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Abstract

AIM: To investigate the effectiveness of direct hemo-
perfusion with polymyxin B-immobilized fibers (DHP-
PMX therapy) on warm ischemia-reperfusion (I/R)
injury of the small intestine.

METHODS: The proximal jejunum and distal ileum
of mongrel dogs were resected. Warm ischemia
was performed by clamping the superior mesenteric
artery (SMA) and vein (SMV) for 2 h. Blood flow to
the proximal small intestine was restored 1 h after
reperfusion, and the distal small intestine was used as
a stoma. The experiment was discontinued 6 h after
reperfusion. The dogs were divided into two groups:
the DHP-PMX group (7 = 6, DHP-PMX was performed
for 180 min; from 10 min prior to reperfusion to 170
min after reperfusion) and the control group (7 = 5).
The rate pressure product (RPP), SMA blood flow,
mucosal tissue blood flow, and intramucosal pH (pHi)
were compared between the two groups. The serum
interleukin (IL)-10 levels measured 170 min after
reperfusion were also compared.

RESULTS: The RPP at 6 h after reperfusion was
significantly higher in the PMX group than in the
control group (12174 £ 1832 mmHg/min vs 8929 +
1797 mmHg/min, P < 0.05). The recovery rates of
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the SMA blood flow at 1 and 6 h after reperfusion
were significantly better in the PMX group than in the
control group (61% % 7% vs 44% £ 4%, P < 0.05,
and 59% = 5% vs 35% % 5%, P < 0.05, respectively).
The recovery rate of the mucosal tissue blood flow and
the pHi levels at 6 h after reperfusion were significantly
higher in the PMX group (61% % 8% vs 31% <+ 3%,
P < 0.05 and 7.91 + 0.06 vs 7.69 + 0.08, # < 0.05,
respectively). In addition, the serum IL-10 levels just
before DHP-PMX removal were significantly higher in
the PMX group than in the control group (1 569 + 253
pg/mL vs 211 £ 40 pg/mL, P < 0.05).

CONCLUSION: DHP-PMX therapy reduced warm I/R
injury of the small intestine. IL-10 may play a role in
inhibiting I/R injury during DHP-PMX therapy.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

The small intestinal villi are extremely sensitive to isch-
emia-reperfusion (I/R) injury, and many microcircula-
tory disturbances contribute to structural and functional
changes". T/R injury of the small intestine is conse-
quently a critical problem that is important in situations
such as the interruption of blood flow to the intestines
due to abdominal aortic aneurysm surgery, small intesti-
nal transplantation, surgery involving cardiopulmonary
bypass, strangulated hernias, and neonatal necrotizing
enterocolitis'”. Intestinal /R injury produces injury
in both the intestines and distant organs including the
lungs, kidneys, and liver™; therefore, it is associated with
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high rates of morbidity and mortality in both surgical
and trauma patientsm.

A polymyxin B-immobilized fiber column (PMX
cartridge, Toraymyxin; Toray Industries, Tokyo, Japan),
which was developed in Japan in 1994, is an extracorpo-
real hemoperfusion device that uses polymyxin-B fixed
to a-chloroacetamide-methyl polystyrene-derived fibers
packed in the cartridge. Direct hemoperfusion with PMX
(DHP-PMX)) therapy can remove circulating endotoxins
and reduce various cytokines, even in patients with high
levels of plasma cytokines®™. DHP-PMX has been used
for the treatment of endotoxemia and reported to lower
inflammatory cytokine and plasminogen activator inhibi-
tor-1 (PAI-1) levels immediately”. DHP-PMX therapy has
also been attempted for severe sepsis secondary to intra-

abdominal infection®

, acute lung injury, and acute respira-
tory distress syndrome caused by sepsis”, and its effec-
tiveness has been reported. Recently, we hypothesized that
DHP-PMX therapy could reduce I/R injury and demon-
strated the usefulness of this therapy on pulmonary warm
I/R injury in a canine model™.

In this study, we evaluated the effectiveness of DHP-
PMX on warm I/R injury of the small intestine using a
canine model.

MATERIALS AND METHODS

Animals

Eleven adult mongrel dogs of both sexes, weighing
7.5-15.5 kg, were used in this study. The dogs were
fasted but had free access to water for 24 h prior to
the experiment. All of the animals were cared for in
accordance with 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). This study was also approved
by the Animal Care and Experimentation Committee,
Gunma University, Showa Campus, Japan.

Surgical procedures

After intramuscular administration of ketamine
hydrochloride (2 mg/kg), the animals were anesthetized.
Endotracheal intubation was performed, and the animals
were ventilated with a respirator (Servo Ventilator
900C; Siemens-Elema, Solna, Sweden). The inspired
O, concentration (FIO,) was set at 1.0 during the
experiment. Mechanical ventilation was performed
with a tidal volume of 20 mL/kg and a rate of
10 breaths/min. General anesthesia was maintained with
the inhalation of 1% to 2% isoflurane, and muscular
relaxation was obtained with additional pancuronium
bromide (0.1 mg/kg) every 20 min. The surgery was
performed under sterile conditions. A polyethylene
catheter was positioned in the abdominal aorta
through the right femoral artery and connected to a
pressure transducer to record arterial pressure. Another
polyethylene catheter was inserted into the right femoral
vein to use as a venous infusion line. The infusion rate for
the lactated Ringer’s solution was set at 30 mL/kg per h
for 6 h after reperfusion. Laparotomy was performed

via a midline incision after the blood pressure and
respiration parameters stabilized. The small intestine was
isolated with the vascular pedicle, and both the superior
mesenteric artery (SMA) and the superior mesenteric
vein (SMV) were dissected from the surrounding lymph
nodes, plexuses, and tissues. The proximal jejunum and
distal ileum were resected to interrupt the intramural
blood flow. Warm ischemia was induced by clamping the
SMA and SMV for 2 h. Proximal intestinal continuity
was restored with an end-to-end anastomosis 1 h after
the reperfusion. The resected distal intestine was used
as a stoma to measure the tissue blood flow and pHi.
During the 6-h experimental period, the abdominal
cavity was closed and opened temporarily for each
measurement. The experiment was discontinued 6 h
after the reperfusion. Catecholamines were not used at
any point during the experiment.

Experimental groups

The experimental study was composed of two groups:
the DHP-PMX group (# = 6) and the control group
(n = 5). The animals were randomly assigned to either
the DHP-PMX group or the control group. In the
DHP-PMX group, a double-lumen catheter was inserted
into the portal vein through the left gastric vein, and
DHP with PMX was performed with a flow rate of
80 mL/min for 180 min (from 10 min prior to
reperfusion to 170 min after reperfusion) using that
catheter. DHP was not performed in the control group.

Arterial blood pressure and heart rate (HR)

The arterial blood pressure and HR were directly
monitored through a catheter connected to a transducer
(Spectramed TA 1017; San-ei Co., Tokyo, Japan). The
rate pressure product (HR X systolic pressure, RPP) was
also calculated.

SMA blood flow

The SMA blood flow was measured prior to ischemia
and at 1, 3, and 6 h after reperfusion using an
electromagnetic blood flow meter (Model MFV-3100;
Nihonkohden Co., Ltd., Tokyo, Japan). The SMA blood
flow was expressed as the percentage of the level that
was determined prior to ischemia.

Tissue blood flow measurements

The tissue blood flow was measured in the small bowel
mucosa using a laser Doppler flow meter (ALF 21;
Advance Co., Ltd., Tokyo, Japan) prior to ischemia and
at 1, 3, and 6 h after reperfusion. Each measurement
was made at three points by inserting a probe through
the stoma and placing it against the antimesenteric side
of the bowel lumen. The laser probe reading reflects
tissue blood flow within about 1.0 mm of the surface of
the bowel wall. Tissue blood flow was calculated as the
mean of the three measurements and expressed as the
percentage of the level determined prior to ischemia.

Intramucosal pH (pHi) measurements
pHi was measured prior to ischemia and at 1, 3, and 6 h
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after reperfusion. This method has been described
previously!'l. In brief, a tonometer (Ttip; Tonometrics,
Helsinki, Finland) was inserted into the small bowel
lumen through the stoma. Within 40 min, the PCO,
of the saline in the balloon placed at the tip of the
tonometer had equilibrated with the intraluminal PCO,),
which reflects the mucosal PCO, of the bowel. The
HCO; concentration in the bowel wall was assumed to
be the same as the HCO, concentration in the arterial
blood. The saline PCO, and HCO, concentration in the
artery were determined with a blood gas analyzer (Stat
Profile M; Nova Biomedical Co., Waltham, MA) and
were used to calculate the pHi using the Henderson-
Hasselbach equation: pHi = 6.1 + log[arterial
HCO,/(0.03 x saline PCO,)].

Measuring serum interleukin-10 (IL-10) levels

Arterial blood samples were collected 170 min after
reperfusion (that is just before DHP-PMX removal)
for measuring serum IL-10 levels using a commercial
sandwich ELISA (Predicta ELISA kit; Genzyme Cotp.,
Cambridge, MA) according to the manufacturer’s
instructions. In each experiment, a standard curve
was obtained with serial dilutions using linear
regression analysis of specific samples versus expected
concentrations. Intetleukin measurements were done in
duplicate.

Statistical analysis

All results are expressed as the mean + SEM. The
significance of the differences was determined using
analysis of variance (ANOVA) or Mann-Whitney U-test.
P < 0.05 was considered to be statistically significant.

RESULTS

All 11 mongrel dogs were successfully observed for 6 h
after reperfusion without any complications.

The changes in RPP

The changes in the RPP are shown in Figure 1A. The
RPPs gradually decreased with time in the control group.
Those in the PMX group also decreased gradually;
however, it had improved at 6 h after reperfusion and

was significantly different compared to the control group
(P < 0.05).

The changes in SMA blood flow

The recovery rates of the SMA blood flow expressed
as a percentage of the baseline control value obtained
before I/R injury are shown in Figure 1B. The SMA
blood flow remarkably decreased 1 h after reperfusion
in both groups. Additionally, the SMA blood flow
gradually decreased until 6 h after reperfusion in the
control group. The changes in SMA blood flow in the
PMX group, however, were consistently higher after
reperfusion than those in the control group, especially
with significant (P < 0.05) differences at 1 and 6 h after
reperfusion (Figure 1B).
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Figure 1 A: The changes in the RPP (HR x systolic pressure), °P < 0.05; B: The
changes in the recovery rates of SMA blood flow, °P < 0.05.

The changes in mucosal tissue blood flow

The recovery rates of the mucosal tissue blood flow
expressed as a percentage of the baseline control value
obtained before I/R injury are shown in Figure 2A. In
both groups, the mucosal tissue blood flow decreased
gradually with time except at 6 h after reperfusion in the
PMX group. The decreases in the mucosal tissue blood
flow after reperfusion were smaller in the PMX group
than in the control group. At 6 h after reperfusion, the
mucosal tissue blood flow rate was significantly higher
in the PMX group than in the control group after
reperfusion.

The changes in pHi

As shown in Figure 2B, the changes in pHi also
decreased remarkably in both groups. No significant
differences in pHi levels were observed at 1 and 3 h after
reperfusion in both groups; however, the pHi level in the
PMX group was significantly higher (P < 0.05) than in
the control group at 6 h after reperfusion.

Serum IL-10 levels

The serum IL-10 levels 170 min after reperfusion (that
is just before DHP-PMX removal) in both groups are
shown in Figure 3. As shown in Figure 3, the serum
IL-10 level was significantly (P < 0.05) higher in the
PMX group than in the control group.

DISCUSSION

Polymyxin B binds to endotoxin, an outer membrane
component of gram-negative bacteria that is thought to
be an important pathogenic trigger for the production of
inflammatory mediators. Several preclinical studies have
demonstrated that hemoperfusion or plasmapheresis
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over immobilized polymyxin B can remove endotoxin
from the blood!*". Recently, some studies reported
improved hemodynamic status!™ and improved
survivall® in patients with sepsis treated with PMX,
and DHP-PMX therapy is effective for patients with
septic shock who are infected not only by gram-negative
bacteria but also by gram-positive bacteria without
endotoxin releasel'. Therefore, DHP-PMX therapy has
been conventionally used in patients with severe sepsis or
septic shock, and its clinical effect has been confirmed.
In addition, some authors have discussed the mechanism
of DHP-PMX action. Kushi ef a/ reported that the
adsorption of pathogenic bacteria prevented the release
of inflammatory cytokines and lessened the stimulation
of vascular endothelial cells to lower PAI-1 level rather
than directly inhibiting PAI-1 production by DHP-
PMX therapy™®. Tani ez a/ speculated that a reduction in
plasma endotoxins by endotoxin adsorption contributed
to the cessation of cytokine gene expression and the
excretion of cytokines. Additionally, improvement in
the PaOZ/ FiO, ratio in patients with acute lung injury
or acute respiratory distress syndrome caused by sepsis
has been related to DHP-PMX therapy and decreases
in blood neutrophil elastase (NE) and I1.-8 levels”. We
hypothesized that DHP-PMX therapy might be valuable
in various inflammatory situations. Consequently, we
evaluated the usefulness of DHP-PMX therapy on
normothermic cardiopulmonary bypass in a pig model™
and on pulmonary warm I/R injury in a canine model!"”,
and obtained satisfactory results. In the present study,
we investigated the effectiveness of DHP-PMX therapy
on small intestinal warm I/R injury in a canine model
because intestinal I/R injury produces injuty in both the
intestines and distant organs including the lungs, kidneys,

and liverP! and is therefore associated with high rates
of morbidity and mortality in both surgical and trauma
patientst.

As a result, the RPP was significantly (P < 0.05)
better in the PMX group than in the control group at
6 h after reperfusion. The SMA and the mucosal tissue
blood flow in the control group gradually decreased
after reperfusion. Those parameters in the PMX group,
however, had improved at 6 h after reperfusion and
were significantly (P < 0.05) different compared to those
parameters in the control group. The pHi level had also
improved at 6 h after reperfusion and was significantly
(P < 0.05) different from that in the control group. Our
results showed the effectiveness of DHP-PMX therapy
on small intestinal warm I/R injury.

IL-10 is a 35-kDa cytokine that regulates immune
and inflammatory responses®’. Systemic inflammatory
response syndrome (SIRS) following major abdominal
surgery is characterized by complex alterations in
cytokine concentrations, and the balance between tumor
necrosis factor (TNF)-a and 1L-10 may be related
to the occurrence of postoperative complications?.
Wu ¢t al reported that small intestinal ischemia
reperfusion increased mucosal inflammatory modulator
IL-6 concentration and inhibited anti-inflammatory
cytokine IL-10 synthesis®. In addition, endogenous
IL-10 exerts an anti-inflammatory role during
reperfusion injury, possibly by regulating early stress-
related genetic response, adhesion molecule expression,
neutrophil recruitment, and subsequent cytokine and
oxidant generation®!. Malleo e/ a/ demonstrated that
the absence of endogenous IL-10 enhanced organ
dysfunction and mortality associated with multiple
organ dysfunction syndrome in mice®!. In this study, we
focused on the serum 11.-10 levels after reperfusion, and
those in both groups were measured and compared. As
a result, the serum 1L-10 level measured 170 min (that
is just before DHP-PMX removal) in the PMX group
was significantly higher than in the control group. In
addition, RPP, the recovery rates of SMA blood flow,
the mucosal tissue blood flow, and the pHi levels after
reperfusion were significantly better in the PMX group
than in the control group. Therefore, we suggest that
the IL-10 level is associated with the inhibition of small
intestinal I/R injury using DHP-PMX therapy.

The authors of a recent study suggested that the
absorption of anandamide by PMX might abolish
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the diverse negative effects of anandamide such as
hypotension, immunosuppression, and cytotoxicity!®.
Taking these results into consideration, the possibility
exists that treatment with PMX not only removes
endotoxin, but also reduces inflammatory reactions
through the inhibition of various inflammatory cascades
and has an effective role on I/R injury. Further studies
that include the role of endotoxin and alterations of
inflammatory factors such as cytokines and chemokines
with DHP-PMX therapy are necessary.

In conclusion, DHP-PMX therapy may reduce warm
I/R injury in the small intestine, and IL.-10 could play an
important role in this mechanism.
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