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Introduction: Endoplasmic reticulum (ER) stress seems to mediate the obesity-induced 
susceptibility to acute lung injury (ALI). The present study was designed to evaluate the role 
of ER stress in adiponectin (APN)-induced lung protection in an obese rat model treated with 
lipopolysaccharide (LPS).
Methods: Four-week-old male Sprague-Dawley rats fed either a normal chow diet or a 
high-fat diet for 12 weeks were randomly assigned to one of the following groups: lean rats, 
diet-induced obesity rats, lean rats with ALI, obese rats with ALI, obese rats pretreated with 
4-phenylbutyric acid (4-PBA) before ALI or obese rats pretreated with APN before ALI. At 
24 h after instillation of LPS into the lungs, cell counts in the bronchoalveolar lavage fluid 
(BALF) were determined. Lung tissues were separated to assess the degree of inflammation, 
pulmonary oedema, epithelial apoptosis and the expression of ER stress marker proteins.
Results: The 78-kDa glucose-regulated protein (GRP78) and C/EBP homologous protein (CHOP) 
expression in the lung tissues of obese rats was upregulated before ALI, as well as the elevated 
apoptosis in epithelial cells. During ALI, the expression of ER stress marker proteins was similarly 
increased in both lean and obese rats, while significant downregulation of Mitofusin 2 (MFN2) was 
detected in obese epithelial cells. The lung tissues of obese rats showed higher concentrations of 
tumor necrosis factor-alpha (TNF-α), Interleukin 6 (IL-6) and IL-10, enhanced neutrophil counts 
and elevated wet/dry weight ratios. APN and 4-PBA decreased the degree of ER stress and 
suppressed LPS-induced lung inflammation, pulmonary oedema and epithelial apoptosis.
Conclusion: APN may exert protective effects against the exacerbated lung injuries in 
obese rats by attenuating ER stress, which operates as a key molecular pathway in the 
progression of ALI.
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Introduction
Acute lung injury (ALI), a life-threatening condition that causes substantial health 
problems worldwide, is an inflammatory lung process with a complex mechanism. In 
recent years, the impact of obesity on the incidence and outcome of ALI has received 
increasing attention due to the worldwide prevalence of overweight.1,2 Epidemiological 
studies suggest that obesity is an important predisposing factor in the pathogenesis of 
ALI.3,4 Increased saturated fatty acids may lead to widespread inflammation and cellular 
dysfunction.5,6 In the lung tissues, disturbance in the production of adipocytokines with 
pro-inflammatory or anti-inflammatory activities may prime the lungs of obese indivi
duals for an acute inflammatory response.7,8
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Adiponectin (APN) is a highly abundant adipocyte- 
derived adipocytokine with pleiotropic effects on various 
pulmonary cell types, including the vascular endothelium, 
alveolar macrophages and epithelia.9–11 The anti-inflamma
tory activity of APN in lung tissues is linked to attenuation 
of leukocyte-endothelium interactions.12 However, this 
APN-induced alleviation of lung inflammation was found 
to be impaired during obesity. Investigations have revealed 
that circulating APN levels are drastically decreased in 
obesity.12,13 Although the mechanism is unknown, APN 
deficiency during obesity is now believed to be one of the 
main causes of exacerbated pulmonary endothelial dysfunc
tion and lung inflammation.14

The endoplasmic reticulum (ER) is the main site of the 
synthesis, maturation, and secretion of proteins.15–17 A wide 
variety of disturbances, such as an unbalanced redox state, 
disruption of calcium homeostasis, and viral and bacterial 
infections, lead to the accumulation of unfolded or mis
folded proteins within the ER, known as ER stress. Under 
conditions related to obesity and type 2 diabetes, ER stress 
is activated in various tissues and is found to be responsible 
for most of the comorbidities associated with obesity.18–21 

According to the limited studies, ER stress is correlated to 
impairment of lung endothelial cells, and inhibition of ER 
stress is effective in attenuating lung injury.22

While both APN deficiency and ER stress contribute to 
exacerbated lung injury, the interaction between these two 
obesity-related pathophysiological conditions remains 
unclear. A recent study indicated that APN can ameliorate 
the progression of chronic obstructive pulmonary disease 
by reducing ER stress-induced epithelial apoptosis.23 In 
this study, the relationship between ER stress and APN in 
LPS-induced ALI was assessed in an obese rat model. We 
hypothesized that the protective effects of ANP against 
ALI are exerted through preventing the activation of ER 
stress, which also primes obese rats for exacerbated lung 
injuries.

Materials and Methods
Experimental Animals and Diet
All procedures were approved by the Institutional Animal 
Care and Use Committee of Chongqing Medical University. 
The animals received humane care in compliance with the 
Guide for the Care and Use of Laboratory Animals of the 
US National Institutes of Health. Four-week-old male 
Sprague-Dawley (SD) rats were supplied by the Animal 
Center of Chongqing Medical University. The rats were 

maintained on a 12 h/12 h artificial light-dark cycle and 
housed in individual cages. Rats were fed either a normal 
chow diet (13.5% calories from fat, 58% from carbohy
drates, and 28.5% from protein) or a high-fat diet/Western 
diet with 45% calories from fat (ReadyDietech, Shenzhen, 
China) for 12 weeks.

Experimental Design
Rats were randomly assigned to one of the six groups (n=5): 
lean rats with a normal diet (Lean group), diet-induced 
obesity rats (DIO group), lean rats with ALI (Lean-ALI 
group), obese rats with ALI (DIO-ALI group), obese rats 
pretreated with 4-phenylbutyric acid (4-PBA) before ALI 
(4-PBA+DIO-ALI group) and obese rats pretreated with 
APN before ALI (APN+DIO-ALI group). ALI was induced 
by the instillation of one dose (100 µg) of lipopolysacchar
ide (LPS) into the posterior oropharyngeal space of the 
anaesthetized rats with the tongue gently extracted with 
tweezers to facilitate fluid entry into the lung. Obese rats 
treated with 4-PBA (Sigma-Aldrich, St. Louis, MO, USA) 
were intraperitoneally injected daily with 0.5 g/kg/d 4-PBA 
for 2 weeks until the induction of ALI. Obese rats allocated 
for APN supplementation were intravenously injected with 
10 µg of globular APN (BioVision, Milpitas, CA, USA) 
twice a week from 2 weeks before the induction of ALI.

Cell Counts in Bronchoalveolar Lavage 
Fluid (BALF)
At 24 h after LPS administration, the rats were euthanized, 
and the right main stem bronchi were clamped. Sterile 
saline (2.5 mL) was injected and aspirated through the 
trachea three times at 4°C. The BALF samples were cen
trifuged at 1500 rpm for 10 min to separate cells and 
supernatant. Total and differential cell counts in the 
BALF were determined by an automatic blood cell counter 
(Diatron, Budapest, Hungary).

Histologic Evaluation
The tissue samples from the apical lobe of the right lung 
were fixed in 10% formalin and embedded in paraffin wax. 
The paraffin-embedded tissue samples were sectioned into 
5 µm thick pieces and stained with hematoxylin and eosin 
(H&E). Histologic alteration of the lung parenchyma was 
evaluated by assessing interstitial oedema, hemorrhage, 
and the infiltration or aggregation of neutrophils in the 
airspace or vessel walls.
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Immunohistochemistry
The lung tissues were placed in 10% formalin at room 
temperature overnight for paraffin embedding and pro
cessed for immunohistochemical staining. Paraffin- 
embedded specimens were sectioned at 5 µm, deparaffi
nized and hydrated in PBS. Then, the sections were incu
bated in 3% H2O2 for 10 min and rinsed with PBS. A 
primary antibody against the 78-kDa glucose-regulated 
protein (GRP-78) (Abcam, Cambridge, UK) or Mitofusin 
2 (MFN2) (Abcam, Cambridge, UK) was applied, fol
lowed by washing and incubation with a secondary anti
body for 30 minutes. Sections were observed with an 
optical microscope.

Terminal Dump Nick-Labeling (TUNEL) 
Staining for Apoptosis
Cellular apoptosis was measured by TUNEL assay accord
ing to the manufacturer’s instructions (Roche Diagnostics, 
Basel, Switzerland). The lung tissues were placed in 10% 
formalin at room temperature overnight for paraffin 
embedding and then sectioned at 5 µm and processed for 
TUNEL staining. Five fields from each section were ran
domly selected and analysed with an optical microscope in 
a blinded manner, and the number of positive cells per 
section was counted. The apoptotic index (AI) was defined 
as the number of positive cells per 100 cells counted in the 
five fields from the same section.

Lung Wet/Dry (W/D) Weight Ratio
Tissue samples from the right inferior lobe of the lung 
were weighed and dried in an oven at 80°C for 72 h, and 
the sample was then weighed again to obtain the lung 
W/D.

Preparation of Lung Homogenates and 
Cytokines Assays
The intermediate lobes of the right lungs were harvested 
and homogenized in 1 mL of PBS with an Ultra-Turrax 
tissue homogenizer. The homogenates were then centri
fuged at 2000 rpm for 10 min at 4°C. The supernatants 
were passed through a 0.45 µm filter, collected, and then 
stored at −80°C for cytokine production analysis. The 
levels of tumor necrosis factor (TNF)-α, interleukin (IL)- 
6, and IL-10 in the lung homogenate supernatants were 
determined using the enzyme-linked immunosorbent assay 
(ELISA) kits (R&D Systems, Minneapolis, MN, USA) 
according to the manufacturer’s instructions.

Western Blotting
Western blot analysis of GRP78, C/EBP homologous pro
tein (CHOP), Caspase-12 and MFN2 was performed. 
Proteins were extracted from the lung tissue samples with 
lysis buffer (Beyotime, Shanghai, China). The supernatants 
were collected after centrifugation (12,000 ×g for 15 min
utes). Proteins were separated on 10–12% SDS-PAGE gels 
and transferred to polyvinylidene fluoride (PVDF) mem
branes (Millipore, Billerica, MA, USA). The membranes 
were blocked in 5% nonfat milk in Tris-buffered saline 
(TBS) for 1.5 h at 37°C and then incubated overnight at 
4°C with primary antibodies against GRP78, CHOP, cas
pase12, MFN2, and glyceraldehyde-3-phosphate dehydro
genase (GAPDH) (1:1000) (Abcam, Cambridge, UK). 
After three washes, the membranes were incubated with 
horseradish peroxidase-conjugated secondary antibodies 
(Beyotime, Shanghai, China) for 1 h at room temperature. 
The relative intensities of the bands were semi-quantita
tively analysed using Bio-Rad Quantity One software (ver
sion 4.4.0). All the results were normalized to levels of 
GAPDH and expressed as fold intensity compared with 
the Lean group.

Statistical Analysis
All data are expressed as the mean ± SD. Statistical 
analyses were performed using GraphPad Prism 5.0 soft
ware (GraphPad Software Inc., La Jolla, CA, USA). 
Student’s t-test was used for two-group comparisons, 
whereas one-way ANOVA followed by Tukey’s post hoc 
analysis was used for multiple-group comparisons. P < 
0.05 was used to indicate statistical significance.

Results
Weight Gain After High-Fat Diet Feeding
After 12 weeks, weight gain was observed in both groups 
of rats fed different diets. Rats receiving a high-fat diet are 
significantly heavier than those on a normal diet 
(Figure 1).

Extents of ER Stress Before and After the 
LPS Administration
The basal expression levels of GRP78 and CHOP in the 
lung tissues of obese rats were elevated. The levels of these 
ER stress marker proteins were upregulated in both obese 
and lean rats during ALI (Figure 2A–D). The function of 
mitochondria-endoplasmic reticulum physical coupling, as 
measured by the expression of MFN2, was inhibited in the 
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lung tissues of obese rats after LPS administration 
(Figure 2A and E). Increased GRP78 expression and 
reduced MFN2 expression during ALI were detected in 
positive epithelial cells by immunohistochemical staining 
(Figure 3A and B).

Effects of APN and 4-PBA on LPS- 
Induced ER Stress
Expression of the ER stress marker proteins GRP78, 
CHOP, and caspase-12 was significantly decreased in 
lung tissues from obese rats pretreated with APN or 4- 
PBA, and pretreatment also activated the expression of 
MFN2 (Figure 2B–E). Immunohistochemical staining to 
detect GRP78 and MFN2 expression in epithelial cells 
showed alterations in consistence with those shown by 
Western blotting (Figure 3A–D).

Impact of Obesity on Pulmonary 
Inflammation and Epithelial Apoptosis 
During ALI
Inflammatory responses to LPS in lung tissues were char
acterized by neutrophil cell counts in the BALF and the 
concentrations of inflammatory cytokines in lung homoge
nates. Determination of these parameters at 24 h after LPS 
administration showed increased concentrations of TNF-α 
and IL-6, IL-10 in lung homogenates from obese rats 
(Figure 4A). Elevated neutrophil counts in the BALF and 
lung W/D were observed in obese rats (Figure 4B and C). 
Histological examination showed aggravated structural 
damage, intra-alveolar oedema, hemorrhage and the 

infiltration of inflammatory cells in the lung tissues of the 
obese rats (Figure 4D). By TUNEL staining, a significantly 
higher rate of apoptosis in pulmonary epithelial cells was 
observed in obese rats compared to that in lean rats before 
the induction of ALI (Figure 5A and B).

Effects of APN on LPS-Induced Lung 
Injury and Apoptosis
APN or 4-PBA pretreatment inhibited the LPS-induced 
accumulation of TNF-α, IL-6, IL-10 and neutrophils in 
lung tissues (Figure 6A and B) and attenuated pulmonary 
oedema. (Figure 6C). The rats in pretreatment groups also 
showed alleviated hemorrhage and infiltration of inflam
matory cells in lung tissues (Figure 6D) and reduced 
epithelial apoptosis in TUNEL-stained lung sections 
(Figure 5A and B).

Discussion
Several biochemical changes that predispose obese 
patients to ALI have been proposed in previous studies.1,8 

Obesity-induced chronic inflammation is one of the most 
commonly accepted causes of this susceptibility. APN 
deficiency further predisposes obese patients to amplified 
inflammatory responses and lung injury upon a second 
insult (eg, sepsis). However, little is known about the 
exact mechanism by which obesity exacerbates lung injury 
or the pathway that mediates the lung-protective effects of 
APN. The results of this study confirmed the anti-inflam
matory and anti-apoptotic activities of APN by regulation 
of ER stress. ER stress, which operates as a key promoter 
of lung inflammation and apoptosis, was similarly acti
vated in both obese and lean rats during ALI. Our study 
also showed a significant reduction in MFN2 in obese rats.

APN is synthesized as a monomer that is composed of 
four regions: an amino-terminal peptide, a short hypervari
able region, a collagen-like domain and a carboxy-terminal 
globular domain.24 In serum, the APN monomeric form is 
present as a full-length form or as a globular form of the 
protein. APN acts through two major functionally distinct 
receptors, AdipoR1 and AdipoR2. AdipoR1 is a high 
affinity receptor for globular APN (gAPN) and is 
expressed ubiquitously, but most abundantly in skeletal 
muscle. AdipoR2 mainly recognizes full-length APN 
(fAPN) and is predominantly expressed in the liver. It 
was found that gAPN has much higher bioactivity than 
fAPN and may be the final active ligand of APN at its 
target cells.25,26 In a recent study, Li and colleagues 

Figure 1 The body weight of SD rats fed either a normal or high-fat diet for 12 
weeks. Data are presented as the mean ± SD. ***p < 0.001 vs Lean.  
Abbreviation: SD, Sprague-Dawley.
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Figure 2 APN and 4-PBA alleviate the ER stress during ALI. (A) Western blot analysis for ER stress marker proteins and the mitochondria-ER physical coupling protein in 
lung tissues before and after LPS administration. Densitometry analysis of the expression of GRP78 (B), CHOP (C), Caspase 12 (D) and MFN2 (E). Data are presented as 
the mean ± SD. #, ##, ###p < 0.05, 0.01, 0.001 vs DIO; $, $$, $$$p < 0.05, 0.01, 0.001 vs DIO-ALI.  
Abbreviations: APN, adiponectin; 4-PBA, 4-phenylbutyric acid; ALI, acute lung injury; ER, endoplasmic reticulum; LPS, lipopolysaccharide; GRP78, 78-kDa glucose- 
regulated protein; CHOP, C/EBP homologous protein; MFN2, Mitofusin 2; DIO, diet induced obesity.
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reported that a single in vivo dose of gANP may exert 
potent protective functions against lung ischemia and 
reperfusion injury in rats with type 2 diabetes mellitus.27

Previous studies have attributed the effects of APN against 
lung injuries to its anti-inflammatory and anti-oxygenation 
properties in pulmonary vascular endothelial cells.9,14,28,29 

Later studies on the pathogenesis of chronic obstructive pul
monary disease and lung cancer demonstrated multiple 

protective effects of APN on epithelia cells.23,30,31 In this 
study, gAPN pretreatment led to reduced ER stress and epithe
lial apoptosis and the decreased release of the pro-inflamma
tory mediators during ALI. Our results confirmed the 
inhibitory effect of APN on ER stress, which further prevented 
the progression of lung inflammation and epithelial apoptosis. 
The molecular pathway connecting APN and ER stress 
remains unknown. Liu et al observed in adipose tissues that 

Figure 3 Continued.
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APN alleviates ER stress-induced apoptosis via activating the 
AdipoR1/AMP-activated protein kinase (AMPK) signal 
pathway.32

ER stress, caused by the accumulation of unfolded or 
misfolded proteins in the ER, is an adaptive mechanism by 
which cells react to perturbations in the ER, but sustained 
ER stress may induce injury. Pathways mediated by three 

protein sensors are involved in ER stress and may induce 
cell apoptosis (ie, inositol-requiring enzyme 1a, protein 
kinase RNA-like endoplasmic reticulum kinase, and acti
vating transcription factor).33 GRP78, which binds these 
three ER stress sensors under normal conditions, interacts 
in a more stably manner with misfolded or unfolded 
proteins during enhanced ER stress. Therefore, the 

Figure 3 Immunohistochemical staining and quantification analysis of GRP78 (A, B) and MFN2 (C, D) in pulmonary epithelial cells (brown stain). Images were taken at 200× 
magnification. Data are presented as the mean ± SD. ##, ###p < 0.01, 0.001 vs DIO; $,$$,$$$,p < 0.01, 0.001 vs DIO-ALI.  
Abbreviations: GRP78, 78-kDa glucose-regulated protein; MFN2, Mitofusin 2; ALI, acute lung injury; DIO, diet induced obesity.
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Figure 4 The impacts of obesity on the LPS-induced lung inflammatory response and tissue damage (n=5). (A) The concentrations of TNF-α, IL-6, and IL-10 in lung 
homogenate supernatants during ALI. (B) Neutrophil cell counts in the BALF of lean or obese rats at 24 hours after LPS administration. (C) Wet/dry weight ratio of LPS- 
injured lungs. (D) Representative H&E-stained lung sections from LPS-injured rats. Images were taken at 200× magnification. Data are presented as the mean ± SD. ***p < 
0.001 vs Lean; ###p < 0.001 vs DIO; Δ, ΔΔ, ΔΔΔp <0.05, 0.01, 0.001 vs Lean-ALI.  
Abbreviations: LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; ALI, acute lung injury; BALF, bronchoalveolar lavage fluid; DIO, diet induced obesity.
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upregulation of GRP78 is commonly used as an ER stress 
marker.34 CHOP is another marker for assessment of ER 
stress, as it is induced in response to ER stress as an 
apoptotic transcriptional factor.35 In this study, the expres
sion of GRP78 and CHOP was significantly upregulated 
by LPS, while no difference in the level of these marker 

proteins between the obese and lean rats was found. In 
addition, reduction of the ER stress dramatically alleviated 
lung inflammation. Our results support the role of ER 
stress as a key signaling pathway in regulating the ALI 
rather than as a specific pathophysiological process that 
primes the lungs for injury in obese rats.

Figure 5 The effects of APN and 4-PBA on the apoptosis of pulmonary epithelial cells. (A) The apoptosis of epithelial cells was detected by TUNEL staining. TUNEL- 
positive cells observed under a light microscope were identified by brown-stained nuclei (images were taken at 200× magnification.). (B) The apoptotic index of the epithelial 
cells. A higher epithelial apoptosis ratio was found in the lung tissues of obese rats before ALI. Data are presented as the mean ± SD. ***p < 0.001 vs Lean; ###p < 0.001 vs 
DIO; ΔΔΔp <0.001 vs Lean-ALI; $$$p < 0.001 vs DIO-ALI.  
Abbreviations: APN, adiponectin; 4-PBA, 4-phenylbutyric acid; TUNEL, terminal dump nick-labeling; ALI, acute lung injury; DIO, diet induced obesity.
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Figure 6 The effects of APN and 4-PBA on the LPS-induced lung inflammatory response and tissue damage in obese rats. (A) The concentrations of TNF-α, IL-6, and IL-10 
in lung homogenate supernatants at 24 hours after LPS administration. (B) Neutrophil cell counts in the BALF at 24 hours after LPS administration. (C) Wet/dry weight ratio 
of LPS-injured lungs. (D) Representative H&E-stained lung sections from LPS-injured rats. Images were taken at 200× magnification. Data are presented as the mean ± SD. $$, 

$$$p < 0.05, 0.01, 0.001 vs DIO-ALI.  
Abbreviations: APN, adiponectin; 4-PBA, 4-phenylbutyric acid; LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; BALF, bronchoalveolar lavage fluid; 
DIO, diet induced obesity; ALI, acute lung injury.
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ER stress-induced apoptosis in endothelial cells may 
worsen pulmonary edema during septic shock, which indi
cates a novel target for lung protection by restricting the 
activation of ER stress.36,37 In the present study, enhanced 
epithelial apoptosis was observed in obese rats under nor
mal conditions. During ALI, a higher level of apoptosis is 
kept in obese rats, accompanied by exacerbation of pul
monary inflammation. The results suggest a role of obesity 
in promoting epithelial damage.

MFN2 is a transmembrane GTPase on the outer mito
chondrial membrane that serves to fuse mitochondria. It 
provides tethering force between the ER and mitochondria 
to ensure their proximity and communication.38,39 The 
expression of MFN2 is affected by the interactions 
between the two organelles and plays a key role in reg
ulating mitochondrial dynamics. Previous studies demon
strated that MFN2 is a substrate of Jun N-terminal kinase 
(JNK), which is activated in obesity and ALI.40–42 JNK 
Phosphorylation of MFN2 in response to cellular stress 
results in ubiquitin-mediated proteasomal degradation of 
MFN2.40 In the present study, LPS induced a remarkable 
downregulation of MFN2 in epithelial cells, especially in 
those of obese rats. The inflammation-induced reduction in 
MFN2 may be correlated to the alterations in mitochon
drial homeostasis.43 Our study is not sufficient to prove an 
association between reduced MFN2 and mitochondrial 
dysfunction, and the extended researches are required to 
confirm if mitochondria-related pathways are involved in 
mediating the epithelial damage.

Reduced MFN2 has been considered the upstream of 
altered mitochondrial dynamics and ER stress. Several 
studies have reported that obesity-induced changes in 
MFN2 expression result in mitochondrial dysfunction 
and activation of ER stress.44,45 A recent study on airway 
inflammation reported that ER stress may also lead to a 
reduction in MFN2, indicating the existence of reverse 
signal transduction in the progression of cellular inflam
matory response.46 Similarly, our results demonstrate a 
role of ER stress as upstream of MFN2. The expression 
of MFN2 restored to normal levels when rats were pre
treated with an ER stress inhibitor.

Conclusion
Taken together, our results suggest that APN may exert 
protective effects against exacerbated lung injuries in 
obese rats by attenuating ER stress, which is highly ele
vated by LPS and operates as a key molecular pathway in 
the progression of ALI.
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