of the flow before ischemia.
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Figure 1 The rate pressure product (RPP: heart rate × systolic arterial
blood pressure) before ischemia (pre) and immediately (0 min) and 30, 60,
120, 240 and 360 min after reperfusion. Data are expressed as the mean ±
SE. aP < 0.05 vs the control group.
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Figure 3 The portal vein blood flow (PVBF) before ischemia (pre) and 30,
60, 120, 240 and 360 min after reperfusion. The PVBF was evaluated as a
percentage of the flow before ischemia. Data are expressed as the mean ± SE.
a
P < 0.05 vs the control group.

Serum aspartate aminotransferase (AST) assays
Serum AST levels were measured at 37℃ using an
ultraviolet rate assay on an autoanalyzer (Hitachi 736-60;
Hitachi, Tokyo, Japan) with blood samples collected and
preserved using the method described above.
Statistical analysis
The results are expressed as the mean ± SE. StatView
ver. 5.0 (Abacus, Berkeley, CA) was used for the
statistical analyses. Statistical comparisons were made
using repeated measure analysis of variance followed by
Fisher’s protected least significant difference. P < 0.05
were considered to be statistically significant.

RESULTS
All animals survived until the endpoint of the study
(360 min after reperfusion).
The changes in RPP
The changes in RPP were similar in both groups until
reperfusion. The RPP in the control group decreased
gradually until 360 min after reperfusion, while that in

Figure 2 The hepatic tissue blood flow (HTBF) before ischemia (pre) and
immediately (0 min) and 30, 60, 120, 240 and 360 min after reperfusion.
The HTBF was evaluated as a percentage of the flow before ischemia. Data
are expressed as the mean ± SE. aP < 0.05 vs the control group.

the DHP-PMX group was maintained at about 6000
bpm∙mmHg and differed significantly (P < 0.05) from
the RPP in the control group 240 and 360 min after
reperfusion (Figure 1).
The changes in HTBF
The HTBF decreased to about 20% of the baseline
immediately after reperfusion in both groups (Figure 2).
After reperfusion, the HTBF in the DHP-PMX group
was maintained above 60% of the baseline, while no
improvement was seen in the control group; the HTBF
in the control group was significantly (P < 0.05) lower
than that in the DHP-PMX group 240 and 360 min after
reperfusion (Figure 2).
The changes in PVBF
The PVBF decreased after reperfusion in both groups
(Figure 3). The PVBF was similar in both groups 30 and
60 min after reperfusion. Subsequently, the PVBF in the
DHP-PMX group was maintained at about 70% of the
flow before ischemia, while that in the control group
decreased gradually beginning 120 min after reperfusion;
a significant (P < 0.05) difference was observed between
the two groups 360 min after reperfusion (Figure 3).
The changes in serum AST
As shown in Figure 4, the serum AST before ischemia
did not differ significantly between the two groups.
The serum AST increased gradually after reperfusion in
both groups, although the increment in the DHP-PMX
group was smaller than in the control group and differed
significantly 360 min after reperfusion (Figure 4).

DISCUSSION
Polymyxin B binds to endotoxin, which is an outer
membrane component of Gram-negative bacteria and
is thought to be an important pathogenic trigger for the
production of inflammatory mediators. Several preclinical
studies have demonstrated that hemoperfusion or
plasmapheresis over immobilized polymyxin B removes
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Figure 4 The serum AST before ischemia (pre) and immediately (0 min)
and 30, 60, 120, 240 and 360 min after reperfusion. Data are expressed as
the mean ± SE. aP < 0.05 vs the control group.

endotoxin from blood[14-16]. Recently, some studies have
shown improved hemodynamic status[17] and survival[18]
in patients with sepsis who were treated with PMX.
Moreover, DHP-PMX therapy was found to be effective
for patients with septic shock infected with either Gramnegative or Gram-positive bacteria, which do not release
endotoxins[19]. Therefore, DHP-PMX therapy is used
in patients with severe sepsis or septic shock and its
clinical effect has been described. In addition, studies
have reported on the mechanism of DHP-PMX action.
Kushi et al[20] showed that the adsorption of pathogenic
bacteria prevented the release of inflammatory cytokines
and reduced the stimulation of vascular endothelial cells
to lower the PAI-1 level, rather than direct inhibition
of PAI-1 production by DHP-PMX therapy. Tani et al[8]
postulated that the reduction in plasma endotoxins by
endotoxin adsorption contributed to the cessation of
cytokine gene expression and the excretion of cytokines.
In addition, DHP-PMX therapy improved the PaO2/
FiO2 ratio in patients with acute lung injury or acute
respiratory distress syndrome caused by sepsis, and
this appeared to be related to decreases in the blood
neutrophil elastase and IL-8 levels[10]. We hypothesized
that DHP-PMX therapy might be effective in various
inflammatory situations and have evaluated the utility of
DHP-PMX therapy in normothermic cardiopulmonary
bypass in a pig model[11], pulmonary warm I/R injury in
a canine model[12], and small intestine warm I/R injury in
a canine model[13] with satisfactory results. In this study,
we evaluated whether DHP-PMX therapy could reduce
hepatic I/R injury in a THVE model.
We found that RPP, PVBF, and HTBF in the DHPPMX group were preserved significantly (P < 0.05) better
than in the control group after reperfusion. In addition,
the increase in serum AST was significantly (P < 0.05)
lower in the DHP-PMX group. These results demonstrate
that DHP-PMX therapy reduces the hepatic warm I/R
injury caused by the THVE technique.
The natural ligands of cannabinoid receptors are
lipid-like substances called endocannabinoids, and
include arachidonoyl ethanolamine or anandamide and
2-arachidonoylglycerol. Cannabinoid-2 receptor agonists
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have been reported to have a protective effect against
I/R injury in the liver and other organs by reducing
endothelial cell activation, the expression of adhesion
molecules such as intercellular adhesion molecule and
vascular cell adhesion molecule, the levels of tumor
necrosis factor-α and chemokines, neutrophil infiltration,
lipid peroxidation, and apoptosis [21,22] . In addition,
Wang et al [23] demonstrated that the absorption of
anandamide during DHP-PMX therapy eliminated
the diverse negative effects of anandamide, such as
hypotension, immunosuppression, and cytotoxicity.
Considering these results, DHP-PMX treatment appears
not only to remove endotoxins, but also to reduce the
inflammatory reaction by inhibiting various inflammatory
cascades and to have an effective role in I/R injury.
Further studies are required, including the suitable timing
and duration and the detailed mechanisms of DHP-PMX
therapy in I/R injury.
In conclusion, DHP-PMX therapy reduced the
hepatic warm I/R injury caused by the THVE method
using a porcine model.
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