
© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2020;12(3):749-757 | http://dx.doi.org/10.21037/jtd.2019.12.113

Original Article

PaO2 greater than 300 mmHg promotes an inflammatory 
response during extracorporeal circulation in a rat extracorporeal 
membrane oxygenation model

Yutaka Fujii1,2, Eisuke Tatsumi2, Fujio Nakamura1, Takashi Oite1

1Department of Clinical Engineering and Medical Technology, Niigata University of Health and Welfare, Niigata, Japan; 2Department of Artificial 

Organs, National Cerebral and Cardiovascular Center Research Institute, Suita, Japan

Contributions: (I) Conception and design: Y Fujii; (II) Administrative support: E Tatsumi, F Nakamura, T Oite; (III) Provision of study materials or 

patients: Y Fujii, E Tatsumi; (IV) Collection and assembly of data: Y Fujii; (V) Data analysis and interpretation: Y Fujii; (VI) Manuscript writing: All 

authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Yutaka Fujii. Department of Clinical Engineering and Medical Technology, Niigata University of Health and Welfare, Niigata, 

Japan. Email: fujii@nuhw.ac.jp.

Background: Extracorporeal membrane oxygenation (ECMO) is being increasingly used for mechanical 
support of respiratory and cardio-circulatory failure. An excessive systemic inflammatory response is observed 
during sepsis and after cardiopulmonary bypass (CPB) with similar clinical features. We hypothesized that 
hyperoxia condition encourages the systemic inflammatory response and organ disorder during ECMO. To 
prove this hypothesis correct, we investigated the systemic inflammatory responses at normal and high levels 
of arterial oxygen pressure (PaO2) in the rat ECMO model.
Methods: Rats were randomly assigned to one of the following groups depending on the value of PaO2 
during ECMO: A group (n=11, PaO2 100–199 mmHg), B group (n=10, PaO2 200–299 mmHg), C group 
(n=8, PaO2 300–399 mmHg), and D group (n=11, PaO2 >400 mmHg). Serum cytokine levels [tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-10 (IL-10)] were measured before, 60, and 120 min 
after the initiation of ECMO. The wet-to-dry weight (W/D) ratio of the left lung was also measured, and 
dihydroethidium (DHE) staining, reflecting superoxide generation, of lung and liver tissues was performed 
120 min after ECMO initiation. 
Results: In the C and D groups, the pro-inflammatory cytokines (TNF-α and IL-6) significantly increased 
during ECMO compared with the other groups. On the other hand, the increase in anti-inflammatory 
cytokines (IL-10) was more suppressed in the C and D groups than in the other groups. The W/D ratio 
increased significantly more in the C and D groups than in the other groups. In addition, DHE fluorescence 
had a tendency to increase as the PaO2 rose. 
Conclusions: These data demonstrate that it is better to avoid administration of too much oxygen during 
ECMO to attenuate lung injury linked to generation of superoxide and the systemic inflammatory response.
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Introduce

The use of extracorporeal circulation (ECC), such as 
extracorporeal membrane oxygenation (ECMO), can 
be life-saving because it provides an appropriate oxygen 
delivery and blood flow rate to principal organs (1). 
ECMO is being increasingly used for mechanical support 
of respiratory and cardio-circulatory failure. An excessive 
systemic inflammatory response with similar clinical 
features is observed during sepsis and after cardiopulmonary 
bypass (CPB) (2). During ECMO therapy, activation of 
complement and contact systems occurs, which may be 
followed by cytokine release (3).

There are several factors that appear to be cause for the 
systemic inflammatory reaction, such as contact of blood 
with the ECC device’s surface, surgical operation trauma, 
endotoxemia, blood loss, and ischemic reperfusion injury (4).  
The inflammatory response that occurs during ECC is 
aggravated by the increase in cytokines, such as necrosis factor, 
interleukins and bradykinin (5), that occurs (6). In a recent 
study using a rat model, we showed that ECC results in a 
systemic inflammatory response with organ damage (7-11).

Furthermore, a recent systematic review meta-analysis 
and cohort study showed that, in patients resuscitated 
from cardiac arrest and admitted to the intensive care 
unit, significantly higher in-hospital mortality was seen 
in the hyperoxia condition management group than in 
the normoxia condition management group (12,13). 
A previous study showed that oxidative cell damage is 
produced by hyperoxia through the reactive oxygen  
species (ROS) production and inflammatory cytokine 
secretion (14). However, during clinical ECMO currently, 
the partial pressure of arterial oxygen (PaO2) is maintained 
at very high levels (15). In addition, there are reports of 
adverse effects in pediatric cardiac patients during high-
oxygen management ECMO (15). However, the PaO2 that 
enhances the inflammatory response was unclear in previous 
studies. 

Therefore, the subjects in the present study were divided 
into groups according to the PaO2 during ECMO, and the 
effects of PaO2 levels on serum cytokine [tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-10 
(IL-10)] levels were investigated in a rat ECMO model. 
Additionally, the lung wet-to-dry weight (W/D) ratio was 
measured and used as an indication of lung tissue edema. 
Finally, generation of superoxide in the lung and liver 
tissues was detected by dihydroethidium (DHE) staining.

Methods

Animals 

This study was conducted with the approval of National 
Cerebral and Cardiovascular Center Research Institute 
Animal Care and Use Committee and the Niigata 
University of Health and Welfare Animal Care and Use 
Committee. All procedures were performed in accordance 
with the National Institutes of Health guidelines for 
animal care. The subjects were male Sprague-Dawley (SD) 
rats (400–450 g) that were housed three per cage under a  
12-hour light-dark cycle with food and water available ad 
libitum. The SD rats were purchased from Japan SLC Inc 
(Shizuoka, Japan)

Anesthesia, surgical preparation, and ECMO 

After the animals were anesthetized with 5.0% isoflurane 
mixed oxygen enriched air inhalation with a vaporizer, they 
were placed in the supine position, and a rectal temperature 
probe was then inserted. Following orotracheal intubation 
using a 14-G catheter (Terumo Corp, Tokyo, Japan), the 
animals were mechanically ventilated under 40 % of oxygen 
fraction with a Model 687 respirator (Harvard Apparatus 
Ltd., Edenbridge, Kent, UK) providing volume-controlled 
ventilation at a frequency of 70/min, with tidal volume of 
8–10 mL/kg body weight. Isoflurane 2.0–2.5% was used to 
maintain anesthesia, and the rectal temperature was kept 
at 35–36 ℃. The right femoral artery was cannulated with 
SP-31 polyethylene tubing (Natsume Seisakusho Co., Ltd, 
Tokyo, Japan) for arterial blood pressure monitoring using 
a Power-Lab system (Model ML870, AD Instruments Japan 
Inc., Nagoya, Japan). SP-55 polyethylene tubing (Natsume 
Seisakusho Co., Ltd) was used to cannulate the left 
common carotid artery as the arterial return cannula for the 
ECMO system, and heparin sodium (500 IU/kg) was given 
through this cannula. A 16G cannula (Togo-medkit Co., 
Ltd, Tokyo, Japan) was passed through the right internal 
jugular vein advanced into the right atrium as the conduit 
for venous uptake. The ECMO system consisted of a roller 
pump (REGLO Digital MS-2/6, ISMATEC, Wertheim, 
Germany), a miniature membrane oxygenator (Senko 
Medical Instrument Mfg. Co., Ltd, Tokyo, Japan), and 
polyvinyl chloride tubing line (Senko Medical Instrument 
Mfg. Co., Ltd). ECMO circuit was primed by 7.5 mL of 
Ringer’s solution with 0.5 mL (500 IU) of heparin. Figure 1 
shows the experimental conditions.
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Experimental design

The animals randomly assigned to one of the following 
groups depending on the value of PaO2 during ECMO: A 
group (n=11), with PaO2 maintained at 100–199 mmHg; B 
group (n=10), with PaO2 maintained at 200–299 mmHg; 
C group (n=8), with PaO2 maintained at 300–399 mmHg; 
and D group (n=11), with PaO2 maintained at greater than  
400 mmHg during ECMO. In all experiment, normothermic 
ECMO with a pump flow of 70 mL/kg/min. During the 
experimental period, the partial pressure of arterial carbon 
dioxide (PaCO2) was ordinarily maintained at 30–40 mmHg  
in all groups. 

Arterial blood samples were collected at three defined 
time points: before ECMO (pre-ECMO); 60 min after 
initiation of ECMO; and 120 min after initiation of ECMO 
(end-ECMO). 

TNF-α, IL-6, and IL-10 levels were measured by 
multiplex suspension array (Bio-PlexTM Assay Kits, 
Hercules, CA, USA) estimation of systemic inflammatory 
r e s p o n s e s .  B l o o d  g a s e s ,  p H ,  h e m o g l o b i n  ( H b ) 
concentration, and electrolytes were also measured (VetStat 
Electrolyte and Blood Gas Analyzer, IDEXX, New South 
Wales, Australia). All animals were sacrificed at the end of 
ECMO by potassium chloride injection into the heart, and 
the left lung was harvested and divided into three parts. The 
superior third was used for calculation of the W/D ratio. 
The lung block was weighed before and after desiccation for 
48 h in a dry oven at 70 ℃. Additionally, the right lung and 
part of the liver were placed in cold PBS buffer and then 
embedded in dry ice acetone for frozen section. The frozen 
segments were cut into 7-μm-thick transverse sections 
that were then placed on glass slides. DHE stain solution 
(FUJIFILM Wako Pure Chemical Corporation, Osaka, 
Japan) diluted with dimethyl sulfoxide thirty thousand 

times was applied topically to each tissue section. The 
slides were incubated in a light-protected chamber at 37 ℃  
for 30 min. Images of the tissue sections were obtained 
using a fluorescence microscope (exposure time 80 ms, red 
fluorescence, 594 nm) with a rhodamine filter. Fluorescence 
intensity, which correlates positively with the amount of 
superoxide generation, was determined in the lung and 
liver tissues using image processing software (Imag v1.60, 
National Institutes of Health, Bethesda, MD).

Statistics

All value is presented as means ± standard error (SE). 
Comparisons among groups were performed by analysis 
of variance (ANOVA). The Fisher Protected Least 
Significant Difference (PLSD) post hoc test was used for 
subsequent comparisons between groups at the same point 
in time. Statistical analyses were performed with Stat View 
5.0 (Abacus Concepts, Berkeley, CA, USA). Statistical 
significance was assumed when the P value was less than 
0.05.

Results

Table 1 shows the changes in hemodynamic variables, Hb 
concentration, pH, and PaO2 and PaCO2 in the A, B, C, 
and D groups during the experiments. Hemodynamics 
was stable during experiment, there was no need for 
administration of catecholamine. Before ECMO, the serum 
levels of inflammatory cytokines were not significantly 
different among the A, B, C, and D groups. The PaO2 level 
was 137±18 mmHg in the A group, 256±13 mmHg in the B 
group, 341±16 mmHg in the C group, and 417±5 mmHg in 
the D group during ECMO, while no significant difference 
was found in the PaCO2 levels among these groups.

In the D group, TNF-α  increased significantly, 
reaching a maximum (1,419±109 pg/mL), and in the C 
group, IL-6 increased significantly, reaching a maximum  
(1,700±132 pg/mL) at the end of ECMO. In the A and 
B groups, though, the increases in pro-inflammatory 
cytokines (TNF-α and IL-6) were significantly suppressed 
by approximately 60% compared to the C and D groups 
(Figure 2A,B). On the other hand, in the B group, the anti-
inflammatory cytokine (IL-10) increased significantly, 
reaching a maximum (IL-10: 1,412±111 pg/mL) at the 
end of ECMO, approximately 70% higher as compared to 
the C and D groups at the same point in time (Figure 2C). 
The relationships between oxygen partial pressure during 

Figure 1 The rat extracorporeal membrane oxygenation (ECMO) 
model. 

The rat V-A ECMO model
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ECMO and cytokine levels (plotted display and approximate 
curve) are shown in Figure 3.

The C and D groups showed significantly higher W/D  
ratios than the A and B groups (A group 5.59±0.18, B 
group 5.50±0.14, C group 5.98±0.14, D group 6.02±0.13) 
(Figure 4). However, the increases in the W/D ratio were 
significantly suppressed in the A and B groups compared to 
the C and D groups.

DHE staining in the lung and liver tissues was markedly 
enhanced in the C and D groups compared to the A and 
B groups (Figures 5,6), indicating greater superoxide 

production with a hyperoxia condition management during 
ECMO.

Discussion 

This is the first study to show that the pro-inflammatory 
cytokines increased significantly more in the hyperoxia 
ECMO situation, while the anti-inflammatory cytokine surge 
was more suppressed in the C and D (PaO2 ≥300 mmHg)  
groups than in the A and B (PaO2 <300 mmHg) groups. 
Higher W/D ratios at the end of ECMO were seen in 

Table 1 Hemodynamic variables, Hb, pH, and blood gas partial pressures before and during ECMO 

Group Pre-ECMO ECMO 60 min ECMO 120 min

MAP (mmHg) A group 96±5 82±5 79±4

B group 99±4 79±4 82±3

C group 91±6 81±6 81±4

D group 94±3 82±5 82±5

HR (beat/min) A group 379±8 373±10 364±6

B group 385±9 378±7 359±9

C group 392±7 370±8 367±7

D group 379±9 358±8 363±8

PaO2 (mmHg) A group 118±11 137±18 139±17

B group 124±16 256±13† 245±12†

C group 124±17 341±16†* 351±12†*

D group 125±17 417±5†*# 424±6†*#

PaCO2 (mmHg) A group 38±2 37±2 38±2

B group 37±3 37±3 36±3

C group 36±2 35±2 36±1

D group 38±2 34±2 35±1

Hb (mg/dL) A group 15.8±0.4 10.2±0.6 9.9±0.4

B group 14.9±0.2 9.9±0.5 9.7±0.2

C group 15.0±0.4 9.8±0.4 9.9±0.4

D group 15.4±0.2 10.0±0.5 9.8±0.4

pH A group 7.37±0.02 7.38±0.03 7.37±0.03

B group 7.38±0.03 7.39±0.02 7.38±0.03

C group 7.38±0.03 7.40±0.03 7.40±0.02†

D group 7.39±0.02 7.38±0.03 7.39±0.02

Variables are expressed by mean ± standard error. †, P<0.05 vs. A group at the same point in time; *, P<0.05 vs. B group at the same point 
in time; #, P<0.05 vs. C group at the same point in time. MAP, mean arterial pressure.
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Figure 2 Serum TNF-α (A), IL-6 (B), IL-10 (C). †, P<0.05 vs. the A group at the same point in time; *, P<0.05 vs. the B group at the same 
point in time.

Figure 3 The relationship between partial pressure of oxygen during ECMO and cytokine levels (plotted display and approximate curve). 
The relationships between PaO2 and TNF-α (A), between PaO2 and IL-6 (B), and between PaO2 and IL-10 (C).
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the lung tissues of rats in the C and D groups than in the 
A and B groups, suggesting that they accumulated more 
water. Additionally, based on DHE staining for superoxide 
production, there appeared to be a marked increase in the 
lung and liver tissues in the C and D groups, but there 
was none in the A and B groups. In the present study, 
serum levels of the cytokines TNF-α, IL-6, and IL-10 
were significantly increased during ECMO, indicating the 

presence of a systemic inflammatory response and organ 
damage in this rat ECMO model. Furthermore, during 
ECMO, arterial blood pressure was maintained at around 
80 mmHg, and Hb was maintained at around 10 g/dL.  
These data suggest that the present rat ECMO model 
corresponds to the established human ECMO procedure, 
which is often accompanied by systemic inflammation and 
organ damage (2,3). 

Several factors may be responsible for the systemic 
inflammatory response during ECMO, including contact 
of the blood with the ECMO unit surface, surgical trauma, 
endotoxemia, blood loss, and ischemic reperfusion injury (4).  
Several studies have shown that leucocytes, platelets, and 
the complement system are activated by the walls of the 
ECC device. As a result, the activated leukocytes release 
cytotoxic agents and ROS that are associated with the 
systemic inflammatory response and organ damage (16,17). 
This additional increase in cytokines, especially pro-
inflammatory cytokines (5), heightens the inflammatory 
response (6). Thus, further inflammation is caused by these 
complex interactions between the surgical procedure and 
ECC (6). 

We hypothesized that hyperoxia condition stimulate 

Figure 5 Representative examples of in situ detection of superoxide in each group’s lung and liver. Confocal microscope sections of organ 
were labeled with the fluorescent oxidative dye dihydroethidium (red fluorescence when oxidized to ethidium bromide by superoxide). Scale 
bar: 100 μm. 
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generation of ROS, heighten the systemic inflammatory 
response, and lead to organ tissue damage during ECMO. 
The superoxide anion is the primary product of cellular 
ROS production. As this study showed, intracellular 
superoxide production could be detected by DHE stain 
fluorescence, which is a widely used technique in which 
superoxide reacts with the hydroethidine moiety of DHE 
to produce ethidium (18). In the present study, DHE stain 
fluorescence (Figures 5,6) of the lung and liver tissues was 
noticeably enhanced in the hyperoxia condition ECMO 
(PaO2 ≥300 mmHg) group, indicating more superoxide 
production during ECMO with hyperoxia condition. 
This implies that, given the widespread increase in ROS 
generation and the increased levels of organ damage 
markers, the hyperoxia condition ECMO caused direct 
oxidative cellular harm. Related to this, we previously found 
that hydrogen gas administration through removal of the 
hydroxyl radical (the most cytotoxic radical) suppressed the 
increased levels of organ damage biomarker during ECC 
in the rat (7). Given the relationship between PaO2 during 
ECMO and cytokine levels (plotted display and approximate 
curve: Figure 3A,B), sharp pro-inflammatory cytokine 
(TNF-α, IL-6) level increases were seen at PaO2 levels of 
356 and 315 mmHg, respectively. This inflection point 
shows that we can minimize elevation of pro-inflammatory 
cytokines by controlling PaO2 to <300 mmHg. 

Since T lymphocyte activation and cytokine production 
by ROS occur via redox-sensitive signal pathways (19), 
the hyperoxia condition may also have increased cytokine 
expression through stimulate generation of ROS in the 
current rat ECMO model. The present study showed not 

only that serum pro-inflammatory cytokine levels and organ 
damage were significantly increased by hyperoxia (PaO2 
≥300 mmHg) in the C and D groups during ECMO, but 
that the hyperoxia also resulted in significant suppression 
of the expression of the anti-inflammatory cytokine (IL-10)  
compared to PaO2 <300 mmHg in the A and B groups. 
This suppression is thought to augment the inflammatory 
responses in the PaO2 ≥300 mmHg group, because IL-10  
regulates pro-inflammatory cytokine production (20). 
Therefore, based on the present findings, appropriate 
oxygen control (<300 mmHg) not only attenuates pro-
inflammatory cytokine production, but it also increases 
anti-inflammatory cytokine production, which decreases 
inflammatory responses during ECMO in the rat. 

In our previous study, selective reduction of hydroxyl 
radicals with hydrogen gas was shown to attenuate both 
pro- and anti-inflammatory cytokines, which implies that 
this radical non-selectively increases these cytokines (7).  
However, the mechanism for the increase in pro-
inflammatory cytokines but the decrease in the anti-
inflammatory cytokine under increased superoxide 
production seen in the present study is unclear. There 
is a possibility that hyperoxia condition affects cytokine 
specific reactions through a mechanism other than the 
ROS generation pathway. It should be noted, on the other 
hand, it has been reported that hyperoxia condition down 
regulated the IL-10 gene in fetus rat alveolar type II cells in 
cell culture (21).

In the present study, there was a sharp increase in 
the lung W/D ratio at PaO2 ≥300 mmHg. This increase 
in the W/D ratio of the lung implies the development 

Figure 6 Mean fluorescence intensity after deducting the values of the A group. †, P<0.05 vs. the A group; *, P<0.05 vs. the B group;  
**, P<0.05 vs. the C group. a.u., arbitrary unit. 
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of pulmonary edema during ECMO, consistent with a 
previous report (22) and our earlier rat ECC model study (7).  
A new finding of the current study is that avoiding oxygen 
oversupply suppressed the increase in the W/D ratio 
ECMO. Since the pulmonary capillary endothelial cells 
show the primary symptom of hyperoxic lung cell injury in 
hyperoxic condition (23,24), maintenance of normoxia may 
attenuate vascular endothelial injury through suppression 
of the production of superoxide and pro-inflammatory 
cytokines during ECMO. Notably, one human study 
showed that hyperoxic exposure alters alveolar capillary 
permeability with secretion of mediators by alveolar 
macrophages (25). In the present study, the W/D ratios 
suggest that excessive hyperoxic condition increased 
pulmonary vascular permeability. In addition, there have 
been many reports of hyperoxia-induced lung injury, and 
the treatment and remedial measures for such injury have 
been studied (25,26). Furthermore, oxygen toxicity is known 
to be strongly dependent on both PaO2 and exposure time. 
It is fair to assume that the inflammatory response will 
increase with time even with lower PaO2 levels. ECMO 
exposure time will be a focus of subsequent research.

Our plan is to further study the damage caused by 
hyperoxia during ECMO, from which we hope to elucidate 
the mechanism and then propose the appropriate PaO2 for 
ECMO management. 

Limitations

This study has several limitations. First, hyperoxic ECMO 
appeared to aggravate the inflammatory response and tissue 
injury based on the changes in the levels of serum cytokines 
and W/D ratio of the lung. On the other hand, histologic 
analyses of cellular injury were limited to the lung and 
liver. The additional research about other organs, especially 
principal organs such as the kidney, brain and heart, are 
needed to verify this. Second, it was not possible to set 
up a ventilator according to the rules of protective lung 
ventilation and considering the guidelines. In the future, it 
is necessary to consider the construction of the veno-venous 
ECMO model and the respiratory setting. Finally, the 
present rat model of ECMO appears to be equivalent to the 
established ECMO procedure for human patient. Although, 
there is a need to study the effect of the PaO2 level on 
the systemic inflammatory responses and organ damage 
during ECMO in larger animal, long-term ECMO assist 
models before we can consider applying these findings to  
clinical site.

Conclusions

In conclusion, based on the results of the present study, the 
systemic inflammatory response and organ damage including 
pulmonary edema occurred along with cytokine and superoxide 
production in the rat ECMO model. Hyperoxia (PaO2  
≥300 mmHg) intensifies these responses, while pro-
inflammatory cytokine production is enhanced and anti-
inflammatory cytokine production is attenuated. In our view, 
it is important to maintain appropriate oxygen levels (not 
hyperoxia) in order to minimize the systemic inflammation 
and lung injury during ECMO. Furthermore, this rat ECMO 
model appears to be equivalent to the established ECMO for 
human patient procedure and is thus useful for investigating the 
pathophysiological changes that occur during artificial perfusion.
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