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Introduction

Cardiac arrest (CA) leads to sudden loss of heart function 
and causes abrupt stop in effective blood flow to the body. 
In patients who achieve return of spontaneous circulation 
(RoSC) after CA, morbidity and mortality still remains signif-
icantly high because of the development of post-cardiac arrest 
syndrome (PCAS) [1, 2]. In PCAS, multi-organ dysfunctions 
are involved in and associated with low survival rate. Survival 
rate in patients at the early period after CA ranges from 4% 
to 33% [3]. The low survival rate after CA is attributed to a 
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Abstract: Cardiac arrest (CA) is sudden loss of heart function and abrupt stop in effective blood flow to the body. The patients 
who initially achieve return of spontaneous circulation (RoSC) after CA have low survival rate. It has been known that multi-
organ dysfunctions after RoSC are associated with high morbidity and mortality. Most previous studies have focused on the heart 
and brain in RoSC after CA. Therefore, the aim of this research was to perform serological, physiological, and histopathology 
study in the lung and to determine whether or how pulmonary dysfunction is associated with low survival rate after CA. 
Experimental animals were divided into sham-operated group (n=14 at each point in time), which was not subjected to CA 
operation, and CA-operated group (n=14 at each point in time), which was subjected to CA. The rats in each group were 
sacrificed at 6 hours, 12 hours, 24 hours, and 2 days, respectively, after RoSC. Then, pathological changes of the lungs were 
analyzed by hematoxylin and eosin staining, Western blot and immunohistochemistry for tumor necrosis factor  (TNF-). The 
survival rate after CA was decreased with time past. We found that histopathological score and TNF- immunoreactivity were 
significantly increased in the lung after CA. These results indicate that inflammation triggered by ischemia-reperfusion damage 
after CA leads to pulmonary injury/dysfunctions and contributes to low survival rate. In addition, the finding of increase in 
TNF- via inflammation in the lung after CA would be able to utilize therapeutic or diagnostic measures in the future.
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unique pathophysiological process called PCAS [1]. PCAS in-
cludes all clinical and biological manifestations such as brain 
injury, myocardial dysfunction, and persistently precipitating 
pathology [3]. The pathophysiological process of PCAS could 
be the results of a combination of whole-body ischemia-
reperfusion (IR)‒mediated damage and nonspecific activa-
tion of systemic inflammatory response triggered by CA and 
RoSC [4].

Inflammatory response usually occurs due to infection. 
However, “sterile inflammation” occurs in cases of chemically 
induced injury, trauma, or ischemia [2]. Systemic IR injury 
after RoSC triggers the release of inflammatory cytokines and 
eventually leads to systemic inflammatory response syndrome 
even in the absence of infection [5]. Ischemia and subsequent 
reperfusion in multiple organs are unavoidable during CA 
and RoSC, which commonly results in acute and sterile sys-
temic inflammation, and IR activates and infiltrates innate 
immune cells [2, 6]. Increased pro-inflammatory cytokines 
have been reported following resuscitation [7]. The inflam-
matory response after RoSC is characterized by activation 
of polymorphonuclear leukocytes, expressions of adhesion 
molecules, production of reactive oxygen species from induc-
ible nitric oxide synthase, and release of cytokines, such as in-
terleukin-6 and tumor necrosis factor  (TNF-) [8]. TNF- 
increases shortly in myocardium after RoSC and is predictive 
of early death, especially, plasma levels of TNF- have been 
shown to be inversely correlated with myocardial function 
after CA [9]. In addition, cytokines including TNF- are se-
creted by alveolar macrophages and amplify the response of 
endothelial and epithelial cells in the lung [2, 6, 10]. However, 
the role of TNF- in other organs is still unclear after CA.

Recently, Roberts et al. [11] have reported that multiple 
organ dysfunctions are common in PCAS after RoSC, which 
is associated with survival rate. However, many studies after 
RoSC have focused on injuries and dysfunctions of the myo-
cardium (heart) and brain [12, 13]. Failures in other vital or-
gans including the lung, liver, and kidney have been ignored 
[1, 11, 13]. We had perceived a paucity of serological and his-
topathological studies regarding pulmonary damage and dys-
function in RoSC. The relationship between survival rate and 
multiple organ dysfunctions in PCAS remains unclear. There-
fore, we aimed to perform serological, physiological, and his-
topathology study in the lung. Furthermore, we hypothesized 
that IR following CA causes inflammation response in the 
lung, which leads to pulmonary dysfunction and alteration 
of pro-inflammatory factors. To assess these, we designed to 

induce asphyxial CA model in rats and observed survival rate 
during post-resuscitation phase. Moreover, we studied the 
dysfunction of lung by examining histopathological change 
during the early period after RoSC. In addition, we investi-
gated alterations in TNF-, as a pro-inflammatory cytokine, 
by immunohistochemistry as well as western analysis. 

Materials and Methods 

Experimental animals and groups
Male Sprague-Dawley rats were obtained from the Ex-

perimental Animal Center of Kangwon National University 
(Chuncheon, South Korea). All experimental protocols were 
approved based on ethical procedures and scientific care 
by the Kangwon National University-Institutional Animal 
Care and Use Committee (approval no. KW-151127-1). All 
subjects gave consent. Animals were divided into (1) sham-
operated group (n=14 at each point in time), which was not 
subjected to CA operation, and (2) CA-operated group (n=14 
at each point in time), which was subjected to CA. The rats in 
each group were sacrificed at 6 hours, 12 hours, 24 hours, and 
2 days, respectively, after RoSC.

CA induction and cardiopulmonary resuscitation 
CA and cardiopulmonary resuscitation (CPR) were per-

formed using published procedures [14, 15] with minor 
modification. Briefly, rats were anesthetized with 2%‒3% 
isoflurane and mechanically ventilated to maintain respira-
tion using a rodent ventilator (Harvard Apparatus, Holliston, 
MA, USA). To monitor peripheral oxygen saturation (SpO2), 
an oxygen saturation probe of pulse oximetry (Nonin Medi-
cal Inc., Plymouth, MN, USA) was attached to the left foot. 
Body temperature was maintained at 37±0.5°C during and 
after the CA surgery. For electrocardiogram (ECG), electro-
cardiographic probes (GE Healthcare, Milwaukee, WI, USA) 
were placed in limbs and data were monitored continuously. 
The left femoral artery and right femoral vein were separately 
cannulated to monitor mean arterial pressure (MAP) (MLT 
1050/D, AD Instruments, Bella Vista, Austria) and intrave-
nous injection.

Vecuronium bromide (2 mg/kg, Gensia Sicor Pharmaceu-
ticals, Irvine, CA, USA) was intravenously administered after 
5 minutes of stabilization period, anesthesia was stopped, and 
mechanical ventilation was stopped. MAP below 25 mm Hg 
and subsequent pulseless electric activity were used to define 
CA [1, 2]. CA was confirmed at 3‒4 minutes after vecuronium 
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bromide injection. At 5 minutes after CA, CPR was initiated by 
intravenously administering a bolus injection of epinephrine 
(0.005 mg/kg) and sodium bicarbonate (1 mEq/kg) followed 
by mechanical ventilation with 100% oxygen and mechanical 
chest compression at a rate of 300/min until MAP reached 60 
mm Hg and electrocardiographic activity was observed. Once 
the animals were hemodynamically stable and spontaneously 
breathing (usually at 1 hour after RoSC), they were extubated 
at 2 hours after resuscitation and monitored for outcome 
evaluation.

Tissue processing
According to general method, the rats were anesthetized 

with sodium pentobarbital (30 mg/kg, intraperitoneal admin-
istration) and perfused transcardially with 4% paraformalde-
hyde. The lung tissues were isolated, cut, embedded in paraf-
fin, and sectioned (6 m). 

Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) staining was done to exam-

ine histopathological changes according to general protocol. 
Shortly, sections of 6 m were prepared and stained with H&E, 
dehydrated by a serial of ethanol and mounted with Canada 
balsam (Kanto Chemical, Tokyo, Japan). Histopathological 
analysis for lesion of the lung was semi-quantitatively assessed 
by a published procedure [16]. In brief, lung injury was scored 
according to (1) thickness of the alveolar wall; (2) infiltration 
or aggregation of neutrophils in airspace, the alveolar wall, or 
the vessel wall; and (3) alveolar congestion, and each item was 
graded on a four-point scale. Each component ranged from 0 
to 3, with higher scores indicating more severe damage.

Western analysis
To examine change in level of TNF- protein in the lung 

after CA, western blot analysis (n=7 per group) was per-
formed according to our published method [17]. In short, the 
lung tissues were homogenized and centrifuged. The protein 
level in the supernatants was determined using a Micro BCA 
protein assay kit with bovine serum albumin as a standard 
(Pierce Chemical, Rockford, IL, USA). The membranes were 
incubated with 5% non-fat dry milk to reduce background 
staining and followed by incubation with rabbit anti‒TNF- 
(diluted 1:500, Abcam, Cambridge, UK), peroxidase conjugat-
ed goat anti-rabbit IgG (Sigma-Aldrich, St. Louis, MO, USA) 
and an enhanced chemiluminescence kit (Pierce Biotechnol-
ogy). The result of the western blot analysis was scanned, and 

densitometric analysis for the quantification of the bands was 
done using Scion Image software (Scion Corp., Frederick, 
MD, USA), which was used to count relative optical density 
(ROD). A ratio of the ROD was calibrated as %, with vehicle-
sham group designated as 100%.

Immunohistochemistry
TNF- immunohistochemistry was carried out according 

to our published procedure [17], the sections were incubated 
with a rabbit anti‒TNF- (diluted 1:500, Abcam), followed 
with secondary antibody (Vector Laboratories Inc., Burlin-
game, CA, USA), developed using Vectastain ABC (Vector 
Laboratories Inc.), and visualized with 3,3ʹ-diaminobenzidine. 
To quantitatively analyze TNF- immunoreactivity, the 
staining intensity of TNF-‒immunoreactive structures was 
evaluated on the basis of an optical density (OD), which was 
obtained after the transformation of the mean gray level us-
ing the formula: OD=log(256/mean gray level). The OD of 
background was taken from areas adjacent to the measured 
area. After the background density was subtracted, a ration of 
the OD of an image file was calibrated in Adobe Photoshop 8.0 
and then analyzed as a percent, with sham-operated-group 
designated as 100% in NIH Image 1.59.

Statistical analysis
All data were entered into SAS version 9.02 (SAS In-

stitute Inc., Cary, NC, USA). All data were presented as 
means±standard error of mean. Survival was analyzed using 
Kaplan-Meier statistic and log-rank test. MAP and peripheral 
oxygen were compared using one and two-way repeated mea-
sures of ANOVA to assess the effect of time. To determine the 
significance of differences, post-hoc analyses were conducted 
using Tukey test for all pairwise multiple comparisons. To 
conduct semiquantitative analysis for histopathology and 
TNF- immunoreactivity, differences were considered sig-
nificant when P-value was less than 0.05.

Results

Physiological variables
There were no significant (P>0.05) differences between the 

sham operated and CA operated group for baseline character-
istics (Table 1). CA was confirmed with isoeletric ECG, SpO2, 
and MAP. ECG, SpO2, and MAP were changed as expected 
according to the experimental protocol. Body weight was not 
changed, and body temperature and heart rate were the same 
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as that at the baseline or after RoSC. The survival rate after 
CA was 100% at 6 hours after RoSC; the rate was decreased 
with time past about 64% at 12 hours, 36% at 1 day, and 7% at 
2 days after RoSC.

Histopathological change
In the CA operated group, histopathology in the lung was 

significantly increased in a time-dependent manner after CA 
(P<0.05) (Fig. 1). Damage of the alveolar structure was signif-
icantly increased at 12-hour post-CA. The damage was more 
increased at 1 day after CA and maintained until 2-day post-
CA. The histopathological changes involved alveolar septa 
thickness and infiltration of a number of inflammatory cells. 

The alveoli were filled with pigment-laden macrophages and 
red blood cells. The histopathological changes also included 
bronchointerstitial pneumonia and small caliber bronchioles 
filled with inflammatory exudates surrounded by zones of 
interstitial pneumonia. In addition, bronchioles and alveolar 
spaces contained lymphocytes, plasma cells and neutrophils. 

Levels of TNF- 
Levels of TNF- protein in the lung of the CA operated 

group were altered in a time-dependent manner after CA (Fig. 
2). TNF- levels were significantly increased 6 and 12 hours 
after CA compared with the sham operated group and peaked 
1 day after CA. Two days after CA, TNF- level was similar to 

Table 1. Physiologic variables and survival rate after cardiac arrest
Baseline Cardiac arrest 6-Hour post-CA 12-Hour post-CA 1-Day post-CA 2-Day post-CA

Body weight (g) 296.4±22 - 293.2±37 296.7±38 295.2±52 295.8±38
Temperature (°C) 36.7±0.2 34.7±0.7 36.6±0.4 36.7±0.6 36.7±0.3 37.2±0.1
Asphyxial time to CA (s) - - 186±20 192±32 188±48 189±33
CPR time (min) - - 1.4±0.3 1.5±0.7 1.6±0.3 1.5±0.4
Mean arterial pressure (mm Hg) 118±12 - 109±12 113±34 114±16 117±11
Heart rate (beat/min) 333±11 - 358±43 347±45 328±56 340±56
Survival rate (%) - - 100 64.3 35.7 0

CA, cardiac arrest; CPR, cardiopulmonary resuscitation.
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Fig. 1. H&E staining of the lung of the sham (A) and cardiac arrest (CA) operation (B–E) groups. In the CA operated lungs, histopathology is 
markedly increased at 12-hour post-CA (P<0.05). The histopathological change is more increased at 1- and 2-day post-CA, showing the thickness 
of alveolar septa and infiltration of a number of inflammatory cells and that alveoli are filled with pigment-laden macrophages and red blood cells. 
Scale bar=100 m. (F) Lung lesion score of the sham and CA operation groups (n=7 per group; *P<0.05, significantly different from the sham 
group). The bars indicated the mean±standard error of mean.
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that at 1-day post-CA.

TNF- immunoreactivity
TNF- reaction was not markedly observed in the lung tis-

sue of the sham operated group (Fig. 3). TNF- immunoreac-
tivity in the lung of the CA operated group was significantly 
changed with time after CA (Fig. 3). TNF- immunoreactiv-
ity was increased in the bronchial epithelium at 6-hour post-
CA (Fig. 3B). At 12-hour post-CA, the intensity of TNF- 
reaction was more increased in the bronchial and bronchiolar 
epithelium, and many TNF- immunoreactive cells were 
found in the parenchyma. At 1-day post-CA, immunohisto-
chemical reaction of TNF- was observed in numerous cells 
in the alveolar interseptal region and the epithelium of the 
bronchi and bronchioles. At 2-day post-CA, the distribution 
pattern of TNF- immunoreactivity in the lung was similar to 
that at 1-day post-CA.

Discussion

PCAS is known as the main cause of early mortality after 
resuscitation from CA in patients and animal models [11, 18]. 
The pathophysiology of PCAS is complex and only partially 
understood [4]. One of the pathophysiological processes of 
PCAS is known to be attributed to IR-mediated damage and 
activation of systemic inflammatory response triggered by CA 
and RoSC [1]. 
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Fig. 2. Western blot analysis of tumor necrosis factor  (TNF-) in 
the lung of the sham and cardiac arrest (CA) operated groups. TNF- 
protein level is highest 1 day after CA. Relative optical density (ROD) 
as the mean percentage values of the immunoblot band is represented 
(n=7 per group; *P<0.05, significantly different from the sham group). 
The bars indicate the mean±standard error of mean.
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Fig. 3. Immunohistochemistry of tumor necrosis factor  (TNF-) in the lung of the sham (A) and cardiac arrest (CA) operated (B–E) 
groups. TNF- immunoreactivity is shown in the bronchial epithelium from 6-hour post-CA, which is gradually increased with time. TNF- 
immunoreactive cells (arrows) are found in the parenchyma from 12-hour post-CA. Scale bar=100 m. (F) Relative optical density (ROD) of 
TNF- immunoreactive structures in the sham and CA operation groups (n=7 per group; *P<0.05, significantly different from the sham group). 
The bars indicate the mean±standard error of mean.
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Che et al. [19] reported that the survival rate was about 
40% at 2 days after RoSC in a rat model of asphyxial CA. Kida 
et al. [20] reported that all mice died within 1 day after RoSC 
in a mouse model of potassium induced CA. In our present 
study, the survival rate was immediately and significantly 
decreased after RoSC in the CA operated group and reached 
about 7% at 2 days after RoSC. As described above, the sur-
vival rate in animal models of CA was very low in the early 
stage of RoSC. Therefore, histopathological evaluation was 
focused in the early period after CA in this present study.

Multiple organs have been involved in IR damage, and sys-
temic inflammation reaction took place in RoSC after CA [10]. 
The lung is considered as the most sensitive vital organ to in-
flammatory response following ischemic injury [10, 21]. For 
instance, cardiopulmonary bypass (CPB) can cause diffuse in-
jury in the lung and leads to post-operative pulmonary edema 
and abnormal gas exchange [21]. Furthermore, IR after CPB 
is associated with whole body inflammatory response, and 
the systemic inflammation is thought to be, in a part, the re-
sult of IR injury [10, 21]. Asimakopoulos et al. [21] reported 
that alveolar macrophages were activated at early stage (within 
30 minutes) after acute lung injury and produced high levels 
of TNF-. They also demonstrated that pulmonary macro-
phages were found in airways, alveolar spaces, interstitium, 
pleura space, and pulmonary capillary lumens in the develop-
ment of inflammation.

This inflammation involves activation of leukocytes, se-
cretions of cytokines, leukocytes adhesions to microvascular 
endothelium, and leukocytes extravasation, which develop 
tissue damage in final [2, 6, 21, 22]. In addition, immune 
cells are rapidly activated upon reperfusion and induce di-
rect tissue injury or augment inflammation via production 
of pro-inflammatory cytokines. The release of various pro-
inflammatory cytokines such as TNF- can lead to entrap-
ment of neutrophils in the pulmonary capillaries. Elevated 
plasma levels of TNF-, interleukin (IL)-6, IL-8 are strongly 
correlated with pulmonary dysfunction [10, 21, 22]. Those 
cytokines cause generation of polymorphonuclear cells and 
their entrapment in pulmonary capillaries, and eventually re-
sult in cell swelling, plasma and protein extravasation into the 
interstitial tissue, release of proteolytic enzymes, congestion 
of alveoli with plasma, erythrocytes and inflammatory debris 
which alter capillary permeability [6, 23]. Finally, these abnor-
mal pathophysiological processes lead to massive interstitial 
pulmonary edema, pulmonary fibrosis, and acute respiratory 
distress syndrome (ARDS), which is acute, non-cardiogenic 

and high-permeability lung injury, and associated with high 
mortality [21, 24]. In addition, inflammatory mediators such 
as TNF-, IL-1, IL-6 are increased in plasma and lavage fluid 
during ARDS, and correlate with adverse outcomes [21].

Generally, ischemic pulmonary injury evokes serious his-
topathology changes and infiltrated inflammatory cells [24]. 
TNF- is produced primarily by macrophages and by a broad 
variety of cell types including lymphoid cells, mast cells, en-
dothelial cells, myocytes, fibroblasts, and neurons following 
CA, and implicated in myocardial and brain dysfunctions in 
early post-CA period [25, 26]. Recently, it was reported that 
TNF- protein levels were increased in the left ventricle of the 
heart and in the striatum of the brain from 6 hours after CA 
[9, 27]. Chenoune et al. [28] reported similar histopathologi-
cal changes 7 days after CA in a rabbit model of CA, which 
included pulmonary congestion with serous edema or foci of 
bronchopneumonia [28].

In this study, histopathological score in the CA operated 
lungs was significantly (P<0.05) increased at 12-hour post-
CA, and infiltration of inflammatory cells as well as pulmo-
nary edema were significantly increased at 1 day after CA, 
which was similar at 2-day post-CA. This indicates that pul-
monary injury might be still progressed after 1-day post-CA. 
Moreover, TNF-immunoreactivity was significantly increased 
from 6-hour post-CA and highest at 1-day post-CA, which 
was maintained until 2-day post-CA. Although, there are 
no reports on causal relationship between lung damage and 
mortality after RoSC, it has been reported that pulmonary 
dysfunction following lung injury after cardiac surgery consti-
tutes a major factor influencing perioperative morbidity and 
mortality [29]. Therefore, our results support the hypothesis 
that inflammatory response involving TNF- within lungs 
is associated with pulmonary dysfunction and could lead to 
high mortality at early stage of PCAS. In conclusion, future 
researches should aim to better understand mechanisms of 
lung IR injury to identify more effective therapeutic targets 
or diagnostic measures and aim to push the most promising 
therapeutics toward clinical trials. It is a reasonable strategy to 
eliminate or reduce the degree of inflammation-induced mor-
bidity and mortality by suppressing secretion and function of 
various inflammatory mediators.
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