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Original Article 
Extracorporeal membrane oxygenation (EMCO) is an  
optimal method to cure the pneumonia caused by  
endotoxin in mice
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Abstract: Pneumonia is the biggest single cause of childhood deaths under the age of five years in developing coun-
tries. Extracorporeal membrane oxygenation (ECMO) is a valuable therapeutic option for patients with acute lung 
failure. In our study, ECMO and mechanical ventilation treatment was used for successful resuscitation following 
LPS. The results suggested that ECMO treatment was the priority selection. The results of histopathologic features, 
Western blot and physiological measures all suggested that ECMO treatment can effective recover the lung damage 
caused by LPS treatments in rats. Based on our results, we were able to show that ECMO allows for return of cardiac 
function and serves as the basis for subsequent investigation.
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Introduction

Pneumonia is the biggest single cause of child-
hood deaths under the age of five years in de- 
veloping countries [1]. Globally there are more 
than nine million deaths among the under-five 
population each year, of which about three mil-
lion are due to pneumonia [2]. Of these deaths, 
90-95% occurs in developing countries [3]. The 
success of the fourth United Nations Millennium 
Development Goal 4 (MDG 4), which aims to 
reduce child mortality by two-thirds by 2015, 
will therefore depend in no small part on a re- 
duction of this enormous burden of child deaths 
from acute respiratory infection. Pneumonia is 
usually caused by infection with viruses or bac-
teria and less commonly by other microorgan-
isms, certain medications and conditions such 
as autoimmune diseases. Risk factors include 
other lung diseases such as cystic fibrosis, CO- 
PD, and asthma, diabetes, heart failure, a his-
tory of smoking, a poor ability to cough such as 
following stroke, or a weak immune system. 
Diagnosis is often based on the symptoms and 
physical examination. Chest X-ray, blood tests, 
and culture of the sputum may help confirm the 
diagnosis. The disease may be classified by 
where it was acquired with community, hospi-
tal, or health care associated pneumonia [4]. 

Extracorporeal membrane oxygenation (ECMO) 
is a valuable therapeutic option for patients wi- 
th acute lung failure [5]. Meanwhile, ECMO is 
also the method for supporting patients with se- 
vere adult respiratory distress syndrome (ARDS) 
refractory to mechanical ventilation [6, 7]. EC- 
MO has been used in neonates and children 
with satisfactory outcomes [8, 9]. During the 
2009 H1N1 influenza A pandemic, the use of 
venovenous (VV) ECMO represented a success-
ful rescue treatment for acute respiratory dis-
tress syndrome (ARDS) in patients failing con-
ventional ventilation techniques [10]. 

Currently, the decision to start ECMO is based 
on commonly used pulmonary scores assess-
ing the severity of respiratory failure, such as 
Murray’s acute lung injury score and the oxy-
genation index. A Murray score >3 was used for 
enrollment and randomization in the “Conven- 
tional ventilation versus ECMO for Severe Adult 
Respiratory failure” (CESAR) Trial [5], as it identi- 
fies severely hypoxemic patients failing protec-
tive mechanical ventilation with an estimated 
mortality risk higher than 50% in comparison to 
conventional treatment. Oxygenation failure, 
however, is rarely the direct cause of death in 
ECMO patients. On the contrary, a poor out-
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come is more likely to be determined by the 
presence of complications [11]. Besides bleed-
ing complications, most directly linked to the 
procedure itself, the most common causes of 
death are related to non-protective mechanical 
ventilation or to infectious or non-infectious 
inflammation [12], leading to various degrees 
of organ dysfunction. The current study repre-
sents a comprehensive evaluation of ECMO 
method in ARDS and will provide the necessary 
background information in further research on 
ECMO. 

Method and materials

Animals

All of the animals were maintained in the Divi- 
sion of Animal Resources at Xinhua hospital, 
Shanghai jiaotong university school of medi-
cine, an Assessment and Accreditation of Lab- 
oratory Animal Care-approved facility. All ani-
mal protocols were reviewed and approved by 
the Institutional Animal Care and Use Committ- 
ee. Forty 250-350 g male Sprague-Dawley rats 
were originally sourced from Shanghai jiaotong 
university for use in the experiments. Rats were 
maintained in temperature-controlled (20°C to 
22°C) cages with a 12-hour light-dark cycle, 
and received free access to sterilized water and 
standard rodent chow (Rodent diet BK002P, B 
& K Ltd). 

LPS-induced lung injury

Forty mice were randomly divided into four sub-
groups, each subgroup contains ten mice: con-
trol subgroup: treated with normal saline; Mod- 
el, mechanical ventilation and extracorporeal 
membrane oxygenation (ECMO) subgroups: mi- 
ce were inoculated intraperitoneally with 1 mg/
kg endotoxin (LPS) prepared from Escherichia 
coli O111:B6 (Sigma, St. Louis, MO). Briefly, 
recipient animals were anesthetized by 
isoflurane inhalation. While anesthetized, endo-
toxin dissolved in PBS or an equal volume of 
PBS was injected intraperitoneally. After 24 h of 
the treatments, mice in Model subgroup were 
treated without any means, ECMO and mechan-
ical ventilation subgroup were treated with 
ECMO and mechanical ventilation. Meanwhile, 
Respiratory rate (Number/min), Arterial pres-
sure (mmHg) and PaO2 (mmHg) of the mice in 
each subgroup were measured with PiCCO Plus 
monitor according to the operator’s manual. 

Animals were killed at 48 h after endotoxin. 
Lungs were harvested for histological analysis 
and determination of wet-dry ratio. This study 
was approved by the Institutional Animal Ethics 
Committee of Institute of Xinhua hospital, 
Shanghai jiaotong university school of me- 
dicine. 

Histopathology

Haematoxylin Eosin (H&E) staining were pre-
pared according to the previous method [22]. 
Samples were fixed in 10% buffered formalin, 
and embedded in paraffin. Three to five microm-
eter thick sections were stained with hematoxy-
lin (Sigma H 3136) for 10 min and with eosin 
(Sigma E 4382) for 1 min to establish the diag-
nosis areas. The rest of all samples was imme-
diately frozen by immersing into liquid nitrogen, 
and then stored at -80°C until further 
processing. 

Western blot analysis

Total cellular protein in four different treatme- 
nts was isolated by the addition of 1% PMSF 
and RIPA lysis buffer (50 mM Tris-HCl (pH 7.4), 
150 m MNaCl, 1% NP-40, 0.1% SDS). After 
boiled with SDS-PAGE sample buffer for 5 min, 
the samples were performed for sodium dod- 
ecylsulfate-polyacrylamide gel electrophoresis. 
Then the proteins were transferred onto a po- 
lyvinylidene difluoride membrane (Millipore, 
USA). After being blocked for 1 h at room tem-
perature, the membrane was incubated with a 
1:1000 dilution of rabbit polyclonal anti-mouse 
p38, p-p38, JNK, p-JNK, ERK, p-ERK and GAP- 
DH (ABGENT, USA) overnight. Before detected 
with an ECL chemiluminescence detection kit 
(Advansta, USA), proteins were incubated with 
the corresponding secondary antibody for 1 h 
at room temperature. The bands were obtained 
by GeneGnome 5 (Synoptics Ltd., UK).

Data analysis

Data were subjected to the Kolmogorov-Smir- 
nov test to determine distribution. Descriptive 
variables are presented as means ± SD and 
compared with the t-test. When comparing mul-
tiple groups data was analysed by analysis of 
variance with Bonferroni post-test for multiple 
comparison of parametric data. Estimations 
are presented with 95% confidence intervals. 
Conventional levels of significance (0.05) were 
applied throughout. Statistical analysis was 
undertaken using SPSS for windows version 19 
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(Chicago, Ill) and S Plus version 6 (Seattle, 
Wash). 

Results 

General conditions of the animals

Rats were maintained in temperature-contro- 
lled (20°C to 22°C) cages with a 12-hour light-
dark cycle, and received free access to steril-

ized water and standard rodent chow (Rodent 
diet BK002P, B & K Ltd). LPS infusion after 24 
h, all the animals survived the whole experi-
ment. In general, the animals were able to 
drink, eat and move.

Histopathologic features (in vivo)

Figure 1 showed the representative appear-
ances of histopathological (H&E) staining of the 

Figure 1. HE staining of rat lung tissues in four different treatments. In Model subgroup, endotoxin treatment re-
sulted in diffusive alveolar damage represented by alveolar bleeding, atelectasis, bronchiole epithelial desquama-
tion, and leukocyte sequestration compared with Control subgroup. In mechanical ventilation, there was prominent 
infiltration of neutrophils and bronchiole epithelial desquamation whereas ECMO groups had moderate changes 
compared with Control subgroup (HE × 200).
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mice lung tissue with four different treatments. 
Haematoxylin Eosin (H&E) staining was used to 
assess the damage status of pulmonary alveoli 
in four different subgroups (Figure 1). There 
were no significant differences in relative den-
sity of collagen and elastic fiber staining of the 
lung sections among all the groups. At 24 h, 
animals in Model, Mechanical ventilation and 
EMCO subgroups infused with LPS were sacri- 
ficed. Their lungs showed diffusive alveolar da- 
mage represented by alveolar bleeding, atelec-
tasis, leukocyte sequestration, bronchiole epi-
thelial desquamation, and perivascular edema. 
However, Model subgroup had the most serious 
lung damage compared with the Control sub-
group. Mechanical ventilation owed intermedi-
ate to severe neutrophil infiltration compared 
with Control subgroup. In contrast, animal lungs 
in EMCO subgroups had moderate changes. 
The results indicated that LPS treatments can 
effective cause harm to pulmonary alveoli. 
Mechanical ventilation and EMCO treatments 
can recover the damage that LPS ca- 
used. However, EMCO treatments were more 
effective method to recover the damage that 
LPS caused than Mechanical ventilation treat- 
ments.

protein expression of the total p38, total JNK 
and total ERK. However, LPS treatment could 
lead to the significantly up-regulated of the  
protein expression of p-p38, p-JNK and p-ERK, 
which were practically useful in biological  
function. Meanwhile, the expression patterns 
of p-p38, p-JNK and p-ERK with LPS treat- 
ments were similar. For example, the expres-
sion level of p-p38 in Model subgroup was  
the highest and the expression level of p-p38  
in ECMO subgroup was the lowest. The re- 
sults suggested ECMO treatment can effective  
resist the high expression of p-p38.

Physiological measures of four subgroups

Figure 3 showed the physiological measures of 
four subgroups. Figure 3A indicated that respi-
ratory rate of Model subgroup was significant 
up-regulated, and the respiratory rate of mech- 
anical ventilation subgroup was significant do- 
wn-regulated compared with Control subgroup. 
However, the respiratory rate of ECMO sub-
group was similar with Control subgroup. Figure 
3B indicated that arterial pressure of Model 
subgroup and mechanical ventilation subgroup 
was significant down-regulated compared with 
Control subgroup. Moreover, the arterial pres-

Figure 2. Western blot was conducted to detect the expression levels of p38, 
p-p38, JNK, p-JNK, ERK, p-ERK and GAPDH in lung tissues of four different 
subgroups. 

West blot analysis of key fac-
tors of lung damage

Three key factors of lung dam-
age (p38, p-p38, JNK, p-JNK, 
ERK, p-ERK and GAPDH) were 
selected to study the status of 
their expressions in four differ-
ent treatments [13]. Cell 
extracts were analyzed with 
Western blotting using phos-
phorylated p38 (p-p38), total 
p38; phosphorylated JNK 
(p-JNK), total JNK; phosphory-
lated ERK (p-ERK) and total 
ERK. GAPDH served as the 
loading control. Western blot 
analysis showed that LPS 
treatment caused a significant 
up-regulated protein expres-
sion of the activated key fac-
tors with lung damage (p-p38, 
p-JNK and p-ERK) compared 
with Control group (Figure 2). 
In summary, LPS treatment 
had none of influence on the 
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sure of ECMO subgroup was similar with Control 
subgroup. Figure 3C indicated that PaO2 of 
Model subgroup was significant down-regulat-
ed, and PaO2 of ECMO subgroup was signifi-
cant up-regulated compared with Control sub-
group. The PaO2 of mechanical ventilation sub-
group was similar with Control subgroup. Figure 
3D indicated that lung W/D mass ration of 
Model subgroup and mechanical ventilation 
subgroup was significant up-regulated com-
pared with Control subgroup. The lung W/D 
mass ration of ECMO subgroup was similar  
with Control subgroup. The results mentioned 
above indicated that physiological measures in 
ECMO subgroup were similar with Control sub-
group, which suggested the ECMO can obtain a 
good effect after LPS treatments. Mechanical 
ventilation subgroup can also provide improve-
ments in physiological measures after LPS 
treatment. However, Mechanical ventilation 
subgroup was more inferior than ECMO 
treatment.

Discussion

ECMO has been considered an effective means 
of therapy for the severe ARDS patients, and 
the efficiency rate has been between 53 and 
76% [14]. Well-functioning rat models of cardio-
pulmonary bypass have been established, in- 
cluding recent examples that do not require 
priming with blood [15]. While these models are 
helpful, ECMO is fundamentally different than 
cardiopulmonary bypass in its clinical applica-
tions. The full bypass circuit is not applicable to 
the patient who needs long-term cardiopulmo-
nary support. ECMO is applicable to a broad 
range of clinical scenarios, including bedside 
cannulation for support during instances of 
hypoxic cardiac arrest [16]. A rabbit model of 
ECMO has recently been described to test 
these applications [17]. Similar to the rabbit 
model, rats have a nearly identical anatomy to 
humans with the advantage of being smaller, 
less expensive, and easier to handle than larg-

Figure 3. Respiratory rate, arterial pressure, PaO2 and lung W/D mass ration of four subgroups after 24 h treat-
ment. A: Respiratory rate; B: Arterial pressure; C: PaO2; D: Lung W/D mass ration. Values are means ± SD. Statisti-
cal significance: A P Value of less than 0.05 was considered significant for both tests.
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er animal models. A small animal model for 
ECMO is necessary because it provides an effi-
cient, economical, and accurate model for the 
study of physiologic changes during ECMO. The 
estimated cost of equipping a laboratory with a 
basic micro-surgical setup such as dissecting 
microscope, small animal ventilator, and recov-
er instruments is approximately $3000. The 
costs specifically related to the ECMO circuit 
include micro-oxygenators ($250 each/4-6 us- 
es), Tygon tubing ($200), intravenous cannula 
($200) and the micro-peristaltic pump ($2400). 
In our model, nearly all equipment is reusable 
and the cost incurred per experiment is largely 
related to the purchase and boarding costs of 
the rat.

Moreover, some authors have reported high-
complication rates because of ARDS and multi-
organ failure after chest injuries [18]. Mech- 
anical ventilation is required for adequate tis-
sue oxygenation but most likely may increase 
lung damage by over-distending and rupturing 
alveoli and by triggering a secondary inflamma- 
tory response syndrome that intensifies lung 
injury [19]. In patients who were unresponsive 
to treatment strategies, extracorporeal mem-
brane oxygenation (ECMO) could be an option 
for salvage therapy. Criteria for ECMO treatme- 
nt are severe hypoxaemia, reduced total tho-
racic compliance, and bilateral infiltrates on 
chest radiographs. The Murray lung injury score 
could be helpful in detecting ARDS. Extracor- 
poreal membrane oxygenation (ECMO) or extra-
corporeal lung assist can be used for ARDS 
treatment [20]. Medical technology has chang- 
ed in the last 10 to 15 years, and new therapy 
options are being developed. In ARDS cases 
that are refractory to ECMO therapy, the addi-
tive use of high-frequency oscillation ventilati- 
on (HFOV) could be a possible treatment option 
to improve ARDS patients survival rates. High-
frequency oscillation ventilation is an alterna-
tive type of ventilation used to maintain small 
tidal volumes that are delivered at high fre-
quencies (3-15 Hz) with an oscillation pump. 
This form of ventilation satisfies the strategic 
goal of protective lung ventilation with extreme-
ly small tidal volumes (1-4 ml/kg) and constant 
lung recruitment [21]. 

In our study, ECMO and mechanical ventilation 
treatment was used for successful resuscita-
tion following LPS. However, ECMO treatment 
was the priority selection. The results of histo-

pathologic features, West blot analysis and 
physiological measures all suggested that EC- 
MO treatment can effective recover the lung 
damage caused by LPS treatments in rats. 
Based on our results, we were able to show that 
ECMO allows for return of cardiac function and 
serves as the basis for subsequent investiga- 
tion.

Conclusion 

Pneumonia is the biggest single cause of child-
hood deaths under the age of five years in de- 
veloping countries. Histopathologic features, 
West blot analysis and physiological measures 
showed that ECMO treatments can effective 
recover the lung damage caused by LPS treat-
ments in rats. The study results may provide a 
basis for the development of treatment strate-
gies for pneumonia during and/or ECMO thera-
py in clinical practice. 
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