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Abstract 
 

 Acute respiratory distress syndrome (ARDS) induced by lipopolysaccharide (LPS) is known to be 

associated with pulmonary cytokine production resulting in infiltration of neutrophils and pulmonary injury. 

The study presented here is focused on the changes in cell death regulating proteins during lung injury and 

studied the relationship between the LPS challenged ARDS and the subsequent role of surfactant therapy 

against ARDS. Apoptotic features, such as induction of DNA fragmentation ladders in lung tissue, 

expression of cytoplasmic proteins (Bcl-2, Bax), mitochondrial proteins (cytochrome c, Apaf-1) and 

activation of caspases were detected following LPS exposure. Instillation of the surfactant derived from the 

natural source as well as synthetic surfactant prevents LPS induced apoptosis. These results suggest that the 

mechanism of induction of apoptosis by LPS depends on mitochondrial dysfunction and the anti-apoptotic 

effects of surfactant treatment conferred protection in the rat model during lung injury mediated via 

suppression of mitochondrial intrinsic pathway. 
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1.  Introduction 

 

Acute lung injury (ALI), which manifests 

itself clinically as acute respiratory distress 

syndrome (ARDS), is defined as a ‘syndrome of 

acute pulmonary inflammation and increased 

capillary endothelial permeability’ and can occur 

in response to both direct (aspiration, pneumonia, 

toxic inhalation) and systemic (sepsis, shock, 

cardiopulmonary bypass) challenge [1]. ARDS is 

associated with a neutrophil-mediated 

inflammatory response that causes alveolar 

epithelium/endothelium breakdown, increased 

vascular permeability and edema [2]. In addition 

to neutrophil apoptosis and enhanced 
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endothelial/epithelial cell apoptosis, abnormal 

surfactant function has also been implicated in the 

pathogenesis of ARDS [3,4]. Several hypotheses 

have been proposed to account for the functional 

changes that occur in ARDS surfactant [5]
 

demonstrating decreased phospholipid and 

apoprotein contents in lung lavage samples from 

both patients with ARDS [4] and animal models 

[6]. Studies in critically ill patients have also 

shown that ARDS is associated with increased cell 

death [7], whereas investigation of the effect of 

apoptosis inhibitors showed remarkable increases 

in survival using in vivo models of ARDS [8]. The 

mechanisms responsible for increased apoptosis in 

ARDS are poorly understood, although roles for 

Fas/FasL (extrinsic apoptosis), stress (intrinsic 

apoptosis) and nitric oxide (NO) have been 

proposed [9]. 

Apoptosis (programmed cell death) is 

important for cellular homeostasis in a variety of 

tissues and may result from multiple insults and 

occurs along distinct pathways leading either to 

apoptosis or to necrosis [10]. The mechanisms 

regulating apoptosis are complex and involve the 

interaction of nuclear and cytoplasmic proteins. 

Cells undergo apoptosis through distinct pathways 

that can be subdivided according to the initiating 

caspases, a family of proteases that are important 

in regulating apoptosis [11]. The first pathway (the 

receptor-mediated extrinsic pathway) is activated 

by members of the tumor necrosis factor family, 

such as Fas ligand (FasL) binding to its receptor 

(Fas), which results in activation of caspase-8. The 

second pathway (the mitochondrial intrinsic 

pathway) is activated in response to chemical and 

physical stress, which triggers the cytoplasmic 

release of pro-apoptotic mitochondrial proteins 

leading to activation of caspase-9 [12]. 

The regulation of mitochondrial membrane 

integrity is an important process regulating 

apoptosis. Pro-apoptotic Bcl-2 homologues Bid, 

Bax, Bad and Bak are able to localize to the outer 

mitochondrial membrane where they alter its 

permeability. Classically, cytochrome c is released 

from the inter membrane space into the cytoplasm 

where it forms a complex with Apaf-1 (apoptosis 

protease activating factor-1) and caspase 9, 

together termed the apoptosome which 

subsequently processes the executioner caspase-3 

[13] and other molecular changes such as loss of 

plasma membrane symmetry and exposure of 

phosphatidylserine [14]. Permeability changes 

induced by Bcl-2 family members may permit the 

release of the mitochondrial ROS into the 

cytoplasm [15] where they are able to promote 

alternative cell death pathways [16]. 

We have shown here that the LPS triggers the 

release of cytochrome c from mitochondria which 

binds to Apaf-1, and promotes the activation of 

caspase-9. This further activates the effector 

caspase-3 and mediates the cleavage of apoptotic 

regulators, resulting in morphological features of 

apoptosis in an LPS-induced acute lung injury 

model. Administration of surfactant in vivo 

inhibited the caspase-3 activity and therefore, 

prevented the mitochondrial pathway of caspase-

mediated apoptosis triggered by LPS or by a 

variety of stimuli, such as inflammatory cytokines, 

growth factors, reactive oxygen, and others, which 

are also involved in this model.  

 

2. Materials and Methods 
 

2.1  Animal modal 

Male rats of S.D. strain, weighing 150-200g 

were taken from the Central Animal House of 

Panjab University and kept in polypropylene cages 

and supplied with pellet diet and drinking water ad 

libitum. Control animals were administered with 

500µl of the buffer (50mM Tris-HCl, pH-7.4, 

150mM NaCl, 1mM NaN3 & 0.2mM PMSF). For 

LPS animals, endotoxin (150µg of 055:B5 E.coli 

LPS) was suspended in 500µl of surfactant buffer 

and intratracheal instillation procedure was 

followed as described earlier for 72 hrs [17]. Two 

hours prior to killing, surfactant isolated from 

porcine (0.5mg protein + 4.6mg lipid/500µl) or 

synthetic surfactant (4.6mg lipid/500µl) were 

intratracheally instilled in P-SF and S-SF groups 

respectively, after LPS administration following 

the identical instillation procedure. The animals 

were sacrificed at 72 hours after buffer or LPS 

instillation. All of the animal procedures as 

reported here had been carried out following the 

guidelines approved by the Panjab University 

Ethical Committee on the use of the experimental 

animals for biomedical research. 
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2.2 Surfactant preparation 

Surfactant was isolated from porcine lung 

homogenate (P-SF) by sucrose density gradient 

method
 
[18] and protein free synthetic surfactant 

(S-SF) was prepared with 

dipalmitoylphosphohatidyl choline (DPPC), 

hexadecanol and tylaxopol [18]. 

 

2.3 Western blot Analysis 

Lung protein samples (50μg) from each 

treatment group were separated on 10% SDS-

PAGE. The separated proteins were 

electrophoretically transferred to the nitrocellulose 

membrane (Genei, Bangalore, India) and the 

transfer was checked through the staining with 

Ponceau S. Immunoblot was prepared using 

primary antibodies (Bcl2, Bax, Cytochrome-c, 

Apaf-1, Caspase-3, 9 and β-actin-1:1000) from 

Santa Cruz Biotechnology Inc., (CA, USA) and 

alkaline phosphatase-conjugated respective 

secondary antibodies at a dilution of 1:10,000 

(Genei, Bangalore, India). BCIP-NBT detection 

system was used to develop the blot. Bands 

obtained were densitometrically analyzed using 

Image J software and the density expressed as 

gray values in densitometric units. For preparation 

of mitochondrial and cytosolic fractions, lungs 

were removed from the different treatment groups 

and lysates were prepared in fresh ice-cold protein 

lysis buffer (10mM Tris, 100mM NaCl, 5mM 

EDTA, 1% Triton-X100, 1mM PMSF and 2mM 

DTT [pH-8]). The extracts were cleared of nuclei 

and residual mucosa by centrifugation at 750g for 

5 min (4˚C). The mitochondrial fraction was 

harvested by centrifugation at 10, 000g for 15 min 

at 4°C and the supernatant was collected as the 

cytosolic fraction. For preparation of protein 

extracts, lungs were removed from the different 

treatment groups and lysates were prepared in 

fresh ice-cold protein lysis buffer [10 mM Tris, 

100 mM NaCl, 5 mM EDTA, 1% Triton-X100, 1 

mM PMSF and 2 mM DTT (pH 8)]. The extracts 

were cleared by centrifugation at 10,000 x g for 10 

minutes at 4°C. The supernatants were collected as 

the total lysate. Protein concentration was 

determined by the method of Bradford [19]. 

 

2.4 Immunohistochemical localization studies 

 5μm thick paraffin sections of rat lungs were 

deparaffinized in two changes of xylene for 10 

min each. The sections were then gradually 

hydrated and brought to water. The non specific 

staining was blocked by incubating the sections 

with 2% BSA in phosphate buffer saline (PBS 

10mM, pH 7.2). The sections were then incubated 

with polyclonal antibodies against Bcl2, Bax, and 

Cytochrome c - 1:1000 in a moist chamber for 2hr 

at 37° C. After incubation, the sections were 

washed in PBS, PBS tween (PBS with 0.05% 

tween-20) and PBS, successively for 5 min each. 

The sections were then incubated with respective 

alkaline phosphatase-labeled secondary antibodies 

(1:10,000) for 2hr. Sections were washed again in 

the same manner as described above and the 

reaction product was developed using BCIP-NBT. 

Reaction was terminated by washing with distilled 

water after which sections were counterstained 

with eosin and mounted in DPX. 

 

2.5 Immunofluorescence studies  

5μm thick paraffin sections of rat lungs were 

deparaffinized in three changes of xylene for 5 

min each. The sections were then gradually 

hydrated in 100% and 95% ethanol for 10 min 

each and washed in demonized water for 1 min 

with stirring. Slides were then placed in a 

container, covered with glycine-HCl buffer, pH-

3.5 with 0.01% (w/v) EDTA and heated for 10 

min at 95
0
C with continuous topping off with 

fresh buffer. The non specific staining was 

blocked by incubating the sections with 10% BSA 

in phosphate buffer saline (PBS, pH 7.2). The 

sections were then incubated with polyclonal 

antibody against Apaf-1, Caspase-3 and 9 - 1:1000 

in PBS with 1.5% BSA in a moist chamber for 1hr 

at 37° C. After incubation, the sections were 

washed three times in PBS successively for 5 min 

each. The sections were then incubated with FITC 

conjugated secondary antibody (1:10,000) in PBS 

with 1.5% - 3% BSA in a moist dark chamber for 

1hr at 37°C. Sections were washed again in the 

same manner as described above and were 

counterstained with DAPI for 20 mins at 37
0
C 

followed by washing in the PBS as mentioned 

above. Sections were covered with the coverslips 

after mounted with the aqueous mounting medium 

(glycerol: PBS, 1:9) and sealed with the 

transparent nail polish.  
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2.6 DNA Extraction and Analysis of DNA 

Fragmentation by Gel Electrophoresis 

Lung tissues were homogenized and the pellet 

suspended in lysis buffer (50 mM Tris-HCl, pH 8, 

20 mM EDTA, pH 8; 1% SDS; 0.1 mg/ml 

proteinase K). The samples were incubated for 2 

hrs at 37°C with constant shaking. DNA was 

extracted with 1:1 mixture of phenol:chloroform. 

After centrifugation for 5 min at 12,000g, the 

aqueous layer was collected and supplemented 

with one-tenth volume of 6M sodium acetate, pH 

5.2 and 1 volume of 2-propanol. Samples were 

stored at -20°C overnight. The precipitated DNA 

was collected by centrifugation, washed with 70% 

ethanol and dissolved in 20μl of Tris-EDTA 

buffer. The concentration of DNA was estimated 

by the measurement of optical density at 260 nm. 

Samples containing 5μg of DNA were then loaded 

to 1.5% agarose gels. DNA ladder of 100bp was 

used as the standard. Electrophoresis was carried 

out in TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA) and DNA was stained with ethidium 

bromide and photographed with Gel 

Documentation.  

 

Control LPS

LPS + P-SF LPS + S-SF LPS + P-SF LPS + S-SF

Control LPSA B

β-actin (43kDa)

Bcl2 (26kDa)

Bax (23kDa)

Control LPS LPS+P-SF LPS+S-SF
A

B

 
Figure 1- Photomicrographs showing the immunohistochemical localization of Bcl-2 (A) and Bax (B) in paraffin 

sections. Both proteins were found to be present primarily in the epithelial cells in the control group whereas in all the 

treated groups expression in alveolar macrophages was also seen along with the epithelial cells.  Protein expression of 

Bcl-2 and Bax in mitochondrial fraction (C) and their densitometric analysis (D) in all the treatments. BCIP/NBT gave 

dark purple color whereas counterstain methyl green stained the sections light green or cyan (X100). The values are 

Mean ± S.D. of 4 animals. 
x
p<0.001, 

y
p<0.01 vs control; 

a
p<0.001,

 
vs LPS by one way ANOVA. 
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2.7 Statistical analysis  

 Statistical analysis was performed using 

SPSS version 10.0 software. One way analysis of 

variance (ANOVA) was done to compare the 

means between the different treatments using 

Post-Hoc comparison by Least Significant 

Difference (LSD) method. A value of p < 0.05 or 

less (0.01 and 0.001) was considered significant in 

the present study. 

 

3. Results 

 

3.1 Bcl-2 and Bax expression 

The pro-apoptotic Bax protein plays a major 

role in the mitochondrion form of apoptosis. 

Further, mitochondria-mediated cell death also 

involves down-modulation of Bax-antagonists 

such as Bcl-2. In the present study, expression of 

these proteins was studied with 

immunohistochemistry and Western blot to detect 

mitochondria-mediated apoptosis. LPS treatment 

for 72 hrs markedly reduced the expression of Bcl-

2, whereas the expression of Bax was seen to be 

elevated, pointing towards the induction of 

apoptosis as an important event in the ARDS 

(Figure 1C). Surfactant co-administration with 

LPS was successful in renewing apoptosis by 

increasing the expression of anti-apoptotic Bcl-2 

and dropping the expression of pro-apoptotic Bax 

protein. Results from Western blot for both the 

proteins were in agreement with the 

immunohistochemistry outcome. 

Immunohistochemical localization of both Bcl-2 

(Figure 1A and Bax (Figure 1B) was found 

primarily in the epithelial cells in the control 

group whereas in all the treated groups expression 

in alveolar macrophages were also seen along with 

the epithelial cells. 

 

3.2 Cytochrome c release and Apaf-1 

expression 

We studied cytochrome c release into the 

cytosol as an independent evaluation of alterations 

of mitochondrial membrane permeability in the 

present study. In cytosolic fraction from LPS 

treated rats, a significant expression of 

cytochrome c was observed, signifying a 

redistribution of cytochrome c from mitochondria 

to the cytosolic fraction (Figure 2C). By contrast, 

in all the other groups, a lower expression of 

cytochrome c suggests that cytochrome c was 

primarily sequestered in the mitochondria. Results 

from immunohistochemical analysis were in 

agreement with the results from Western blot 

(Figure 2A). Tissue sections from LPS treated 

group showed strong expression of cytochrome c 

as compared to all the other groups, in which 

prominent expression was seen, both in epithelial 

as well as alveolar macrophages.  

Apaf-1 is the molecular core of the 

apoptosome, a multiproteic complex mediating the 

so-called mitochondrial (intrinsic) pathway of cell 

death, its expression was seen by 

immunofluorescence in the present study. 

Secondary antibody labeled with FITC fluoresces 

with Apaf-1 expression, detected with anti-Apaf-1 

antibody counterstained by DAPI. LPS treatment 

for 72hrs led to a significant increase in the 

expression of Apaf-1 in the lung tissue (Figure 

2B). Low expression was seen in control group, 

whereas surfactant was also able to suppress the 

enhanced level of Apaf-1 when administered 

simultaneously with LPS. Results from Western 

blot were found to be in agreement with the 

immunofluorescence outcome. 

 

3.3 Caspase-9 & 3 involved in regulation of 

apoptosis  

In the present study, we studied the 

expression of caspase-9 and caspase-3 (Figure 3A 

& 3B) by immunofluorescence and by Western 

blot (Figure 3D) to evidence LPS-induced 

apoptosis. The expressions were found to be 

increased significantly after LPS treatment in rat 

lung as compared to control and LPS+SF groups. 

As caspase-9 is involved in the activation of the 

caspase cascade responsible for apoptosis 

execution and in turn, cleaves and activates the 

effector caspases, its increased expression may be 

responsible for enhanced protein expression of 

caspase-3. The lung tissue from LPS + SF treated 

groups showed the restored levels of both the 

caspases as seen by both immunofluorescence and 

by Western blot. 

 

3.4 DNA fragmentation  
Breakdown of nuclear DNA into its 

nucleosomal fragments is a key feature of the 
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programmed cell death or apoptosis. Fragments of 

DNA from lung tissue were extracted by 

phenol:chloroform method and analyzed on 

agarose gel electrophoresis from each group. LPS 

treatment contributes to increase DNA laddering 

seen in Figure 4 whereas decrease in DNA 

laddering is seen in lungs given surfactant along 

with LPS. No fragments were seen in the control 

group. 

 

 

LPS

LPS + P-SF LPS + S-SF

Control

A

B

β-actin (43kDa)

C
Control LPS LPS+P-SF LPS+S-SF

Apaf-1 (130kDa)

Cytochrome-c 

(15kDa)

LPS

LPS + P-SF LPS + S-SF

Control

D

E
 

 

Figure 2- Photomicrographs showing the immunohistochemical localization of cytochrome c in paraffin sections (A) 

and localization of Apaf-1 by immunofluorescence (B) Tissue sections from LPS treated group showed strong 

expression of cytochrome c and Apaf-1 as compared to all the other groups, in which prominent expression was seen, 

both in epithelial as well as alveolar macrophages. Protein expression of cytochrome C and Apaf-1 in all the treatment 

groups (C) and its densitometric analysis (D). BCIP/NBT gave dark purple color whereas counterstain methyl green 

stained the sections light green or cyan in cytochrome c (X100) whereas FITC conjugated secondary antibody was 

used and counterstained with the DAPI in case of Apaf-1 (X400). (E) Quantitative analysis of the Apaf-1 positive cells 

in all the treatments. 100 cells were counted in each four different slides from each group and percent of positive cells 

calculated. The values are Mean ± S.D. of 4 animals. 
x
p<0.001 vs control; 

a
p<0.001,

 
vs LPS by one way ANOVA. 
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Caspase - 9
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D
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Figure 3- Photomicrographs showing the localization (arrows) of caspase 9 (A) and 3 (B) in paraffin sections by 

immunofluorescence (X400). FITC conjugated secondary antibody was used while DAPI and PI were used as 

counterstains in caspase 9 and caspase 3, respectively. The expression was increased significantly after LPS treatment 

in rat lung as compared to control and LPS+SF groups. (C) Quantitative analysis of the caspase positive cells in all the 

treatments. 100 cells were counted in each four different slides from each group and percent of positive cells 

calculated. Protein expression of caspase 9 and 3 by Western blot in all the treatment groups (D) and its densitometric 

analysis (E). The values are Mean ± S.D. of 4 animals. 
x
p<0.001, 

y
p<0.01 vs control; 

a
p<0.001,

 b
p<0.001 vs LPS by 

one way ANOVA. 

 

 

4. Discussion 
 

LPS is ubiquitously present as a contaminant 

on airborne particles and local exposure to LPS 

results in ARDS. This laboratory [17, 20-21] has 

previously shown that endotoxin exposure with a 

LPS in rats causes a reproducible pattern of 

ARDS. This was associated with surfactant 

dysfunction and a reduction in surfactant protein 

(SP) A levels in the surfactant of the injured 

animals [17]. In this study, we detected apoptotic 

hallmarks, such as DNA fragmentation, 
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expression of cytoplasmic and mitochondrial 

proteins along with activation of caspases 

following LPS exposure which is blocked by 

surfactant instillation derived from the natural as 

well as synthetic source.  

 

 
Figure 4- Photomicrograph shows the fragmentation 

of DNA from each group. LPS leads to increased DNA 

laddering as compared to the LPS + surfactant and 

control group. 

 

Recently the sensitivity of tissues to 

apoptosis, has been closely linked to the 

intracellular concentrations of cell-death 

regulators, which include Bcl-2 and Bax. High 

levels of Bcl-2 prevent mitochondrial dysfunction 

and protect against apoptosis, whereas high levels 

of Bax promote apoptosis [22]. To analyze the 

relationship between surfactant and LPS-mediated 

apoptotic cascade, we investigated mitochondrial 

translocation of Bax and cytochrome c release in 

cytosol through Western blot analysis and 

immunohistochemistry. After treatment with LPS 

a significantly increased expression of Bax was 

observed in the mitochondrial fraction, pointing to 

its increased translocation to the mitochondria. 

Surfactant treatment decreased the translocation of 

Bax to the mitochondria as visible by the decrease 

in protein expression of this protein. Cytochrome c 

however, showed a low retention in mitochondria 

after LPS treatment as very high expression was 

observed in the cytosolic fraction. The 

observations implicate that increased 

mitochondrial translocation of Bax is mediating 

the LPS derived apoptosis. It can be further 

suggested that surfactant mediated decreased Bax 

expression may prevent the release of apoptotic 

factor, cytochrome c.  

Molecular interactions between pro- and anti-

apoptotic Bcl-2 family members are known to 

regulate apoptosis at the level of the mitochondrial 

membrane. Bcl-2 antagonizes the activities of Bax 

and Bak, thus inhibiting apoptosis. Bax and Bak 

promote mitochondrial membrane disruption and 

the release of factors from the mitochondria that 

activate caspases, resulting in apoptosis. We have 

shown that the anti-apoptotic activity of Bcl-2 was 

higher after surfactant treatment along with LPS 

and decreased translocation of Bax to the 

mitochondria. Our findings of marked expression 

of Bax suggest that LPS-associated apoptosis in 

ARDS may be facilitated by the induction of Bax. 

In pigs, the endotoxic shock-mediated liver and 

spleen cell apoptosis was associated with a 

decrease in Bcl-2 expression [23]. Hotchkiss and 

colleagues [24] had also showed that 

overexpression of Bcl-2 in transgenic mice 

decreases apoptosis and improve survival in a 

sepsis model. It is also known that Bcl-2 prevents 

apoptotic mitochondrial dysfunction by regulating 

proton flux [25] or mitochondrial transition pore 

permeability [26]. 

In animal models, ARDS is associated with 

neutrophils influx which is responsible for the 

generation of free radicals, release of toxic 

contents which induce apoptosis, presumably 

through damage to DNA [27], demonstrating that 

infiltrating neutrophils contribute to increased 

DNA laddering which is seen in lungs after LPS 

exposure. Korsmeyer et al
 
[28] postulated that free 

radical induced apoptosis is regulated by the 

intracellular levels of Bcl-2 and Bax. In this 

regard, both Bcl-2 and Bax have been localized to 

mitochondria, nuclear membranes, and the 

endoplasmic reticulum, which are sites where free 

radicals are generated. 

 

5. Conclusion 

 

In conclusion, mitochondrial dysfunction 

commonly occurs in LPS mediated ARDS and is 



 

Am. J. Biomed. Sci. 2012, 4(1), 60-69; doi: 10.5099/aj120100060    © 2012 by NWPII. All rights reserved.                                68 

 

associated with subsequent release of 

mitochondrial intermembrane proteins into the 

cytosol, suggesting damage to the mitochondria 

and activation of endogenous cysteine proteases. 

Therapeutic surfactant interventions may have 

significant anti-inflammatory and anti-apoptotic 

effects and open new possibilities to the diagnosis 

and treatment of severe ARDS.  
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