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Abstract. The present study aimed to investigate the levels 
of malondialdehyde (MDA), superoxide dismutase (SOD) and 
interleukin (IL)‑6 in the lung tissue of a rat model of acute 
pulmonary edema induced by acute hypoxia, and its patho-
physiological significance. A total of 48 adult Wistar rats were 
randomly divided into group A, a normal group; group B, a 
model of acute pulmonary edema induced by hypoxia for 
24 h; group C, a model of acute pulmonary edema induced by 
hypoxia for 48 h; and group D, a model of acute pulmonary 
edema induced by hypoxia for 72 h. The rats in groups B‑D 
were intraperitoneally injected with 6% ammonium chloride 
to establish the model of acute pulmonary edema, and were 
subsequently sacrificed following successful modeling for 24, 
48 and 72 h. The plasma of rats was isolated and the lungs of 
the rats were removed. Subsequently, a 10% lung homogenate 
was prepared and the contents and the activities of MDA, 
SOD and IL‑6 in the lung tissue and IL‑6 in the plasma were 
detected by enzyme‑linked immunosorbent assay. MDA and 
IL‑6 expression levels increased and SOD activity decreased in 
the lung tissue in group B as compared with group A; however 
the difference did not reach significance (P>0.05). MDA, IL‑6 
and SOD levels in the lung tissue of rats were significantly 
altered following the increased duration of pulmonary edema 
in groups C and D, as compared group A (P<0.05). The plasma 
IL‑6 levels of the rats in groups B‑D significantly increased, as 
compared with those in group A (P<0.05). In conclusion, the 
results of the present study demonstrated that the incidence 
of acute pulmonary edema may be associated with oxida-
tive stress. Furthermore, decreased antioxidant capacity and 
increased free radical levels may be associated with pulmo-
nary edema, as in the present study the levels of IL‑6, SOD 

and MDA in the lung tissue were observed to be associated 
with the pathological changes of the disease.

Introduction

Acute pulmonary edema is a common presentation in 
cardiology. Its clinical manifestations include sudden severe 
dyspnea and orthopnea, which are often accompanied by a 
cough, pink frothy sputum, restlessness, cyanosis, sweating, 
tachycardia, and moist and wheezing rales (1). If severe, acute 
pulmonary edema can cause syncope and cardiac arrest (2).

Acute pulmonary edema is pernicious and the mortality 
rate is ~12% (3). The pathogenesis and physiology of acute 
pulmonary edema have been extensively researched in recent 
years (2,4); however, the pathogenesis of acute pulmonary 
edema is yet to be fully elucidated. Previous studies have 
demonstrated that the following are important mechanisms of 
acute pulmonary edema: Excessive shrinkage of pulmonary 
vasculature; increased pulmonary capillary permeability; and 
a decreased capacity for the clearance of hypoxia‑induced 
alveolar fluid (5,6). The study of pathological and physiolog-
ical changes of lung tissue in the human body is challenging. 
Therefore, the human pathologic state and pathophysiological 
processes may be reproduced in an animal model of lung tissue 
damage to enable investigation of the occurrence, development 
and characteristics of the disease, and to explore novel thera-
peutic strategies for the treatment of acute pulmonary edema.

Animal models of acute pulmonary edema have previously 
been established and studies have demonstrated that changes 
in the levels of malondialdehyde (MDA), superoxide dismutase 
(SOD) and interleukin (IL)‑6 may play an important role in 
hypoxia‑induced acute pulmonary edema (7,8). In the present 
study, a rat model of acute pulmonary edema was established 
in order to clarify the functions of MDA, SOD and IL‑6 in 
this condition. In particular, alterations in the levels of SOD 
and MDA in the lung tissue of rats with acute pulmonary 
edema were analyzed to elucidate the role of hypoxia in acute 
pulmonary edema.

Materials and methods

Experimental animals and grouping. A total of 48 adult Wistar 
rats (male, 26; female, 22; weight, 200±20 g) were purchased 
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from the Experimental Animal Center of Zhengzhou University 
(Zhengzhou, China). The rats were divided into four equally 
sized groups: Group A, normal group; group B, acute pulmo-
nary edema model induced by hypoxia for 24 h; group C, acute 
pulmonary edema model induced by hypoxia for 48 h; and 
group D, acute pulmonary edema model induced by hypoxia 
for 72 h. The rat model of pulmonary edema was prepared 
in groups B-D by the injection of 6% ammonium chloride 
(as described below). The general condition of the rats was 
observed in addition to lung coefficient calculations and 
pathological sections, and the successful establishment of the 
model was verified. The present study was performed in strict 
accordance with the recommendations outlined by the Guide 
for the Care and Use of Laboratory Animals (8th edition, 
2010) of the National Institutes of Health (Bethesda, MD, 
USA). The animal protocol was reviewed and approved by the 
Institutional Animal Care and Use Committee of the Second 
Hospital of Hebei Medical University (Shijiazhuang, China).

Establishment of the animal model and experimental proce‑
dures. In order to establish a rat model of acute pulmonary 
edema, the 36 rats in groups B‑D were injected with 6% ammo-
nium chloride (Bohu Biotechnology Co., Shanghai, China) 
into the abdominal cavity. Female rats were administered 
6‑8 ml/kg, whereas male rats received 9‑12 ml/kg. The animal 
model was established according to a previously described 
procedure (4). After the model was deemed successful, all 
rats were given ad libitum access to feed and water. Rats in 
the experimental groups were fasted 24 h prior to sampling, 
whereas rats in the normal group were fed during this time. 
Following successful modeling for 24, 48 and 72 h, rats in 
groups B‑D were anesthetized by the intraperitoneal injection 
of 10% urethane (Nengren Biotechnology Co., Wuhan, China). 
Heparinized blood was harvested from the abdominal aorta 
and centrifuged at 4,500 x g for 15 min at 4˚C to separate 
the plasma, which was subsequently preserved at ‑70˚C prior 
to determination of IL‑6 levels. The rat lungs were separated 
and harvested in order to prepare the 10% lung tissue homog-
enate using the tissue lysate (Boster Biological Technology, 
Ltd., Wuhan, China). Hematoxylin and eosin staining was 
performed in strict accordance with the manufacturer's 
protocol (Dingguo Biotechnology Co. Ltd., Beijing, China). 
The main procedure included the following steps: Sampling 
and fixation, dehydration, paraffin embedding, slicing and 
wax dyeing. The staining results were observed under a light 
microscope (BX51; Olympus Corp., Tokyo, Japan).

Determination of water content in lung tissue. The surface 
blood in the left lung of the rats was dried using an absor-
bent strip, immediately weighed, and placed into a 60˚C oven 
for 72 h, until no further weight reduction was observed. 
Subsequently, the dry weight of the lung tissue was calculated 
and the water content (%) in the lung tissue was determined as 
(wet weight - dry weight) / wet weight x100%.

Determination of MDA and SOD levels in lung tissue. MDA 
and SOD levels were detected in the lung tissue of rats in the 
four groups. MDA and SOD assay kits were purchased from 
Boster Biological Technology, Ltd., and were performed in 
strict accordance with the manufacturer's protocol.

Enzyme‑linked immunosorbent assay (ELISA). IL‑6 levels 
in the plasma and lung tissue were detected using ELISA 
(Sigma‑Aldrich, St. Louis, MO, USA), according to the manu-
facturer's protocol.

Statistical analysis. Data were analyzed using SPSS statistical 
software, version 14.0 (SPSS, Inc., Chicago, IL, USA) and were 
presented as the mean ± standard deviation. Between‑group 
differences were compared using single factor analysis. P<0.05 
was considered to indicate a statistically significant difference.

Results

Observation results in the lung tissue of rats. Rats in the 
four groups were sacrificed, and lung tissue was obtained. 
In group A, the lung tissue was found to be uniform, with 
no significant pulmonary edema, and the wet weight was 
not significantly increased. However, significant edema was 
detected in the lung tissue of groups B, C and D, while the 
wet weight and water content were significantly increased 
(P=0.046, 0.021 and 0.009, respectively; Fig. 1) compared with 
group A. The results of hematoxylin and eosin staining showed 
that the rat lung tissue in group A did not present significant 
edema, and the pulmonary tissue morphology was normal. By 
contrast, pulmonary congestion and edema were detected in 
groups B, C and D, with a protein rich liquid saturating the 
pulmonary interstitium, alveoli and bronchioles, in addition to 
hyaline membranes lining the alveolar walls (Fig. 2).

MDA and SOD changes in the lung tissue of rats. The levels of 
MDA and SOD in the lung tissue of rats with acute hypoxia in 
groups B‑D were measured as representative values in edema 
at different time points, and compared with those of group A. 
The results demonstrated that the MDA levels increased 
whereas SOD activity decreased in the rats in group B, as 
compared with those in group A, although not significantly 
(P>0.05). However, the MDA levels and SOD activity in the 
lung tissue of rats with pulmonary edema were significantly 
altered as the duration of edema increased. The MDA levels 

Figure 1. Significant edema was detected in the lung tissue of the rat models 
of acute pulmonary edema following sacrifice, and the wet weight was sig-
nificantly increased. 
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significantly increased in groups C and D following hypoxia 
for 48 h and 72 h whereas SOD activity significantly decreased, 
when compared with those in group A (P<0.05; Table I).

IL‑6 changes in the plasma and lung tissue of rats. The changes 
of IL‑6 levels in the lung tissue and plasma of the rats with pulmo-
nary edema induced by acute hypoxia were measured at three 
different time points, and compared with those in group A. The 

results showed that the IL‑6 levels were significantly increased 
in the plasma of the rats in groups B‑D as compared with those 
in group A (P<0.05). The IL‑6 levels in the lung tissue were 
notably increased in the rats in group B compared with those in 
group A (P>0.05), and were significantly increased in the rats 
in groups C and D as compared with those in group A (P<0.05), 
indicating that the IL-6 levels increased when the duration of 
lung edema was prolonged (Table II).

Table I. Superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels in the lung tissue of rats in groups A‑D.

Indices	 Group A 	 Group B	 Group C 	 Group D

SOD (U/g)	 3.57±0.67	 3.33±0.56	 2.74±0.54a	 2.56±0.48a

MDA (mmol/g)	 0.97±0.47	 1.12±0.56	 1.37±0.62a	 1.52±0.74a

Group A, normal group; group B, acute pulmonary edema model induced by hypoxia for 24 h; group C, acute pulmonary edema model induced 
by hypoxia for 48 h; and group D, acute pulmonary edema model induced by hypoxia for 72 h. aP<0.05, as compared with group A.
 

Table II. Levels of IL-6 in the plasma and lung tissue of rats in groups A‑D.

Indices	 Group A	 Group B	 Group C	 Group D

IL-6 in plasma (µg/l)	 103.83±32.14	 157.48±39.59a	 178.53±45.78a,b	 194.91±54.59a,b,c

IL-6 in lung tissue (µg/l)	   97.58±31.67	 117.79±35.54	 146.60±43.81d,e	 162.80±46.01d,e,f

Levels of IL-6 in plasma are significantly increased in the rats in groups B‑D, as compared with group A; whereas levels of IL-6 in the lung 
tissue are significantly increased in the rats in groups C and D, as compared with group A. Group A, normal group; group B, acute pulmonary 
edema model induced by hypoxia for 24 h; group C, acute pulmonary edema model induced by hypoxia for 48 h; and group D, acute pulmonary 
edema model induced by hypoxia for 72 h. aP<0.05, vs. group A plasma; bP<0.05, vs. group B plasma; cP<0.05, vs. group C plasma; dP<0.05, 
vs. group A lung tissue; eP<0.05, vs. group B lung tissue; fP<0.05, vs. group C lung tissue.
  

Figure 2. Hematoxylin and eosin stained sections of lung tissue harvested from various groups. (A) Group A: Normal pulmonary tissue morphology and no pul-
monary edema detected (magnification, x100). (B) Group B (magnification, x40) and (C) group C (magnification, x10): Pulmonary congestion and edema were 
detected, with a protein rich liquid saturating the pulmonary interstitium, alveoli and bronchioles. (D) Group D: Pulmonary interstitial edema and thickening 
were detected, as well as inflammatory cell infiltration, while the alveolar cavity was filled with exudation (magnification, x20).

  A   B

  C   D
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Discussion

Acute pulmonary edema predominantly occurs following 
acute extensive myocardial infarction, acute myocarditis, 
severe hypertension, aortic or mitral stenosis, infective endo-
carditis and cardiac trauma (9). Its onset is rapid, often inducing 
cardiac and respiratory failure; therefore, the mortality 
rates are high (10). In recent years, the incidence of acute 
pulmonary edema has gradually increased  (3). Prevention 
and treatment can significantly increase the survival rate of 
patients with pulmonary edema and reduce the sequelae and 
complications  (9). Since this disease has important social 
significance, it has been increasingly investigated by the 
medical community (11,12).

Study of the pathological and physiological changes of lung 
tissue in the human body is difficult. Therefore, it is useful 
to reproduce the pathological state and pathophysiological 
processes of acute pulmonary edema in humans by stimulating 
lung tissue damage in rats. The creation of an animal model of 
acute pulmonary edema aids the elucidation of the occurrence, 
development and characteristics of the disease, and the explo-
ration of novel therapeutic strategies for the treatment of acute 
pulmonary edema. Previous studies have reported the estab-
lishment of animal models of acute pulmonary edema (7,8). It 
has previously been demonstrated that the following are key 
mechanisms of acute pulmonary edema: Excessive shrinkage 
of the pulmonary vasculature; increased pulmonary capillary 
permeability and a decreased capacity for the clearance of 
alveolar liquid induced by hypoxia (5). Previous studies have 
demonstrated that acute hypoxia induces oxidative stress; 
the latter is capable of regulating inflammation, reducing 
the synthesis and release of NO in lung tissue and reducing 
pulmonary Na+‑K+ATP enzyme activity (13,14). Therefore, 
oxidative stress induced by hypoxia may have a key role in 
the occurrence and development of acute pulmonary edema. 
In order to verify this hypothesis, the present study investi-
gated the effects of oxidative stress in acute pulmonary edema 
by creating a rat model of hypoxia‑induced acute pulmonary 
edema (8) and analyzing MDA, SOD and IL‑6 levels. 

Hypoxia can alter the balance of oxygen free radicals and 
nitric oxide. Oxygen free radicals are capable of inducing cell 
damage via the peroxidation of polyunsaturated fatty acids in 
the biofilm and peroxide decomposition products (15). The 
content or activity of important indicators of oxidative stress, 
including SOD, lipid peroxidation products such as MDA, and 
IL‑6 can reflect the degree of lipid peroxidation and the extent 
of cell damage (16).

SOD is an important antioxidant enzyme that has a specific 
physiological activity and is the most important substance for 
scavenging free radicals in the body; furthermore, a decline 
in SOD levels is associated with aging. SOD is capable of 
resisting and blocking the damaging effects of oxygen free 
radicals on cells and initiating the timely repair of damage 
to cells caused by free radicals (17). Oxidative stress results 
from the excessive production of free radicals in the body, 
which can affect protein expression and other regulatory and 
response mechanisms  (18). When induced by free radical 
and compensated stress, the antioxidant capacity of a cell or 
organism can increase, during which the phenomenon of tran-
siently increased levels of SOD may be observed (19). SOD 

levels in the lung tissues of patients with acute pulmonary 
edema will increase due to oxidative stress. In particular, IL‑6 
is produced by various cells, including macrophages, T cells 
and B cells, and can regulate the growth and differentiation 
of numerous cells. Disorders in the expression levels of IL‑6 
have been associated with various diseases; for example, 
polyclonal B cell activation may occur in patients with auto-
immune diseases, including systemic lupus erythematosus, 
Reiter syndrome, Castleman disease, scleroderma, membrano-
proliferative glomerulonephritis and rheumatoid arthritis (20). 
IL‑6 expression levels are significantly increased in patients 
with these diseases, which may have an association with the 
patient's state of illness and curative effects. Furthermore, IL‑6 
expression levels are significantly increased in the lung tissue 
and plasma of patients with acute pulmonary edema, due to 
inflammation and oxidative stress. In particular, the severity of 
the patient's state of illness and prognosis increases as the IL‑6 
expression level increases (21).

The combined observation and detection of SOD, MDA, and 
IL‑6 in the lung tissue of patients with acute pulmonary edema 
can comprehensively reflect alterations in the physiological 
state of patients, and is conducive to the effective diagnosis, 
treatment and prognosis of patients with acute pulmonary 
edema (22). In the present study, changes in the levels of MDA 
and SOD in the lung tissue of a rat model of hypoxia‑induced 
acute pulmonary edema were compared at various durations 
of acute hypoxia and against the group A control. The results 
demonstrated that the levels of MDA increased in the lung 
tissue of the rats following the induction of acute pulmonary 
edema for 24 h whereas the SOD levels decreased at this time 
point (P>0.05). As the duration of pulmonary edema increased 
from 24 h in group B to 48 and 72 h in groups C and D, the 
MDA and SOD levels in the lung tissue of the rats following 
hypoxia were significantly increased, as compared with those 
of the rats in group A (P<0.05). 

IL‑6 levels in the lung tissue and plasma of rats in the three 
groups with various durations of induced acute hypoxia were 
compared with those in group A. The results demonstrated that 
plasma IL‑6 levels were significantly increased in groups B‑D, 
as compared with those in group A (P<0.05). IL‑6 levels in the 
lung tissue of the rats in group B notably increased following 
24 h acute pulmonary edema, as compared with those in 
group A (P>0.05). With the increased duration of pulmonary 
edema, the IL‑6 levels in the lung tissue of the rats in groups C 
and D were significantly increased as compared with those in 
group A (P<0.05). The results of the present study were consis-
tent with the initial hypothesis.

Hypoxia‑induced alterations in the oxidative stress indices 
of rats with acute pulmonary edema were observed in the 
present study, and the effects on the activity level of the anti-
oxidant enzyme SOD, and the levels of the lipid peroxidation 
product MDA and IL‑6 in were investigated the lung tissue, 
so as to explore their effects and related mechanisms in a rat 
model of acute pulmonary edema (23,24). The results of the 
present study demonstrated that the antioxidant capacity and 
associated SOD enzyme activity of the lung tissue signifi-
cantly decreased when the duration of pulmonary edema was 
extended; whereas the levels of the MDA lipid peroxidation 
product significantly increased, and the levels of IL‑6 in 
the plasma and lung tissue significantly increased, which 
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suggested that the induction of oxidative stress may have an 
important role in the pulmonary tissue damage associated 
with acute pulmonary edema. Furthermore, the alterations in 
the levels of the MDA, SOD and IL‑6 oxidative stress‑related 
indices in the lung tissue of rats with hypoxia suggested that 
the pathogenesis of acute pulmonary edema is complicated, 
and may be a result numerous factors (25,26). 

MDA, SOD and IL‑6 were detected in the present study, 
and the results demonstrated that oxidative stress may have an 
important role in the occurrence of acute pulmonary edema. 
The present study had certain limitations. The number of 
rats used to model acute pulmonary edema was small and, 
at only 72 days, the observation time was relatively short. 
Furthermore, the present study was not a randomized prospec-
tive double‑blind study. These limitations will be improved 
in further research. Therefore, definitive conclusions cannot 
be drawn from the results of the present study. Future studies 
of acute pulmonary edema with longer follow‑up times and a 
larger sample size are required. However, the findings of the 
present study suggest that the simultaneous measurement of 
MDA, SOD and IL‑6 levels in the lung tissue and plasma of 
rats with acute pulmonary edema may provide key guidance 
for the assessment of disease pathology, therapeutic strategies 
and prognosis for patients with acute pulmonary edema.
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