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INTRODUCTION
Since the introduction of modern cardiopulmonary resusci ta-

tion and emergency cardiovascular care 60 years ago, there have 
been progressive improvements in the management of cardiac 
arrest. Nevertheless, after successful resuscitation, patients 
admitted to an intensive care unit have a high risk of multiple 
life-threatening disorders together known as “postresuscitation 
disease” or “postcardiac arrest syndrome (PCAS),” which can 
lead to multiple organ dysfunction syndrome (MODS) including 

neurologic failure and a poor prognosis [1]. PCAS is well known 
to share many features with severe sepsis. Similarities between 
PCAS and sepsis can be described as ischemia-reperfusion 
injury with features including plasma cytokine elevation with 
dysregulated cytokine production, the presence of endotoxin 
in plasma, coagulation abnormalities, and adrenal dysfunction 
[2]. Tissue damage directly related to revascularization known 
as reperfusion-induced injury may be even more harmful than 
severe tissue and organ damage by prolonged ischemia [3]. 

The neutrophil is the first line of cellular response during 
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acute inflammation. Neutrophil contribute to early innate 
response by rapid migration to the inflammatory site, and their 
activation initiates microbial mechanisms such as the release 
of proteolytic enzymes and antimicrobial peptides, and rapid 
production of reactive oxygen species (ROS) in oxidative burst 
[4]. Released free oxygen radicals are known as one of the major 
mechanisms of self-destruction of tissue. An American Heart 
Association guideline recommends avoiding an excessive and 
prolonged hyperoxic state after successful resuscitation because 
excessive oxygen produces excessive oxygen species and overac-
ti vates inflammatory reaction, which, in turn, causes self-de-
struc tion of tissues. Lesions of gut mucosa after ischemia and 
re per fusion injury cause functional impairment with increased 
per meability of the mucosal barrier, diarrhea, and endotoxin 
or bacterial translocation. Increased plasma endotoxin levels 
seen in the first few days after successful resuscitation may 
be explained by translocation of endotoxins through gut-wall 
ische mia sites and reperfusion damage [5]. Endotoxins and bac-
teria in circulation may contribute to the aggravation of tissue 
damage and eventually to multiple organ damage by aggra va-
tion of the neutrophil’s inflammatory response [2]. Triantafilou 
et al. [6] noted that when the innate immune system 
recognizes bacterial lipopolysaccharide (LPS), the inevitable 
proinflammatory response will lead to fatal sepsis syndrome.

In this study, we investigated the inflammatory response 
of neutrophils in a postcardiac arrest state with spontaneous 
circula tion in vitro, which we simulated with hypoxia-nor-
moxia and hypoxia-hyperoxia environments. We hypo-

thesized that ischemic injury is similar to hypoxic injury 
and reperfusion is similar to normoxic or hyperoxic injury. 
Additionally, reperfusion injury can be divided into 2 types; 
one is a theoretical reperfusion injury, which is hypoxia 
followed by normoxia; the other is commonly found in clini-
cal situations where temporary hyperoxia is given after 
hypoxia. We hypothesized that secondary infection is caused 
by the presence of LPS. The purposes of this study were (1) to 
determine whether hypoxia-normoxia or temporary hyperoxic 
insult may initiate or effect the inflammatory response of 
neutrophils, (2) to determine whether LPS insult amplifies the 
inflammation of primed neutrophils with hypoxia-normoxia or 
-hyperoxia, (3) to determine whether temporary hyperoxia after 
hypoxic insult has any effect on the inflammatory response of 
neutrophils.

METHODS

Study design
The study included 3 groups
Normoxia group: No insult was given to this group. Neutro-

phils were cultured and incubated at 37°C in room oxygen 
tension for 18 hours. The normoxia group was a control group. 

Hypoxia/normoxia group: Initial hypoxia insult for 2 hours 
was given, followed by incubated at 37°C in room oxygen 
tension for 16 hours.

Hypoxia-hyperoxia group: Initial hypoxia insult for 2 hours 
was given, followed by hyperoxic insult and 2 hours of culture 
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Incubation for 14 hours
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PMN Normoxia Normoxic incubationNormoxia

PMN Normoxia Normoxic incubationHypoxia
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Fig. 1. Culture of neutrophils without lipopolysaccharide under normoxia-normoxia, hypoxia-normoxia, and hypoxia-hyper-
oxia. Normoxia group: No insult was given to this group. Polymorphonuclear neutrophils (PMN) was cultured and incubated 
at 37°C in a 5% CO2 incubator in room air. Normoxia group was control group. Hypoxia-normoxia group: An initial hypoxia 
insult was administered for 2 hours; then normoxic insult and 2 hours of culture at 37°C in 5% CO2 incubator followed by 
incubation in room air for 14 hours. Hypoxia-hyperoxia group: An initial hypoxia insult for 2 hours was given, then hyperoxic 
insult and 2 hours of culture at 37°C, followed by incubation in room air for 14 hours. Hydrogen peroxide (H2O2) and Toll-like 
receptor 4 (TLR4) were measured after 4 hours of PMN culture. Apoptosis was measured after 18 hours, including period of 
first and second insults and culture for 14 hours in room air.
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at 37°C, then incubation in room oxygen tension for 14 hours.
The production of hydrogen peroxide (H2O2) and the expres-

sion of Toll-like receptor 4 (TLR4) were measured after 4 hours 
of neutrophil culture. Apoptosis was measured after 18 hours 
including first and second insults and culture for 14 hours in 
room oxygen tension (Fig. 1). The equivalent setting of the 
study was repeated with LPS insult (Fig. 2). This study protocol 
and written informed consent form was reviewed and approved 
by Korea University Guro Hospital (Institutional review board 
No. 11018).

Study setting
Different oxygen environment setting
Normoxic environment: The neutrophil dish was placed at 

37°C in room oxygen tension.
Hypoxic environment: The neutrophil dish was placed in the 

modular incubator chamber (Billups-Rothenburg Inc., Del Mar, 
CA, USA). The connector tube from a gas tank containing 1% 
oxygen was connected to a flow meter then connected to an 
inlet port with the outlet port left open. The desired mixture of 
gas was flushed through the chamber for 40 minutes, then both 
inlets were closed and the outlet port was tightened using the 
attached plastic clamp. 

Temporary hyperoxic environment: A neutrophil dish is 
placed in the modular incubator chamber (Billups-Rothenburgn 
Inc.). The connector tube from the gas tank containing 80% 
oxygen was connected to the flow meter, then to the inlet port, 
and the outlet port was left open. The desired mix of gas was 

flushed through the chamber for 40 minutes and both inlet and 
outlet ports were closed tightly using the attached plastic clamp. 

Neutrophil preparation
Whole blood from healthy volunteers was collected into a 

sterile vacutainer with ethylenediaminetetraacetic acid. A sterile 
processing environment was maintained with a clean bench, 
and 5 mL of each whole blood sample collected was separated 
in aliquots into 15-mL test tubes with 5 mL of polymorphprep 
(Axis-Shield, Oslo, Norway), followed by centrifugation for 
approximately 35 minutes at 500 G. Among the resulting cell 
layers after centrifugation, the polymorphonuclear neutrophils 
(PMN) cell layer, located between the monocyte and red blood 
cell layers, was collected with a pipette. To remove the red blood 
cells remaining in the col lected PMN cell sample, the sample 
was incubated with a 0.2% saline solution for 30 seconds, after 
which a 1.8% saline solu tion was added to create 0.9% normal 
osmotic pressure. The sam ples were centrifuged at 450 G for 
10 minutes, followed by 2 washes with phosphate-buffered 
saline. The isolated PMN cells were incubated in Roswell Park 
Memorial Institute tissue culture medium 1640 containing 
10% fetal bovine serum, 1% penicillin-streptomycin, 10 mM 
4-(2-hydroxyethyl)-1-pipera zi neethanesulfonic acid, and 0.005% 
2-mercaptoethanol. We con firmed cell densities of 1 × 106 cells/
mL and viabilities above 95% using trypan blue dye.

LPS preparation
One microgram per milliliter (1 µg/mL; final concentration) 
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Fig. 2. Culture of neutrophils with lipopolysaccharide (LPS) under normoxia-normoxia, hypoxia-normoxia, and hypoxia-hyper-
oxia. Normoxia group: polymorphonuclear neutrophils (PMN) was cultured and incubated with LPS in room air. Normoxia 
group was control group. Hypoxia-normoxia group: An initial hypoxia insult for 2 hours was given, then normoxic insult and 
2 hours of culture at 37°C followed by incubation in room air for 14 hours with LPS insult. Hypoxia-hyperoxia group: Initial 
hypoxia insult for 2 hours was given; then hyperoxic insult and 2 hours of culture at 37°C, followed by incubation in room air 
for 14 hours with LPS insult. hydrogen peroxide (H2O2) and Toll-like receptor 4 (TLR4) receptors were measured after 6 hours of 
PMN culture. Apoptosis was measured after 18 hours, including period of first and second insults and culture for 14 hours in 
room air.
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of LPS (Sigma-Aldrich, St. Louis, MO, USA) was prepared for 
stimulation.

Measurement of inflammatory reaction 
Reactive oxygen species 
During severe hypoxia, neutrophils undergo oxidative stress 

and ROS are produced [7]. In this study we measured H2O2. 
Production of H2O2 was measured by 5-6-chloromethyl-2,7’- 
dichlo ro dihydroflourescein diacetate (CM-H2DCFDA) (Invitrogen, 
Waltham, MA, USA) assay. The cells were loaded with 2×106 
µmol/mL of CM-H2DCFDA and were incubated in the dark 
for 30 minutes, at 37°C, in a 5% carbon dioxide environment. 
The relative amount of generated ROS was measured by flow 
cytometry determining the mean fluorescence intensity.

Apoptosis
Neutrophils have a short life span (8–20 hours); neutrophils 

undergo spontaneous apoptosis in the absence of cytokines or 
proin flammatory agents, before their removal by macrophages 
[8]. This phagocytic activity prevents neutrophils from releas-
ing cytotoxic contents into the extracellular environment 
that would occur by cell necrosis. Prolonging the life span of 
neutrophil is critical in their efficacy against pathogens. Apo-
p tosis is an intrinsic cellular process that can be regulated by 
exter nal stimuli [9]. The cells were labeled with annexin V 
fluore scein isothiocyanate and propidium iodide (ApoScan 
Annexin V FITC Apoptosis Detection Kit; Genzyme, Cambridge, 
MA, USA), and the presence of apoptotic cells was assessed 
using flow cytometric analysis.

Toll-like receptor 
TLRs are pattern recognition receptors that are important 

in the innate immune response and are believed to play an 
impor tant role in the central nervous system response to the 
injury-induced endogenous ligands termed damage-associated 
mole cular patterns as well as towards pathogens [10]. TLRs are 
also known for the initiation of inflammation after ischemia-
reperfusion injury. Expression of cell surface TLR4 receptor was 
determined by flow cytometry analysis. The cells were stained 
with 5 µL (2 µg) of PE conjugated anti-TLR4 monoclonal anti-
body (clone HTA125, eBioscience, San Diego, CA, USA) in the 
dark for 1 hour on ice. After staining, the cells were analyzed by 

flow cytometry using Cytomics FC 500 (Beckman Coulter, Brea, 
CA, USA) and CXP software (Beckman Coulter).

Statistical analysis
All statistical analyses were performed with IBM SPSS Stati-

stics ver. 20.0 (IBM Co., Armonk, NY, USA). The statistical an-
aly sis consisted of a comparison by t-test. Significance was 
accepted at P < 0.05. All experiments were performed 18 times.

RESULTS

Oxygen tension of each culture medium
PH and partial pressure of carbon dioxide (pCO2) were similar 

in all of the groups. The partial pressure of oxygen (pO2) was 
lowest in the hypoxia group (39.7 mmHg), and highest in the 
hypoxia-hyperoxia group (261.3 mmHg) (Table 1).

Viabilities of neutrophils
The viability of neutrophils was checked by trypan blue 

staining. The viability of neutrophils after the hypoxia insult 
was 85.8%, and viability of neutrophils in the control group was 
99.4%.

Effect of hypoxia-normoxia and hypoxia-hyperoxia 
on the inflammatory response of neutrophils 
In the hypoxia-normoxia group, H2O2 and TLR4 production 

were increased and apoptosis was delayed compared to the 
control group (P = 0.106, P < 0.001, P = 0.019, respectively). 
Compared to the control group, the hypoxia-hyperoxia group 
had greater H2O2 production, but without statistical significance 
(P = 0.323), while apoptosis was significantly delayed (P < 
0.001). TLR4 receptor in the hypoxia-hyperoxia group was not 
higher compared to the control group (P = 0.623) (Fig. 3).

Effect of LPS insult on the inflammatory response 
of neutrophil after hypoxia-normoxia or hypoxia-
hyperoxia culture
LPS insult significantly increased H2O2 production in both 

the hypoxia-normoxia group and hypoxia-hyperoxia group 
compared to the control group with LPS stimulation (P < 0.001, 
P = 0.018, respectively). Apoptosis was significantly delayed 
in both the hypoxia-normoxia group and hypoxia-hyperoxia 

Table 1. pH, pO2, and pCO2 of culture medium according to the oxygen supplied

Normoxia Hypoxia Hypoxia/normoxia Hypoxia/hyperoxia

pH 7.44 (7.43–7.45) 7.36 (7.37–7.42) 7.38 (7.34–7.40) 7.39 (7.31–7.45)
pCO2 (mmHg) 24.0 (21–26) 31.0 (27–36) 29.7 (26–34) 31.0 (26–35)
pO2 (mmHg) 70.3 (69–72) 39.7 (38–41) 72.3 (69–75) 261.3 (180–354)

Values are presented as median (range).
pCO2, partial pressure of carbon dioxide; pO2, partial pressure of oxygen.
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compared to the control group following LPS stimulation (P = 
0.004, P = 0.002, respectively). In the hypoxia-normoxia group, 
TLR4 receptor expression was increased (P = 0.035); however, 
production was significantly decreased in the hypoxia-
hyperoxia group (P < 0.001) (Fig. 4).

Comparison of the inflammatory response of 
neutrophils with or without LPS insult between 
hypoxia-normoxia and hypoxia-hyperoxia 
conditions 
There were no differences in the production of H2O2 between 

the hypoxia-normoxia and hypoxia-hyperoxia groups with 
or without LPS (P = 0.324, P = 0.490, respectively). Delay of 
apoptosis was prominent in the hypoxia-normoxia group with-
out LPS insult compared to the hypoxic-hyperoxic group (P = 
0.02). TLR4 receptor expression was lower in the hypoxia-hyper-
oxia group with or without LPS insult than in the hypo xia-
normoxia group (P = 0.006, P < 0.001, respectively) (Fig. 5).
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DISCUSSION
In this study, we examined the inflammatory response of 

neutrophils cultured in normoxia, hypoxia-normoxia, and 
hypo xia-hyperoxia conditions in vitro. The hypoxia-normoxia 
and hypoxia-hyperoxia models that simulated the PCAS, 
demonstrated the initiation of the inflammatory response 
in neutrophils by hypoxic insult. We proposed that LPS func-
tioned as a source of secondary infection in PCAS and that it 
amplified the inflammatory infection of neutrophils primed 
by hypoxia. Temporary hyperoxia, which physicians com-
monly use in clinical situations, did not show a difference in 
the inflammatory reaction of neutrophils compared to the 
hypoxia-normoxia group. Rather, it seemed to downregulate the 
inflammatory responses by attenuating TLR4 receptor produc-
tion. 

Hypoxia-normoxia or hypoxia-hyperoxia models simulated 
with different oxygen tensions have been used in other studies 
[11]. In this study, analysis of the culture medium showed 
little difference in pH and pCO2 among groups; however, the 
distinction in the pO2 level was clear with the lowest level 
(39.7 mmHg) in hypoxia and the highest in hypoxia-hyperoxia 
(261.3 mmHg). We were able to produce normoxic, hypoxic, and 
hyperoxic environments successfully according to standard 
definitions. In this study, although it was not statistically 
significant, under hypoxia-normoxia and hypoxia-hyperoxia 
conditions, compared to the control group, production of H2O2 
was elevated. It was previously determined that the release 
of free oxygen radicals such as H2O2 with cytokines and 
complement-activation products leads to marked activation 
of neutrophils during reperfusion injury [2]. ROS produced 
by hypoxia facilitates a rapid microvascular inflammatory 
response that is characterized by enhanced leukocyte-endo-
thelial adherence and migration, which increases vascular per-
meability and eventually, self-destruction of tissue [12].

We showed that hypoxia-normoxia or hypoxia-hyperoxia 
culture delayed apoptosis of neutrophils compared to the 
control group. Haslett et al. [13] and Mecklenburgh et al. [14] 
showed that incubation of isolated human peripheral blood 
neutro phils under hypoxic conditions caused a profound 
inhibition of neutrophil apoptosis. Other studies have shown a 
delay in apoptosis of neutrophils during hypoxia and as a result, 
persistent inflammation has been noticed [8,15]. As a result of 
the prolongation of the neutrophil’s life span, the inflammatory 
response can persist and develop into systemic inflammation 
syndrome. 

In this study, TLR4 receptor production was increased under 
hypoxia-normoxia conditions compared to the control group. 
The production of TLR4 receptor in conditions of hypoxia 
followed by temporary hyperoxia was not higher than that 
that of the control group. The elevation of TLR4 receptor was 

closely related to the inflammatory reaction, and hypoxic stress 
was found to up-regulate TLR4 receptor expression [16,17]. 
Notably, TLR4 receptor plays a pivotal role in the pathogenesis 
of cerebral ischemic damage [18], and TLR4-NADPH oxidase 4 
(NOX4) signal-mediated ROS production might contribute to 
the damage [19]. In an animal study, after ischemia-reperfusion 
injury, the expression of TLR4 receptor was significantly 
increased in the skin flap tissue with excessive neutrophil 
infiltration [20]. As we can see from these studies, elevation of 
TLR4 receptor production is closely related to the aggravation of 
inflammation by the role of receptors for secondary infection 
such as LPS. Our study also showed that the inflammatory 
response of neutrophils exaggerated the response to a 
secondary infection such as that caused by LPS insult after 
hypoxia-normoxia or hypoxia-hyperoxia insult. After loss of the 
gut barrier function by ischemia-reperfusion injury, intestinal 
permeability is altered whereby bacterial translocation and 
increased portal endotoxemia lead to systemic endotoxemia 
and systemic infection. These events will eventually cause 
a septic state and MODS [21]. There is a close relationship 
between systemic inflammation and the two-hit model. The 
priming and subsequent insult to neutrophils has been closely 
investigated and used to explain the two-hit model [22]. If 
an initial insult primes the inflammatory response, tissue is 
injured and reaches a state similar to systemic inflammatory 
syndrome. At this critical point, if the proper response does not 
take place, tissue becomes vulnerable to a second hit and is led 
to MODS [23]. Such a response can be explained by the fact that 
the first insult with hypoxia-normoxia or hypoxia-hyperoxia 
makes the tissue vulnerable to the second insult, such as that 
of LPS, with similar results shown in other studies [24].

In clinical situations, hypoxic insult occurs during cardiac 
arrest and 100% O2 is supplied during resuscitation. After 
successful resuscitation, the patient is temporarily ventilated 
with hyperoxia. In this study, temporary hyperoxia did not 
worsen the inflammatory response of neutrophils; it actually 
attenuated TLR4 receptor production and did not delay the 
apoptosis of the neutrophils. This phenomenon may be ex-
plained by (1) endotoxin intolerance or (2) attenuation of 
inflam mation by reoxygenation. Hyporesponsiveness of 
circulating leukocytes in patients with systemic inflammatory 
response syndrome has been studied and neutrophil and 
monocytes as well as lymphocytes seem to be affected [25]. 
This may protect against overwhelming dysregulation of the 
proinflammatory process with risk of immune paralysis or 
endogenous immunosuppression [26]. Reoxygenation may 
attenuate the adhesion of neutrophils to microvascular endo-
thelial cells, which is a critical step in ischemia-reperfusion 
in jury [27]. Continuous hyperoxygenation may sustain inflam-
ma tion; however, temporary hyperoxia does not worsen inflam-
ma tion as part of reoxygenation. 
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There are a few limitations of this study. First, we simulated 
in vitro hypoxia-normoxia and hypoxia-hyperoxia conditions to 
create similar conditions of PCAS. There are complications such 
as accumulation of carbon dioxide or acidification of blood that 
is accompanied by ischemic injury in clinical situations, but in 
this study only manipulation of oxygen tension was performed. 
Therefore, we only observed hypoxia and overlooked other 
complications. Second, the viability of the neutrophils was 
lower than in the control group: 85.8% in hypoxia group and 
99.4% in the control group. Therefore, the attenuation of TLR4 
receptor production may be affected by decreased viability. 
Finally, in clinical situations, after successful resuscitation, if 
indicated, the patient is subjected to therapeutic hypothermia. 
In our study, we cultured neutrophils in a 37°C environment, 
thus the inflammatory response of neutrophils under thera-
peutic hypothermia could not be tested. In future research, 
other complications such as the accumulation of Pco2, acidosis, 
and inflammatory reaction should be evaluated under hypo-
thermic conditions.

The ischemia-reperfusion model in vitro, which simulated the 
postcardiac arrest state with hypoxia-normoxia and hypo xia-
hyperoxia models, showed that hypoxia-normoxia and hypoxia-
hyperoxia initiated the inflammation of neutrophils. LPS 
amplifies such inflammation; therefore, prevention of secon-

dary infection is critical in postresuscitation patients. However, 
temporary hyperoxia may suppress or minimize inflammation 
by attenuation of the expression of TLR4 receptor. It is well 
known that continuous hyperoxygenation after successful 
cardiac resuscitation can harm the patient and worsen the 
prognosis; however, temporary hyperoxygenation with 100% O2 
in clinical situations may be appropriate treatment. 

In conclusion, we suggest that temporary high oxygen sup-
port after hypoxia may contribute to the suppression of inflam-
mation through appropriate apoptosis and attenuation of the 
expression of TLR4 receptor.
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