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Direct hemoperfusion with polymyxin B-immobilized fiber improves
shock and hypoxemia during endotoxemia in anesthetized sheep

Hiroshi Yamamoto, Tomonobu Koizumi, Toshimichi Kaneki,
Keisaku Fujimoto, Keishi Kubo, Takayuki Honda

First Departments of Medicine and Laboratory Medicine,
Shinshu University School of Medicine, Matsumoto, Japan

This study evaluates the effect of direct hemoperfusion (DHP) using polymyxin B-immobilized
fibers (PMX-F) as an extracorporeal blood filter on systemic hypotension and lung injury during
endotoxemia. Sheep were anesthetized, intubated, mechanically ventilated with 50% oxygen and
connected to the DHP system between the right femoral artery and left jugular vein. Group 1 (n = 6)
sheep were infused with 10 pg/kg Escherichia coli endotoxin over a 30 min period. At the same
time, sheep underwent DHP with PMX-F (Toraymyxin®: PMX-20R) for 2 h at a flow rate of 60
ml/h. Group 2 (n = 6) sheep were infused with the same dose of endotoxin and treated with a sham
column, in the same manner as those in group 1. DHP with PMX-F significantly improved and
restored systemic pressure and arterial oxygen tension in group 1 sheep, although these values never
returned to the baseline levels of group 2 sheep. Pulmonary hypertension and leukocytopenia were
- observed after endotoxin infusion in both groups, but there were no significant differences between
these values. DHP with PMX-F significantly decreased the elevation of plasma nitric oxide
products. The treatment with PMX-F improves shock and deteriorated oxygenation during

endotoxemia, probably through the suppression of nitric oxide production.

INTRODUCTION

Sepsis, a life-threatening complication induced by serious
Gram-negative infections, is a major cause of irreversible
hypotension and multiple organ failure, especially acute
respiratory distress syndrome (ARDS).! Mortality in
patients with ARDS is high (48-71%).2* Endotoxin, a
lipopolysaccharide, is a central initiator of Gram-negative
sepsis or ARDS*° In the past few decades, various
approaches have been atternpted for the treatment of sepsis
or ARDS according to its proposed pathophysiology." The
human IgG antibody to Escherichia coli I5 (J5-IVIG) did
not reduce the number of systemic complications and the
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- occurrence of death in sepsis.'? In addition, Bone er al.!3

showed that the monoclonal antibody to endotoxin did
not improve mortality in non-shock patients with Gram-
negative sepsis. In an awake-sheep model, Wheeler et
al."® reported that anti-endotoxin antibody did not neu-
tralize infused endotoxin effectively. In addition,
although several inflammatory cytokines have been
involved in sepsis or ARDS, the receptor antagonists or
monoclonal antibodies to the cytokines have failed to
improve the parameters associated with sepsis.!>1¢ More
recently, Carraway et al."” reported that antibody to E-
and L-selectin did not prevent lung injury or mortality in
septic baboons. Thus, these new therapeutic approaches
showed insufficient improvement of sepsis or ARDS.
The removal or detoxification of circulating endotoxin
using an extracorporeat perfusion system has emerged as
a new treatment for sepsis or ARDS. Cheadle et al.'®
showed efficacy of polymyxin B-immobilized fibers
(PMX-F) in rats given intravenous, live E. coli.
Hanasawa et al.'” also showed that PMX-F treatment
increased the survival rate in septic dogs. In clinical tri-
als, Aoki et al.?® reported that treatment with PMX-F of
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patients with sepsis decreased plasma endotoxin levels
and improved systemic blood pressure. Thus, the
removal of endotoxin can produce a positive outcome in
conditions of endotoxemia. However, few studies have
focused on the effect of PMX-F on endotoxin-induced
lung injuries. The present study was designed to clarify
the efficacy of PMX-F on endotoxin-induced fatal shock
and lung injury in anesthetized sheep.

MATERIALS AND METHODS

The study protocol was approved by the Institutional
Review Board for the care of animals in Shinshn
University. Care and handling of animals were in accor-
dance with the guidelines of the National Institutes of
Health. The animals had free access to commercial chow.
Adult sheep weighing 30-38 kg (n = 12) were used.
Animals were injected intravenously with pentobarbital
sodium (12.5 mg/kg) and intubated. Anesthesia was main-
tained with 0.5-1.0% halothane. Ventilation was set at 10
ml/kg tidal volume with oxygen (FiO, = 0.5) and at 15
breaths/min using a Harvard-type respirator (Model SN-
480-3; Shinano Co., Tokyo, Japan). A silicon tube was
passed into the right carotid artery to measure systemic
arterial pressure and for analyses of arterial biood gas. A
7 F thermodilution Swan-Ganz catheter was inserted via a
right cervical vein into the pulmonary artery to measure
the pulmonary artery pressure and cardiac output. The
right femoral artery and left jugular vein were cannulated
with silicon tbes. These were connected to the direct
hemoperfusion system to remove and return blood.

Measurements

All measurements were made in the supine position.
Systemic arterial pressure and pulmonary artery pressure
were continuously measured using calibrated pressure
transducers (Statham P50; Statham Instruments, Hato
Rey, PR, USA) and an 8-channel recorder (WT-685G;
Nihon Koden Co., Tokyo, Japan). The position of the left
atrium was estimated as the zero point, and the transduc-
ers were attached to the same point during each experi-
ment. Cardiac output was measured every 30 min by the
thermodilution method using a cardiac output computer
(model 9520A; Edward Laboratories, Santa Ana, CA,
USA). Circulating blood leukocytes were quantitated
with a microcell counter (CC-108; Toa Co., Kobe, Japan).
Arterial and pulmonary arterial (mixed venous) blood
gases were analyzed using an ABL-2 blood gas analyzer
{Radiometer, Copenhagen, Denmark). Capillary (CcO,),
arterial (Ca0,) and venous blood oxygen contents (CvO,)
were calculated, assuming a hemoglobin-oxygen binding
capacity of 1.39 ml/g. The intrapulmonary shunt ratio

(Qs/QT) was calculated using a standard shunt equation:
(CcO, — Ca0,)/(CcO, ~ Cv0,). The plasma levels of
endotoxin were measured by Endospecy® (Seikagaku
Kogyo Co. Ltd, Tokyo, Japan) after pretreatment with
the new perchloric acid (PCA) method.? Endospecy® is
a factor G-depleted lysate that does not react with (1,3)-
B-glucan and does not promote reactions in the factor G

_systems, another pathway in the reaction process of

endotoxin and Limulus lysate. The sensitivity of this
assay was 5 pg/ml. The plasma concentration of nitric
oxide (NO) as nitrate plus nitrite (NOx) was measured
using the Cayman Chemical Nitrate/Nitrite Assay Kit
(Cayman Chemical Company, Ann Arbor, M1, USA). It
provides an accurate and convenient method for mea-
surement of total nitrate/nitrite concentration in a simple
two-step process. The first step is the conversion of
nitrate to nitrite utilizing nitrate reductase. The second
step is the addition of Griess reagents,” which converts
nitrite into a deep purple azo-compound.

Polymorphonuclear leukocyte accumulation in lung
tissue

The animals were sacrificed by pentobarbital sodium
overdose after the experiment. The left lower lobe was
immediately excised through a left intercostal incision
for histological examination. The lobe was inflated to 40
cmH, O, and fixed with 10% buffered formalin. The
samples were embedded in paraffin, sectioned into 6 pm
pieces, and stained with hematoxylin-eosin and the peri-
odic acid Schiff reaction. Samples were analyzed by two
pathologists who had no knowledge of the animal group-
ings. The number of alveoli and polymorphonuclear
leukocytes (PMNs) in the peripheral lung tissue were
quantitated and the mean values were calculated. The
magnification was x400, averaging a total of 100 alveoli
for each biopsy specimen.

Experimental protocols

- Anesthesia was maintained during the operation and

experiments. Oxygen concentrations were maintained
using an oxygen monitor (OM-25ANL; Houeisyoukou
Co., Tokyo, Japan). Sheep were connected to the direct
hemoperfusion (DHP) system between the right femoral
artery and left jugular vein. The polymyxin B-immobi-
lized fiber (Toraymyxin®, PMX-20R) was purchased
from Toray Co. (Tokyo, Japan). It was propelled by an
ambulatory infusion pump (model TR-27; Sanyodenki,
Gifu, Japan). The total extracorporeal volume containing
PMX-F was 200 ml. We measured all variables over more
than a 2 h-baseline period. Endotoxin (10 ug/kg; lipopoly-
saccharide) from E. coli 0127:B8 (Difco Laboratories,
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St Louis, MO, USA) was diluted in sterile normal saline
and infused via the right jugular vein for a 30 min period
using an infusion pump for the following experiments.

Group 1 (n = 6) sheep were treated with endotoxin +
DHP with PMX-F. At the same time as the start of endo-
toxin addition, DHP with PMX-F was started at a flow
rate of 60 ml/h and performed for 2 h.

Group 2 (n = 6) sheep were treated with endotoxin +
DHP without PMX-F. Sheep were infused with endo-
toxin and received the DHP with a sham column filled
with the same glass beads and volumes. Endotoxin infu-
sion and DHP were performed in the same manner as for

group 1 sheep. In both groups, Ringer’s lactate solution

was continuously infused at a rate of 60 ml/h from 1 h
before endotoxin administration, and 50 units/kg of
heparin sodium was used as an anticoagulant while DHP
was performed. After endotoxin infusion, observation
was continued for 5 h.

Statistical analysis

All values are expressed as mean + SD. Comparisons
among ¢ach experimental group were carried out with the
analysis of variance (Fisher’s LSD test). In comparing the
numbers of PMNSs/100 alveoli, Student’s t-test was used.
Baseline and post-treatment values were compared using
the rtest for paired data. Probability less than 0.05 was
accepted as indicating a significant difference.

RESULTS

There were no significant differences in any of the baseline
parameters in both groups. The time courses of systemic
and pulmonary hemodynamics in both groups are summa-
rized in Figure 1. Time course and magnitudes in mean
pulmonary artery pressure and cardiac output were similar
in both groups. Pulmonary artery pressure increased
rapidly and reached a 3-fold peak at 30 min after the start
of endotoxin infusion. Then, pulmonary artery pressure
decreased and reached a plateau, which was slightly higher
than the baseline level. Cardiac output dropped signifi-
cantly at 30 min after endotoxin infusion, returned to the
baseline value approximately 2 h after endotoxin adminis-
tration, and then declined again. There were no significant
differences in pulmonary artery pressure and cardiac out-
put between groups 1 and 2.

In group 1, mean systemic arterial pressure dropped
immediately from 115.6 + 6.2 mmHg at baseline to 75.9 +
15.4 mmHg at 1.5 h after the concomitant start of DHP with
PMX-F and endotoxin infusion. After the cessation of
DHP, systemic arterial pressure gradually returned to the
baseline and was maintained at a similar level. In group 2,
systemic arterial pressure also dropped immediately from
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Fig. 1. Effect of direct hemoperfusion (DHP) on endotoxin-induced changes
in pulmonary artery pressure (Ppa), cardiac output (CO) and aortic pressure
(Ao0). Values are expressed as mean + SD. Values from the endotoxin-plus-
sham DHP control expetiments (z = 5) are represented by open circles;
values from the endotoxin-plus-DHP with PMX-F experiments (rz = 6) are
represented by closed squares. *Indicates that the data points are significantly
different (P < 0.05) from baseline values. fIndicates that the time-matched
data points are significantly different (P < 0.05) between the two groups.
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Fig. 2. Effect of direct hemoperfision (DHP) on endotoxin induced changes
in arterial oxygen gas tension (PaQ,), and intrapulmonary shunt ratio (Qs/Qf).
Values are expressed as mean + SD. Values from the endotoxin-plus-sham
DHP control experiments (n = 5) are represented by open circles; values from
the endotoxin-plus-DHP with PMX-F experiments (r = 6) are represented by
closed squares.

*Indicates that the data points are significantly different (P < 0.05) from the
baseline values. #Indicates that the time-matched data points are mgmﬁcantly
different (P < 0.05) between the two groups.

112.6 + 7.6 mmHg at baseline to 48.8 + 16.5 mmHg at
2.0 h after the start of sham DHP and endotoxin infusion.
After that, systemic arterial pressure increased slightly
from the bottom level, but did not reach the baseline
value. Thus, systemic arterial pressure values were sig-

nificantly higher in sheep treated with PMX-F than those
in sham-treated sheep.
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Fig. 3. Effect of direct hemoperfusion (OHP) on endotoxin-induced changes
in blood leukocyte counts, All values are represented as mean = SD. Values
from the endotoxin-plus-sham DHP control experiments ( = 5) are repre-
sented by opea circles; values from the endotoxin-plus-DHP with PMX-F
experiments (n = 6) are represented by closed squares. *Indicates that the data
points are significantly different (P < 0.05) from baseline values.

The time courses of arterial blood oxygen tension
(Pa0,) and intrapulmonary shunt ratio (Qs/Qt) in both
groups are summarized in Figure 2. In group 1, PaQ,
dropped immediately from 190.0 + 18.0 mmHg at base-
line to 65.7 £ 13.1 mmHg at 0.5 h and gradually retumed
to the baseline level approximately 4 h after the start of
endotoxin infusion. In group 2, Pa0, also decreased
immediately from 187.3 + 22.4 mmHyg at baseline to
69.4 + 17.6 mmHg at 1 h after the start of endotoxin
infusion. In contrast to group 1, the improvement of
Pa0, was slight. PaO, did not retumn to the baseline
value in group 2. Thus, the values in PaO, were signifi-
cantly higher in sheep treated with PMX-F than those in
sham-treated sheep during endotoxemia.

In group 1, Qs/Qt increased immediately from 0.53 +
0.11 at baseline to 0.87 + 0.24 at 0.5 h and returned to the
baseline level approximately 4 h after the start of endo-
toxin infusion. In group 2, Qs/Qt also increased immedi-
ately from 0.52 + 0.12 at baseline t0 0.89 £+ 0.04 at 1.5h
after the start of endotoxin infusion and then remained

elevated. Thus, Qs/Qt was significantly lower in sheep

treated with PMX-F than in sham-treated sheep during
endotoxemia.

The time courses of circulating lenkocytes in responses to
endotoxin in both groups are shown in Figure 3. Circulating
leukocytes dropped rapidly after endotoxin infusion and
maintained decreased levels during the experiment in both
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Fig. 4. Effect of direct hemoperfusion (DHP) on endotoxin concentrations
afier the infusion. All values are represented as mean + SD. Values from the
endotoxin-plus-sham DHP control experiments (7t = 5) are represented by
open circles; values from the endotoxin-plus-DHP with PMX-F experiments
(r = 6) are represented by closed squares. *Indicates that the data points are
significantly different (P < 0.05) from baseline values.

groups. The degree and the time course of leukocytopenia
were similar in both groups. The number of PMNs/100
alveoli in the lungs was 41.3 % 3.7 in group 1 and 45.1 +
10.1 in group 2. The number of PMNs/100 alveoli in the
lungs in group 2 was slightly higher than group 1, but the
difference was not significant.

The time course of plasma endotoxin concentrations
in both groups is shown in Figure 4. Plasma endotoxin
concentration reached a peak at 30 min after the infusion
of endotoxin and then returned to the baseline value at
approximately 1.0 h in both groups (from a baseline of
9.7 £ 3.1 pg/ml to a peak of 577.9 x 11.9 pg/ml in group
1, and from a baseline of 5.0 + 2.0 pg/ml to a peak of
536.6 + 59.8 pg/m! in group 2). The peak plasma endo-
toxin concentration in group 1 at 30 min was slightly
lower than in group 2, but did not achieve a significant
difference.

Since there were wide variations in the value of plasma
total nitrate/nitrite concentration (NOx) levels at the base-
line, we estimated plasma NOx as the ratio to the baseline
level (the values of plasma NOX after endotoxin/the value
of plasma NOx at baseline), as shown in Figure 5. Plasma
NOx in group 2 was gradually and significantly elevated
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Fig. 5. Effect of direct hemoperfusion (DHP) cn endotoxin-induced changes
in plasma NOx (nitrate/nitrite). Plasma NOx is estimated as the ratio to the
baseline level (NOx after endotoxin/NOx at baseline). Values are expressed
as mean + SD, Values from the endotoxin-plus-sham DHP control experi-
ments (n = 6} are represented by open circles; values from the endotoxin-
plus-DHP with PMX-F experiments (r = 6) are represented by closed
squares, #ndicates that the time-matched data points are significansly
different (P < 0.05) between the two groups.

after endotoxin administration, whereas the NOx was
significantly suppressed over the time after endotoxin
infusion in group 1, compared with those in group 2.

DISCUSSION

Endotoxemia leads to pulmonary hypertension, systemic
hypotension, circulating leukopenia, hypoxemia, and
deteriorated oxygenation in sheep. We examined the
effect of the DHP with PMX-F on these cardiopulmonary
disorders during endotoxemia. The most novel and strik-
ing findings in the present study were: (i) treatment with
PMX-F significantly improved systemic hypotension and
hypoxemia during endotoxemia; and (ii) PMX-F signifi-
cantly suppressed NO production in response to endo-
toxin in anesthetized sheep. . :

Polymyxin B (PMX-B) is a cyclic cationic polypeptide
that detoxifies endotoxin.® PMX-B has been tested intra-
venously in dogs where it neutralizes the hemodynamic
effects on systemic pressure and vascular resistance caused
by Gram-negative endotoxin.* However, its intravenous
use is limited because of its severe nephrotoxicity. To solve
this problem, PMX-B was bound to an insoluble poly-
styrene fiber (PMX-F)."* PMX-F is safe, non-toxic and
available for experimental and clinical studies. In an in
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vitro study, PMX-F removed endotoxin from bovine serum
and hemoglobin solution.!*® DHP with PMX-F could
improve the survival rate in animals subjected to lethal
doses of intravenous Gram-negative endotoxin'® or live E.
coli® in vivo. In human studies, DHP with PMX-F was
effective treatment for shock in patients with sepsis.®

In the present study, both PMX-F and sham treatments
were started at the same time as endotoxin administra-
tion. The decrease in systemic pressure was probably
due to the net effects of endotoxin administration and the
decrease in circulating blood volume by extracorporeal
circulation. When DHP ended, systemic pressure rose
gradually in both groups, suggesting that the recovery
was partly due to the return of extracorporeal blood vol-
ume. However, the decreased systemic pressure was sig-
nificantly higher in PMX-F-treated sheep than that in
sham-treated sheep during DHP. In addition, systemic
pressure in PMX-F-treated sheep returned to the base-
line value after the cessation of DHP, although those of
sham-treated sheep did not return to baseline levels.
Thus, PMX-F could attenuate the systemic hypotension
during endotoxemia. '

Transient pulmonary hypertension occurred after
endotoxin infusion. PMX-F did not change the process.
Transient pulmonary hypertension following endotoxin
is mainly due to thromboxane A, release.” Although we
did not measure the prostanoid products, the present study
suggested that PMX-F failed to suppress the release of
thromboxane A, in the early phase of endotoxemia.

In both groups, the value and time course of decreased
circulating leukocytes after endotoxin infusion were
similar. In additon, postmortern examination in both
groups revealed similar PMN accumulation in the lung.
Several studies have suggested that PMNs play an
important role in the development of acute lung injury or
ARDS.#% The present study suggests that improve-
ments by PMX-F in shock, hypoxemia and deteriorated
oxygenation induced by endotoxin are independent of
leukocytes and/or PMN-related pathways.

Hypoxemia is thought to be primarily due to ventilation-
perfusion (V/Q) mismatch with physiological shunting
through collapsed alveoli in patients with ARDS.® The
abrupt development of hypoxemia after endotoxin adminis-
tration, coincident with pulmonary hypertension and marked
changes in lung mechanics, suggests a combination of vascu-
lar and air-space abnormalities contributing to V/Q mis-

match. In the present study, PaO, dropped and Qs/Qt

increased immediately after endotoxin infusion. These para-
meters in sheep treated with PMX-F returned to the baseline
level, although those in sham-treated sheep did not retumn to
the baseline level. PMX-F clearly improved hypoxemia and
deteriorated oxygenation induced by endotoxemia. It appears
that the degree of pulmonary edema was a major determinant
of Qs/Qt. In the present study, the time course and magnitude
of cardiac output and pulmonary hypertension were similar

in both groups. Although we did not measure extravascular
lung water, we think that DHP with PMX-F might decrease
extravascular lung water resulting in an improvement of
oxygenation. However, there are several contributing fac-
tors that affect oxygenation during endotoxemia. Brigham
et al.* reported that gas exchange in humans during ARDS
did not comelate with lung water. In a sheep study,
Esbenshade et al* concluded that endotoxin-induced res-
piratory failure was not due to pulmonary edema alone.
Thus, hypoxemia of endotoxin-induced hing injury is prob-
ably due to complex interactions of air spaces and pul-
monary blood flow, including chemical mediators as well
as the mechanical effects of interstitial and alveolar edema.

It has been reported that PMX-F can remove endo-
toxin in in vitro'* and in vivo studies.'®2 However,
PMX.-F failed to reduce the peak plasma endotoxin level
in the present study. The precise explanation for this dis-
crepancy remains uncertain. It may be due to the time
schedules of endotoxin infusion and/or sampling time
for endotoxin measurements. In addition, plasma endo-
toxin has been measured by several different methods —
toxinometer,” endospecy,® and PCA or new PCA treat-
ment.?** In the present study, we measured plasma
endotoxin concentration by an endospecy method after
pretreatment with the new PCA method. It is unclear

- whether the technique might be suitable for sheep. Since

there are no studies of what measurement of endotoxin is
typical for animals, further studies are necessary to acquire
reasonable measurements of endotoxin.

The efficacy of PMX-F may be duze to reasons other than
the removal of endotoxin. We specutate that PMX-F sup-
presses the expression of mediators, which are related to the
development of shock and acute lung injury. NO is one of
the major mediators suspected of precipitating the car-
diopulmonary vascular collapse associated with septic
shock.?-3 Endotoxin leads to the induction of an inducible
isoform of NO synthase (iINOS) in a variety of tissues,
including macrophages, vascular smooth muscle cells, car-
diac monocytes, and endothelial cells.* Nitrate plus nitrite
(NOx) concentration was increased in septic patients®-7 in
plasma and in broncho-alveolar fluid in patients with
ARDS.*® The increased NOx level during endotoxemia was
mainly produced via the iNOS pathway.® Several NO syn-
thase inhibitors including a selective iNOS inhibitor pre-
vented septic shock*# and acute lung injury.** Furthermore,
it is well known that endotoxemia impairs hypoxic pul-
monary vasoconstriction (HPV).* The attenuated HPV dur-
ing endotoxemia results in increased V/Q mismatching,
augments right-to-left shunting of venous blood, and
reduces arterial oxygenation,* as observed in the present
study. Inducible NO contributes to the impairment of HPV
during endotoxemia.* We show here that plasma NOx lev-
els in PMX-F were significantly suppressed compared to
those in sham-treated sheep, suggesting less production of
NO by PMX-F. Thus, a possible explanation for the better
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outcome in oxygenation and systemic circulation during
endotoxemia shown in the present study is a reduced pro-
duction of NO by PMX-F. However, it remains unclear
whether the suppressive effect of NO was due to removal of
endotoxin by PMX-F or to other pathways.

CONCLUSIONS

The treatment of DHP with PMX-F as an extracorporeal
blood filter improves shock and deteriorated oxygena-
tion during endotoxemia in anesthetized sheep. This
therapy might detoxify endotoxins and suppress the pro-
duction of NO during endotoxemia. DHP with PMX-F is
.an effective therapeutic strategy for patients with shock
and lung injury during endotoxemia. PMX-F therapy is
worthy of further clinical mvestlgauon in patients with
septic shock and ARDS.
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