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Abstract 

Direct hemoperfusion using polymyxin B-immobilized column (P門X-DHP)is recognized as an 
e背'ectivetreatment for septic shock. However， whether its e背icacyis limited to cardiovascular 
dysfunction remains unknown. Therefore， we planned to examine the effects of PMX・DHPin an 
acute lung injury model. [ドlaterialsand methods] Rats were assigned to either PMX・DHPgroupor 
control group (n= 7 in each). A lung injury was created by the ir町atrachealinstillation of LPS. In 
P門X-DHPgroup， an arteriovenous extracorporeal circuit using P門Xcolumn was applied for 
three hours. The same procedure using a dummy column was applied in control group. The lung 
microcirculation was observed， and adherent leukocytes， RBC velocity， and the arterial Pa02 were 
calculated. Pathological changes and the wet/dry weight ratio of the lungs were examined. [Results] 
Adherent leukocytes and platelets to the lung venules were recognized at 3 hours， and their 
numbers increased over time. Treatment with P門X-DHPsignificantly suppressed these events and 
helped maintenance of the blood flow and Pa02 levels. The lung edema and the histologic damages 
were also suppressed. [Conclusions] P門X-DHP improved the microcirculation by suppressing 
leukocyte and platelet adhesion. PMX-DHP had beneficial effects in a model for acute lung injury. 

Key words: polymyxin B-immobilized fibers， hemoadsorption， lipopolysaccharide， acute lung in-
jury， intravital microscope 

Introdu仁tion

Direct hemoperfusion with polymyxin 
B-immobilized fibers (PMX-DHP) is a blood puri白ca-

tion therapy that was developed to adsorb blood en-

dotoxin in serious infectious disease resulting from 

infections with Gram-negative bacteria [1].百lUSfar， 
the clinical effect of PMX-DHP is thought to consist of 

an elevation in the blood press山 e(BP) at the time of 

septic shock [2]， and its effects on hemodynamics 
have beenm但nlyexamined in clinical studies. Cruz et 

al. [3] demonstrated signi白cantimprovements in he-
modynamics and organ dysfunction and a reduced 

28-day mortality rate in patients with severe sepsis 

andj or septic shock arising from intra-abdominal 

infections with Gram-negative bacteria (EUPHAS 

trial). 

Another topic is the possible efficacy of this de-

vice in su同ectswith lung injury. Effects on idiopathic 
pulmonary fibrosis and interstitial pneumonia have 

been reported [4-6]. Furthermore， Antonelli M et al 
revealed the improvement in Pa02jFi02 ratio by us-

ing EUPHAS da恒 [η These自ndingssuggested that 
the effects of PI¥在X-DHPare not limited to the im-

provement of hemodynamics. Therefore， we planned 
a series of experiments to clari今 theeffects of 
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PMX-DHP on an acute lung injury (ALI) induced by 

lipopolysaccharide (LPS). In the current experiment， 
we induced ALI by LPS instillation into trachea， 
which mimicked pneumonia， the most common cause 
of ALI. 

Methods 

Setup of animal model 

A total of 14 ten-week-old Wistar rats (pur-

chased仕omJapan Clea Co.， Tokyo Japan) were used 
in the study. All the experimental proced山 eswere 

conducted after obtaining the approval of the Ethical 

Committee for Animal Experiments of Juntendo 

University. All the rats were provided with standard 

rat chow and water ad libitu1Il. Rats were anesthetized 

with intraperitoneal sodium thiopental (100 mg/kg; 
Pentothal， Sigma Chemical Co.， St.Louis， USA). For 
continuous anesthesia， propofol (Sigma Chemical Co.) 
infusion and fluids (10 ml/kg/hr sodium chloride) 
were administered. The rats were tracheotomized， 
and a sterile metal cannula was inserted into the tra-

chea， followed by mechanical ventilation in the pres-
sure-controlled mode (Servo Ventilator 300; Maquet， 
Solna， Sweden).百lepeak inspiratory pressure was 14 
cm H20， with a positive end-eχpiratory pressure of 3 
cm H20. The &actional inspired oxygen concentration 

(FI02) was 1.0， the inspiratory: expiratory ratio was 
1:2， and the respiratory frequency was 30/min. A total 
of 10.0 mg/kg of LPS (E. coli 055-B5; Difco Laborato-
ries， Detroit， USA) diluted with 0.15 mL of sterile 
physiological saline was instil1ed via the trachea for 
one hour. 

百leanimals were assigned to two groups (n= 7 

in each group). In the PMX-DHP group， immobilized 
PMX-DHP in a miniature column (internal di組 leter5 

mm  x length 13 mm， capacity approximately 0.8 mL; 
amount of immobilized PMX， 3.0 mg) provided by 
Toray Medical Co. (Tokyo， Japan) was applied just 
before the LPS instil1ation and continued for three 
hours. In the control group， a dummy column (equal 
volume but without P恥1X)was used in the circuit for 
three hours. Above s凶 gicalmaneuver was under-

gone under the sterile condition， and no antibiotic 
agent was used throughout the eχperiment. 

Microscopic examination 

For the intra-vital microscopic examination， a 
thoracosternotomy was performed at the level of the “th intercostals space under anesthesia， and an area 
approximately 10 mm  in di姐 leterof the left lower 

lobe was fixed to a glass slide and immobilized on a 

special stand. The microcirculation was then observed 

using the microscopic system (Nikon MicrophoιFX 

Microscope， Nikon Co.， Ltd.， Tokyo， Japan) at 3 and 6 
hr after LPS instil1ation. Each field was recorded for 30 
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seconds at 30 frames/ sec using a video system 

(Ikegami CA-300， Ikegami Tsushinki Co.， Ltd.， Tokyo， 
Japan). 
At the end of the experiment， mercy killing was 

performed， and the right lung was excised. Then the 
upper lobes were白xedin 10% buffered formalin， 

embedded in para丘in，stained with hematoxy-
lin/ eosin (H-E)， and examined using light microsco-
py. The middle lobes were served for the measure-
ment of wetj dry weight ratio. 

Measurements and observations 

In each animal， six successive fields were ran-

domly selected and the images obtained were used to 

document and analyze the白ndings.A leukocyte was 

defined as adherent to venule if it remained stationary 

for 30 seconds. The numbers of adherent leukocytes in 
the pulmonary venules at 3 and 6 hours after LPS 

instillation were counted by two independent persons 

and the mean value was calculated. 

To analyze the RBC velocity， the venule was 
observed and the images were recorded using a 

high-speed camera (Memrecam GX-1， N ac Image 
Technology Inc.， Tokyo， Japan) at 3 and 6 hours after 
LPS instil1ation.百len，the RBC velocity was calculat-
ed by particle image velocimetry (Digimo Co.， Ltd.， 
Tokyo， Japan) [8]. 
Blood samples were analyzed by blood gas an-

alyzer (Radiometer BMS Mk3， Copenhagen， Den-
mark). To measure the partial pressure of oxygen 
(Pa02)， blood samples were obtained from the cathe-
ter placed in the femoral artery at 3 and 6 hours after 

LPS instil1ation. 
官官 lung damage was evaluated by 

semi-quantitative method. The degree of thrombus 
formation， blood cells infiltration in interstitial space， 
blood cells infil仕ationto alveolus and parenchymal 

destruction was evaluated as mild， moderate or se-
vere and the total score was calculated. 

Lung wet/ dry weight ratio was determined by 

drying (at 100 oc for 48 hours) and weighing the right 
middle lobe. 

Statistical analysis 

All the data are expressed as the mean士stand-

ard deviation. A statistical analysis was performed 

using the MannみVhitneyU test to compare the mean 

values between the two groups using the Stat View II 

statistical software package for Macintosh. Differ-

ences were deemed statistically signi白cantwhen the P 

value was less than 0.05. 

Results 
At three hours after LPS instillation， leukocyte 

adhesion to the endothelial surface of the venule was 
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observed in both the control and the PWιDHP 
groups. In addition to leukocytes， platelets had stuck 
to the endothelium and leukocytes in the control 

group， whereas， minimal sticking was observed in the 
P恥1X-DHPgroup (Fig. 1A).百lesechanges increased 
over time， and the lining consisted of adherent leu-
kocytes and platelets covering the surface. As a result， 
the vascular lumen became significantly n紅 rowat six 

hours in the control group. Although the number of 

leukocytes increased， the lining was not observed in 
the PMX-DHP group and the blood flow was better 
maintained (Fig. 1B). 

A low magnified view revealed cloudy alveoli 

with exudates in the con仕01group (Fig. 2A)， increas-
ing over tinle. Meanwhile， the alveoli remained clear 
in the PMX-DHP group， even at 6 hours (Fig. 2B). 
The pathological findings in H-E stained speci-

mens were comparable to that of the intravital mi-

croscopic examination. Widespread neutrophil and 

platelet plugging in the capillary， infiltration to inter-
stitial and intra-alveolar space and destruction of the 

lung parenchyma was observed in the control group， 
and these changes were kept less in the PMX-DHP 
group (Fig. 2C).耳目degreeof the histological damage 

calculated hy semi-quantitative method was signifi-

cantly suppressed in PMX-DHP group (3.57土 1.90)
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compared to the conむ01group (7.29 :!:: 2.36， P< 0.01) 
(Table 1). 

Table 1. Histological examination of the lung. 

animal No. thrombus in blood cell blood cell paren- total score 
vessel infiltration infiltra- chymal 

to inters ti- tion to destruc-
tial space alveolus tion 

Control 1 +++ ++ +++ +++ 11 

2 + + ++ ++ 6 
3 ++ ++ + + 6 
4 + + ++ + 5 
5 ++ + ++ 5 
6 + ++ +++ +++ 

ア++ ++ +++ ++ 

mean土STD 7.29士2.36
PMX-DHP 1 ++ + ++ + 6 

2 + + 2 
3 + + + 3 
4 ++ + ++ + 6 
5 + + + 3 
6 + + + + 4 

ア+

meむ1:!::STD 3.57土1.90

PMX・DHP:direct hemoperfusion using polymyxin B-immobilized column， STD 
standard deviation 
(+: mild， ++: moderate， +++: severe) 

Fig. 1. Status of lung microcirculatlon at 3 and 6 hours after LPS inhalatlon. At 3 hours (row A)， in addition to the adherent leukocytes (Iarge 
arrows)， platelets had stuck to the endothelium and leukocytes (small arrows) in the control group (Ieft). Leukocytes， but very few platelets， adhered to the 
endothelium in the PMX-DHP group. (Objective lens with a magnifying power of x20). At 6 hours (row B)， a thiclくliningformed from adherent leukocytes， 
platelets and fibrin deposition (between the arrowheads) had narrowed the vessel cavity in the control group. The large arrow indicates a leukocyte， and 
the small arrows indicate platelets. Blood flow was maintained in the P門X-DHPgroup. (Objective lens with a magnifying power of x20) 
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Fig. 2. Status of lung alveoli at 3 and 6 hours and the pathologic finding at 6hr after LPS inhalation. At 3 hours (row A)， cloudy alveoli with 
exudates were observed under a low magnification in the control group. The alveoli were clear in the PMX-DHP group. At 6 hours (row B)， the trans・
lucency of the alveoli had further decreased in the control group. (Objective lens with a magnifying power of x4). Pathologic changes in hematoxylin/eosin 
stained specimen (row C) vvas consistent with acute lung injury in the control group， including widespread neutrophil infiltration with interstitial and 
intra-alveolar pulmonary edema and destruction of the normal lung parenchyma in the control group. While， these changes were less signifiαnt in 
P門X-DHPgroup. (original magnification x200) 

An off-line video analysis revealed that the 

num ber of adherent leukocytes increased after LPS 

ins tilla tion.百1Isincrease was si伊凶cantlysuppressed 

in the PMX-DHP group (P< 0.05 at 6 hours) (Fig. 3， 
left).百leRBC velocity decreased over time， with 
values of 1.51士0.54mmjsec observed at 3 hours and 
0.83 ::!:: 0.40 mmj sec observed at 6 hours in the control 

group.百leRBC velocity was betler maintained in the 

PMX-DHP group， and the difference was significant 
at 6 hours (P< 0.05) (Fig. 3， middle). No difference in 

the mean Pa02jFI02 ratio was observed between the 

groups at 3 hours， with a value of around 300 mmHg 
observed in both groups. However， the ratio de-
creased steeply to 152.9::!:: 48.2 mmHg at 6 hours in the 

control group， while the value decreased to 218.6士
54.6 mmHg in the Pl¥在X-DHPgroup (Fig. 3， right) 
Wetj dry weight ratio of the right middle lobe of 

PMX-DHP group (5.58士0.80)was significantly lower 

compared with the control group (6.54士0.87，P< 
0.05). 

http://www.medsci.org 
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Fig. 3. Comparison of leukocyte adhesion， RBC velocity and Pa02 levels. The number of adherent leukocytes was higher in the control group、
and the difference was significant at 6 hours. RBC velocity was better maintained in the PMX-DHP group， and the difference was significant at 6 hours. 
Pa02/FI02 decreased over time， and the difference was significant between 3 hours and 6 hours in both groups (P< 0.05 respectively， n= 7 in each group). 
Pa02/FI02 was better maintained in the P門XlDHPgroup. (・:control group， 0: P門X-DHPgroup; each symbol expresses the mean and standard deviation; 
*P< 0.05， compared with the control group). 
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(L VSWl)， and the oxygen delivery index (D02I).百lese

observations were further confirmed by a large-scale 
study [3]. Based on these reports， the mechanism of 
action of PMX-DHP is thought to be an improvement 
in the hemodynamic status at the time of septic shock. 
However， recent clinical studies have indicated po-
tential effects of PMX-DHP besides those influencing 
cardiovascular dysfunction. For example， beneficial 
effects have been reported in patients with idiopathic 
pulmonary fibrosis [4]， interstitial pne山nonia[5]， and 
acute respiratory dis仕esssyndrome [11]. Takahashi et 

al. [12] demonstrated the significant improvement in 

Pa02jFI02 ratio following the decrease of S100A12， 
an ex仕acellularnewly identified RAGE-binding pro-

tein， and endotoxin after PMX-DHP in posιsurgical 
septic patients.τbese findings raise the question of 
whether PMX-DHP has beneficial effects in patients 

with ALI. To address this question， we created a rat 
model of septic ALI and examined the effects of 
PMX-DHP. 

ALI is characterized by severe alveolar and in-

terstitial edema with a large amount of neutrophil 

infiltration， leading to increased vascular permeability 
and impaired gas exchange [13， 14]. We previously 
reported that neutrophils play key roles in interstitial 
edema， alveolar inj山 yand microcirculatory disturb-
ance [15]. In the present model， the pathologic find-
ings revealed the consistent changes with ALI in the 

control group， including widespread leukocyte infil-
tration with interstitial and intra-alveolar pulmonary 

edema and destruction of the normal lung paren-
chyma. And， the serial observation under the intravi-
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Dis仁ussion
Although PMX-DHP is a popular treatment for 

septic shock in Japan， only a few well-designed ran-
domized con仕olledstudies have been performed [9]. 

First， Vincent et al. [10] reported the results of an 
open-label pilot study. In their study， sepsis patien匂
with intra-abdominal infection were randomly as-
signed to either a PMX-DHP or con仕01group， and 
Pl¥在X-DHPrevealed a significant improvement in the 

cardiac index (CI)， the left ventricular stroke index 

control PMX-DHP 

Fig. 4. Comparison of wet/dry lung weight ratio. Wet/dry weight 
ratio of the right middle lobe was significantly higher in the control group 
compared with the PMX-DHP group (P< 0.05) (n= 7 in each group). Data 
are expressed as the mean and standard deviation. 
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tal microscopy demonstrated the first changes ob-
served examination were an increase in the adherence 

of leukocytes followed by platelet stickin島 leadingto 

the formation of a lining on the endothelium. Then， 
the narrowing of the vascular lumen resulted in a 

decrease in blood flow through the pulmonary mi-
crocirculation. In a previous study， we demonstrated 
that these events lead to alveolar damage and inter-
stitial edema [15， 16]. Alveolar and interstitial edema， 
visualized as a reduction in translucency， were also 
recognized in the present model， and such damage 
was effectively reduced by the PMX-DHP treatment. 
However， the changes， including increased adherent 
leukocytes， decreased blood flow and increased in-
terstitial edema were not significant between the 

groups at 3 hours. It became obvious at 6 hours in the 
control group and lead to the disturbance of gas ex-
change. While， the histological changes and 

Pa02/FI02 ratio was maintained better in PMX/DHP 

group.百lelower wet/ dry ratio in PMX-DHP group 
further confirmed the effect. 

According to the mechanism of action of 
PMX-DHP， we focused on the interaction between the 
blood cells and vascular endothelium in this study. 

Activated leukocytes are known to play major roles in 
the development of organ dysfunction during sepsis 

[16]. 50， the仕appingof leukocytes in the column 
seems reasonable [17， 18]. Interestingly， Kumagai et 
al. [19] reported that PMX-DHP selectively removes 

activated neutrophils and thus， reduces the ability of 
circulating cells to cause endothelial damage.百leir
flow cytometric analysis indicated that activated 

neutrophils with high levels of CD11b/CD64 expres-
sion and low levels of CXCR1/CXCR2 expression 

showed preferential adhesion to PMX filters. They 
also reported tha t neu仕ophilsisolated from the blood 

after ex vivo PMX perfusion caused less damage to an 

endothelial cell monolayer.百letype of adherent 
leukocyte could not be identified by the in仕avital

microscopy， however， we spec吐atethe major part 
was neutrophils since the pathological changes in H-E 
stain demonstrated the neutrophil invasion to the 

alveoli. Tsushima et al. [20] reported that neutrophil 
count in bronchoalveolar lavage fl山dwas signifi-

cantly decreased with the treatment of PMX-DHP in 

hydrochloric acid-induced lung injury model of rat. In 
addition to the changes in the cell counts， we have 
previously reported the decrease in proinflammatory 
cytokine levels and the improvement in survival [16]. 

Other than those， Kushi et al. [21] demonstrated a 
decrease in the neutrophil elastase level， and Naka 
[22] showed a decrease in oxygen radical species after 

PMX-DHP仕印刷ent.These mechanisms may con-
tribute to minimizing血elung injury. 

Except leukocyte trapping， our findings sug-
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gested that the effects on platelet may also play a role. 

During PMX-DHP， the decrease of the platelet count 
is often reωgnized and this decrease is generally 
thought to be unfavorable [23]. However， since the 
positive effect of the elimination of the activated 
platelets was demons廿atedin this study， we think 
that we should not be afraid of this phenomenon. 
Indeed， the roles for platelets in inflammation have 
attracted much attention recently. Platelets have been 
shown to interact with microorganismus and theyare 
known to release iぱlammatoryfactors including in-

terleukin (IL)-l， P-selectin， and CD40 lig仙 d(CD40L) 
[24]. Platelets also express immune-related receptors， 
such as toll-like receptors (TLRs) [25]. TLR2 and 4 

recognize pathogen-associated molecular pa仕erns
(PAMPs) 佃 d promotes the formation of plate-

leιneutrophil aggregates leading to the neutrophil 
ex廿acellulartraps (NETs) [26].百leses仕ucturesfur-

ther bind to platelets and red blood cells and form 
throm bi op tim包edas lining in the venule in this ex-
periment. As a result， the decrease of the platelet 
count in the peripheral blood has been known to cor-
relates to the severi句Tof sepsis [2η. As mentioned 

before， the decrease of the platelet counts during 
PMX-DHP does not reflect the worsening of the con-
dition. We think the decreased platelet count rather 

expresses出etherapeutic effect. Other than the count 

changes， Kase et al. [28] performed a com parative 
study and reported that circulating 2-AG from plate-

lets decreased after treatment， leading to an im-
provement in the hemodynamic state. These mecha-

nisms， such as the trapping of activated platelets and 
the adsorption of 2-AG， have also attracted attention 
as a breakthrough in the action mechanism. 

仁onclusion
PMX-DHP improved lung damage in an ALI 

model. PMX-DHP leads the maintenance of lung mi-

crocirculation， vascular permeability and oxygena-
tion. Although the mechanism of action of this treat-

ment was not fully elucidated， the suppression of出e
adherence of leukocytes and platelets might play 
roles. Further examination in the clinical study is 

warranted to veriかtheseeffec ts 

A b breviations 
PMX-DHP: polymyχin B-immobilized column; 

BP: blood pressure; ALI: acute lung injury; LP5: lip-
opolysaccharide; FI02: fractional inspired oxygen 

concen仕ation;H-E: hematoxylin/ eosin; Pa02: partial 
pressure of oxygen; CI: cardiac index; L V5WI: left 

ventricular stroke index; D021: oxygen delivery index; 
IL: interleukin; CD40L: CD40 ligand; TLRs: toll-like 
receptors; P AMP: pathogen-associated molecular 

pattern; NETs: neu廿ophilextracellular traps. 
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