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Adiponectin protects against lung ischemia-reperfusion injury
in rats with type 2 diabetes mellitus
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Abstract. Adiponectin (APN) has been associated with the
pathogenesis of acute brain, liver and heart injury. However,
the role of APN in lung ischemia-reperfusion injury (LIRI)
in diabetes mellitus remains unclear. To investigate this, the
present study evaluated the effects of APN on lung dysfunction
and pathological alterations in rats with type 2 diabetes mellitus
via lung ischemia/reperfusion (I/R). The lung-protective effects
of APN globular domain (gAPN) in rats with type 2 diabetes
mellitus were also investigated by measuring the oxygenation
index, inflammatory cytokines, lung edema, histopathology,
oxidative stress, apoptosis and the protein expression levels of
phosphorylated 5'adenosine monophosphate-activated protein
kinase (p-AMPK), endothelial nitric oxide synthase (eNOS)
and inducible nitric oxide synthase (iNOS). The results of the
present study demonstrated that the diabetes mellitus rats + I/R
(DIR) group exhibited greater concentrations of tumor necrosis
factor-a and interleukin-6, and increases in the wet-weight
to dry-weight ratio, lung injury score, oxidative stress and
cellular apoptosis. These effects were accompanied by lower
pulmonary oxygenation compared with the normal rat + I/R
(NIR) group (P<0.05). Additionally, all of these alterations
were attenuated in the NIR + gAPN and DIR + gAPN groups
compared with in the NIR and DIR groups, respectively. In
the DIR group, the expression levels of p-AMPK/AMPK
and eNOS were significantly downregulated, and the levels
of iNOS were upregulated, compared with those of the NIR
group. Treatment with APN activated AMPK, increased eNOS
expression and attenuated iNOS expression. The results of
the present study demonstrated that APN exerted protective
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effects against LIRI via its anti-inflammatory, antioxidative
stress and anti-apoptotic activities. These protective effects of
APN were eliminated in rats with type 2 diabetes mellitus, in
which LIRI was exacerbated. The present study indicated that
APN may be a potential therapeutic agent for LIRI in type 2
diabetes mellitus.

Introduction

Adiponectin (APN; additionally termed Acrp30, AdipoQ and
GBP28) is an adipocytokine that is secreted by adipocytes.
APN has received attention due to its insulin-sensitizing effects
and possible therapeutic use for metabolic disorders (1,2).
APN exerts antidiabetic actions by modulating glucose, fatty
acid metabolism and insulin sensitivity (3-7). Apart from
its antiatherosclerotic and insulin-sensitizing effects, APN
additionally exhibits anti-inflammatory and antiapoptotic
roles (8). Research has indicated that APN suppresses the
phagocytic activity and inflammatory cytokine production
of macrophages stimulated with lipopolysaccharide (9). APN
additionally reduces cerebral and myocardial ischemia/reper-
fusion (I/R) injury, decreases proinflammatory cytokine
production and reduces cellular apoptosis, and infarction of
the brain and heart, via its anti-inflammatory, antioxidative
stress and antiapoptotic effects (4,10). It has been suggested
that decreased levels of serum APN are associated with an
increased risk of cardiovascular disease (CVD) development
and obesity-associated types of cancer, including colon, breast,
endometrial and prostate cancer (7,11-16). These results indi-
cate that APN may possess a protective role against I/R injury
that is not specific to a particular organ.

Lung I/R injury (LIRI), a primary graft dysfunction, leads
to substantial morbidity and mortality following lung trans-
plantation (LTx). Ischemia is unavoidable during LTx, and the
subsequent effect of reperfusion results in marked lung inflam-
mation, oxidative stress and cellular damage (1,2,17). A study
has identified that there were 1.5 million cases of mortality
caused by diabetes in 2012, an increase from 1 million in
2000 (18). Diabetes has reached epidemic proportions in the
general adult population of China (19). People with diabetes
mellitus and prediabetes who are awaiting LTx remain at risk
of mortality following LTx; donors with a history of diabetes
mellitus are associated with an increased risk of mortality in
the recipient following LTx (20,21).
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There is increasing evidence that the lung is a target organ
for diabetic microangiopathy in patients with either type 1 or
type 2 diabetes mellitus (22,23). Previous studies have indicated
the physiological and structural abnormalities of diabetic lungs.
Diabetic hyperglycemia damages the respiratory system due to
pulmonary interstitial injury caused by microangiopathy, and
may contribute to autonomic neuropathy (24). Decreased lung
function has been associated with diabetes in cross-sectional
and longitudinal studies (25,26). It has additionally been
reported that restrictive, although not obstructive, ventilatory
dysfunction is associated with the development of prediabetes
and precedes the development of type 2 diabetes mellitus (27).

A previous study reported that APN attenuated lipopoly-
saccharide-induced acute lung injury. Therefore, APN may
have protective effects in LIRI within normal rats; the present
study aimed to investigate whether APN serves a protective
role LIRI in rats with diabetes mellitus.

Materials and methods

Animals. All procedures in the present study were approved by
the Institutional Animal Care and Use Committee of Harbin
Medical University. The animals used in the present study
were supplied by the Animal Center of the Second Affiliated
Hospital of Harbin Medical University (Harbin, China;
no. SYXK, 2013-002). The experiments involved 36 male
Wistar rats aged 8-9 weeks (200-250 g). The rats were fed with
a high-fat diet or standard laboratory chow and were provided
with water ad libitum. All experimental animals were housed
in the same feeding environment on a 12-h light/dark cycle at
a temperature of 24+2°C with a humidity of 60+10% prior to
the establishment of the model.

Animal preparation. A total of 18 male rats were fed
a high-fat diet (15% lard, 5% sesame oil, 20% sucrose,
2.5% cholesterol and 57.5% normal chow) for 4 weeks,
followed by administration of streptozotocin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany; 35 mg/kg, dissolved to
0.1 M, pH 4.5) by intraperitoneal injection. The rats with a
fasting plasma glucose =11.1 mmol/l (measured in blood from
the tail) were considered diabetic and, therefore, as a model
of type 2 diabetes mellitus (3). The control rats were fed a
standard diet and injected with an equivalent volume of citrate
buffer. Following anesthesia via intraperitoneal injection of
30 mg/kg sodium pentobarbital, each rat was intubated with
a tracheal cannula. The rats were ventilated with 40% O, at
45-55 strokes/min and a tidal volume of 8-10 ml/kg body
weight. A 24-gauge catheter was inserted into the right femoral
vein for drug and liquid administration. The right femoral
artery was cannulated with a 24-gauge catheter connected
to a fluid-filled pressure transducer to continuously monitor
the blood pressure. The animals were positioned in the right
lateral decubitus position and their chests were opened. The
left lung hilum was clamped 5 min post-administration of
heparin (50 IU/animal) with a non-clash microclip at the end
of expiration. Subsequently, the lung was subjected to 90 min
of ischemia and 4 h of reperfusion. Pentobarbital sodium
was infused to maintain stable anesthesia, and rocuronium
bromide was used to maintain muscle relaxation throughout
the present study. Following reperfusion, blood samples were
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collected from the femoral artery. Subsequently, the animals
were sacrificed with an overdose of pentobarbital sodium
(100 mg/kg, intravenous).

Experimental protocols. All rats were randomly assigned to
the normal or diabetic groups. There were three subgroups
in each group; the normal groups comprised: i) Sham group
(NS), in which the left lung hilum was not clamped; ii) an I/R
group (NIR group), in which the lung was subjected to 90 min
of ischemia and 4 h of reperfusion; and iii) an I/R + APN glob-
ular domain (gAPN) (NIRA group), in which 10 ug gAPN was
injected 10 min prior to reperfusion (5). The diabetic groups
comprised: i) Sham group (DS), in which the left lung hilum
was not clamped; ii) an I/R group (DIR), in which the lung was
subjected to 90 min of ischemia and 4 h of reperfusion and
iii) an I/R + gAPN group (DIRA), in which 10 ug gAPN was
injected 10 min prior to reperfusion.

Blood gas analysis. Arterial blood gas was measured prior to
ischemia as a baseline, at 90 min following ischemia, and at 60
and 120 min following reperfusion. These time points were
recorded as T,-T;. At the end of the experiment, blood from the
femoral artery was collected and measured using a conventional
analyzer (Rapid Lab 348; Bayer AG, Leverkusen, Germany).

Measurement of inflammatory cytokine levels in the bron-
choalveolar lavage fluid (BALF), wet-weight to dry-weight
ratio (W/D) ratio and myeloperoxidase (MPO) activity in the
lung. The left lung was lavaged three times with 3 ml cold
sterile saline. BALF samples were centrifuged (206 x g for
10 min, 4°C) and were stored at -80°C (28). Interleukin (IL)-6
and tumor necrosis factor-a (TNF-a) expression levels in the
BALF were measured with ELISA kits (cat. nos. PR6000B
and PRTAOQO, respectively; R&D Systems, Inc., Minneapolis,
MN, USA). The upper lobe of the lung graft was desiccated
at 80°C for 72 h to measure the W/D ratio. A portion of the lung
graft tissue was frozen, homogenized and processed for MPO
detection with a colorimetric assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) the change in spec-
trophotometric absorbance at 460 nm and was expressed as
the optical density unit per gram of tissue.

Malondialdehyde (MDA) levels, superoxide dismutase (SOD)
activity and nitric oxide (NO) production in the lung. In the
lung homogenate supernatants from the left lung, MDA levels
and SOD activity were determined using MDA and SOD
assay kits (cat. no. A0O03-1 and cat. no. A0O1-1-1, respectively;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
NO levels were measured with a commercially available kit
(cat. no. AO12-1 Nanjing Jiancheng Bioengineering Institute).
These experiments were performed according to the manufac-
turers' protocols.

Histological evaluation and scoring. The middle of the left
lung was immediately fixed in 10% formalin at 4°C for 24 h.
After 24 h, tissues were dehydrated, embedded in paraffin,
sectioned at 6 ym and stained with hematoxylin and eosin
for 30 min at room temperature. All images were acquired
with a Nikon Eclipse 80i microscope (Nikon Corporation,
Tokyo, Japan). Evaluation was based on the following criteria:
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i) Neutrophil infiltration; ii) airway epithelial cell damage;
iii) interstitial edema; iv) hyaline membrane formation; and
v) hemorrhage. Each section had five scores corresponding
with the following five criteria as determined by degree of
deterioration: Normal=0; minimal alteration=1; mild altera-
tion=2; moderate alteration=3; and severe alteration=4. The
lung injury score (LIS) for each criterion was recorded (29).

Terminal deoxynucleotidyltransferase dUTP nick end-labeling
(TUNEL) staining for apoptosis. Cellular apoptosis was exam-
ined using TUNEL assays (Nanjing Jiancheng Bioengineering
Institute). The lung tissues were placed in 10% formalin at
room temperature overnight for paraffin embedding and then
were sectioned at 5 ym and were processed for TUNEL. Then
they were dehydrated, incubated with 0.9% NaCl for 5 min,
then rinsed with PBS for 5 min, fixed in 4% paraformaldehyde
at room temperature for 15 min, then rinsed twice with PBS
for 5 min each time. The sections were mixed with biotinylated
nucleotides and terminal deoxynucleotidyl transferase, covered
with coverslips and incubated at 37°C for 60 min. Following
another PBS wash, lung tissue was blocked with 0.3% hydrogen
peroxide, and incubated horseradish peroxidase streptavidin
at room temperature for 30 min, then washed 3 times with
PBS and stained with hematoxylin at room temperature for
3 min. The number of positive cells per section was counted in
five random fields from every specimen with a Nikon Eclipse
801 microscope (magnification, x40; Nikon Corporation). and
evaluated using the apoptotic index (AI). The Al is a measure
of the number of positive cells per 100 cells counted in five
different fields from the same section.

Immunohistochemistry. The lung tissues were placed in
10% formalin at room temperature overnight for paraffin
embedding and were processed for immunohistochemical
staining. Paraffin embedded specimens were sectioned at
5 um, deparaffinized and hydrated in PBS. Then, the sections
were incubated in 3% H,O, for 10 min and rinsed with PBS.
A primary antibody against cleaved caspase-3 (cat. no. 9661,
1:200; Cell Signaling Technology, Inc., Danvers, MA, USA)
was applied, followed by washing and incubation in a bioti-
nylated secondary antibody (Vector Labs, Burlingame, CA,
USA) for 30 min. A Nikon Eclipse 80i microscope (Nikon
Corporation) was used to obtain the images.

Western blot analysis. Tissues were lysed with radioim-
munoprecipitation assay lysis buffer containing a protease
inhibitor cocktail (Roche Diagnostics, Basel, Switzerland).
Equal amounts of proteins were measured by BCA
(Beyotime Institute of Biotechnology, Shanghai, China). Cell
lysates with each protein (10-20 pg/well) were separated
by 10-12% SDS-PAGE and transferred to nitrocellulose
membranes (Pall Life Sciences, Port Washington, NY, USA).
Following blocking with 5% non-fat milk for 1.5-2 h at room
temperature, the membranes were probed with primary anti-
bodies against 3-actin (cat. no. sc-47778; 1:2,000; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), 5'adenosine mono-
phosphate-activated protein kinase (AMPK; cat. no. 5831;
1:500), p-AMPK (cat. no. 2535; 1:200) endothelial nitric oxide
synthase (eNOS; cat. no. 32027; 1:1,000) and inducible nitric
oxide synthase (iNOS; cat. no. 13120; 1:500; all Cell Signaling
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Technology, Inc.) at 4°C overnight. Following washing and
incubating with rabbit (cat. no. 7074; 1:10,000) or mouse (cat.
no. 7076; 1:10,000; both Cell Signaling Technology, Inc.)
secondary antibodies at room temperature for 1 h in the dark,
the blots were visualized using an enhanced chemilumines-
cence reagent (GE Healthcare Bio-Sciences, Pittsburgh, PA,
USA), Intensities of blots were determined by densitometric
analysis using ImageJ version 1.61 software (National
Institutes of Health, Bethesda, MD, USA) and normalized to
[B-actin.

Statistical analyses. Statistical analyses were performed using
SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA).
One-way or two-way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls or Dunnett's tests were used
for the statistical comparisons between multiple groups. The
non-parametric method with the Kruskal-Wallis test was used
for the analysis of LIS data. P<0.05 was considered to indicate
a statistically significant with 3-6 independent experiments.
Data are presented as the mean + standard deviation.

Results

Pulmonary oxygenation function, histological examination
and lung edema. The histological structure of the alveoli
was normal in the lungs of the NS group, while the lung
tissues from the I/R group were markedly damaged, with
intra-alveolar edema, hemorrhage and interstitial thickening.
The basal membranes and alveolar walls were thickened in
the rats with diabetes mellitus. These histological altera-
tions were more notable in the DIR group and resulted in an
increased cumulative LIS and W/D ratio compared with the
NIR group (Fig. 1). Additionally, the partial pressure of arte-
rial oxygen (PaO,)/fraction of inspired oxygen (FiO,) was
decreased at T,, T, and T; in the DIR group compared with
the NIR group (Table I). Conversely, these alterations were
ameliorated in the DIRA and NIRA groups compared with
the DIR and NIR groups, respectively (Fig. 1). However, the
LIS and W/D ratios were increased, and the PaO,/FiO, was
decreased at T, and T; in the DIRA group compared with the
NIRA group (Table I).

Inflammatory cytokines and MPO activity. The expression
levels of IL-6 and TNF-a were higher in the DS and NIR
groups compared with the NS group, and the levels of IL-6 and
TNF-a were higher in the DIR group compared with the NIR
group. MPO activity exhibited the same trend as that of IL-6
expression levels. Treatment with gAPN prior to reperfusion
reduced MPO activity, and IL-6 and TNF-a expression levels
in the NIRA and DIRA groups compared with the NIR and
DIR groups. Additionally, MPO activity, and IL-6 and TNF-a
expression levels were higher in the DIRA group compared
with the NIRA group (Fig. 2).

Oxidative stress. SOD activity was decreased, and MDA
and NO production levels were increased in the DS group
compared with the NS group. In the NIR and DIR groups,
SOD activity was significantly decreased, and the MDA and
NO production levels were significantly increased compared
with the NS and DS groups. In the NIRA and DIRA groups,
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Table I. Effects of gAPN on pulmonary oxygenation.

Group TO Tl T2 T3

NS 349.7500+34.70339 276.1667+18.21378 321.2083+33.45647 347.6250+39.13430
NIR 340.2500+69.56634 202.0417+17.91188* 242.2500+37.09144* 234.1250+8.93833°
NIRA 341.6667+43.32974 188.7083+28.02294* 298.6667+48.61443" 357.2500+57.97111°
DS 379.5000+38.02828 241.8833+21.36227*¢ 298.6667+48.61443*° 291.9583+54.47715°
DIR 331.3333+67.44992 161.8917+39.01699°¢ 192.2500+£22.51777*¢ 168.7917+22.67235*¢
DIRA 396.9167+£100.8507 159.7083+37.909574¢ 236.3333+28.56075% ¢ 217.2500+42.53528 <4<

T,-T; represent the following time points: Baseline, the end of ischemia, 120 min, and 240 min following reperfusion, respectively. PaO,/FiO,,
partial pressure of arterial oxygen (PaO,)/fraction of inspired oxygen (FiO,). Results are expressed as the mean =+ standard deviation (n=0).
1P<0.05 vs. NS group, "P<0.05 vs. NIR group, °P<0.05 vs. NIRA group, “P<0.05 vs. DS group, °P<0.05 vs. DIR group. DIR, diabetic I/R group,
in which the lung was subjected to 90 min of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN group, in which 10 yg gAPN was
injected 10 min prior reperfusion; DS, diabetic sham group, in which the left lung hilum was not clamped; NIR, I/R, in which the lung was
subjected to 90 min of ischemia and 4 h of reperfusion; NIRA, I/R + gAPN, in which 10 g gAPN was injected 10 min prior to reperfusion;
NS, Sham group, in which the left lung hilum was not clamped. I/R, ischemia/reperfusion; gAPN, adiponectin globular domain.
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Figure 1. Diabetes mellitus increases susceptibility to lung I/R injury. Adiponectin improved the IR-induced pathological alterations in lung tissue (hematoxylin
and eosin staining, lung injury score, and wet-weight to dry-weight ratio). (A) NS, (B) NIR, (C) NIRA, (D) DS, (E) DIR and (F) DIRA groups. Scale
bar=500 xM. (G) Lung injury score and (H) wet-weight to dry-weight ratio were determined. The results are expressed as the mean + standard deviation.
"P<0.05 vs. NS group, “P<0.05 vs. NIR group, "P<0.05 vs. NIRA group, *P<0.05 vs. DS group and “P<0.05 vs. DIR group. DIR, diabetic I/R group, in which
the lung was subjected to 90 min of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN group, in which 10 g gAPN was injected 10 min prior
reperfusion; DS, diabetic sham group, in which the left lung hilum was not clamped; NIR, I/R, in which the lung was subjected to 90 min of ischemia and
4 h of reperfusion; NIRA, I/R + gAPN, in which 10 zg gAPN was injected 10 min prior to reperfusion; NS, Sham group, in which the left lung hilum was not
clamped. I/R, ischemia/reperfusion; gAPN, adiponectin globular domain.
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Figure 2. APN reduces the levels of IL-6 and TNF-a, in addition to MPO
activity, following ischemia/reperfusion. The results are expressed as the
mean + standard deviation. "P<0.05 vs. NS group, *P<0.05 vs. NIR group,
"P<0.05 vs. NIRA group, *P<0.05 vs. DS group and “P<0.05 vs. DIR group.
NIR, I/R, in which the lung was subjected to 90 min of ischemia and 4 h of
reperfusion; NIRA, I/R + gAPN, in which 10 g gAPN was injected 10 min
prior to reperfusion; NS, Sham group, in which the left lung hilum was not
clamped; DIR, diabetic I/R group, in which the lung was subjected to 90 min
of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN group, in
which 10 ug gAPN was injected 10 min prior reperfusion; DS, diabetic sham
group, in which the left lung hilum was not clamped; MPO, myeloperoxidase;
TNF-o, tumor necrosis factor-a; gAPN, adiponectin globular domain; IL-6,
interleukin-6; I/R, ischemia/reperfusion.

SOD activity was increased and MDA and NO production
were decreased compared with the NIR and DIR group,
respectively. SOD activity was lower, and the MDA and NO
production levels were higher, in the DIRA group compared
with the NIRA group (Fig. 3).

Apoptosis. The percentages of TUNEL-positive cells were
increased in the DS and NIR groups compared with the NS
group, and were further increased in the DIR group compared
with the NIR group. Following treatment with gAPN prior
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Figure 3. APN attenuates oxidative stress induced by I/R. The results are
expressed as mean + standard deviation. "P<0.05 vs. NS group,”P<0.05 vs. NIR
group, "P<0.05 vs. NIRA group, *P<0.05 vs. DS group and “P<0.05 vs. DIR
group. DIR, diabetic I/R group, in which the lung was subjected to 90 min
of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN group, in
which 10 #g gAPN was injected 10 min prior reperfusion; DS, diabetic sham
group, in which the left lung hilum was not clamped; NIR, I/R, in which the
lung was subjected to 90 min of ischemia and 4 h of reperfusion; NIRA,
I/R + gAPN, in which 10 ug gAPN was injected 10 min prior to reperfu-
sion; NS, Sham group, in which the left lung hilum was not clamped. I/R,
ischemia/reperfusion; gAPN, adiponectin globular domain; SOD, superoxide
dismutase; MDA, malondialdehyde; NO, nitric oxide.

to reperfusion, the percentage of TUNEL-positive cells
was decreased in the DIRA and NIRA groups compared
with the DIR and NIR groups (Fig. 4). The percentage of
caspase-3-positive cells exhibited a pattern that was similar
to that of the TUNEL-positive cells mentioned above (Fig. 5).

p-AMPK, eNOS and iNOS protein expression. The results of
the present study demonstrated that p-AMPK/AMPK levels
were increased in the DIR and NIR groups compared with
the NS and DS groups, and were decreased in the DS group
compared with the NS group (Fig. 6). Treatment with gAPN
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Figure 4. APN inhibits I/R-induced apoptosis, as demonstrated via TUNEL staining. TUNEL-positive cells observed under a light microscope were identified
by brown-stained nuclei. (A) NS, (B) NIR, (C) NIRA, (D) DS, (E) DIR and (F) DIRA groups. Scale bar=200 M. (G) Percentages of TUNEL-positive cells.
The results were expressed as the mean + standard deviation. "P<0.05 vs. NS group, “P<0.05 vs. NIR group, "P<0.05 vs. NIRA group, $P<0.05 vs. DS group and
&P<0.05 vs. DIR group. DIR, diabetic I/R group, in which the lung was subjected to 90 min of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN
group, in which 10 xg gAPN was injected 10 min prior reperfusion; DS, diabetic sham group, in which the left lung hilum was not clamped; NIR, I/R, in which
the lung was subjected to 90 min of ischemia and 4 h of reperfusion; NIRA, I/R + gAPN, in which 10 yg gAPN was injected 10 min prior to reperfusion; NS,
Sham group, in which the left lung hilum was not clamped; TUNEL, terminal deoxynucleotidy! transferase dUTP nick end-labeling; I/R, ischemia/reperfu-

sion; gAPN, adiponectin globular domain.

increased p-AMPK/AMPK levels in the NIRA and DIRA
groups compared with the NIR and DIR groups. Additionally,
p-AMPK/AMPK levels were decreased in the DIRA group
compared with the NIRA group. The eNOS levels exhibited a
pattern that was similar to that of p-AMPK/AMPK, whereas
iNOS levels exhibited a trend that was the inverse of that of
p-AMPK/AMPK (Fig. 6).

Discussion

The present study reported three primary findings: i) Type 2
diabetes mellitus exacerbates LIRI in a manner that is charac-
terized by a high level of inflammatory cytokines, and a large
increase in oxidative stress and cellular apoptosis; ii) condi-
tioning via pretreatment with gAPN alleviates LIRI in vivo
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Figure 5. APN inhibits I/R-induced caspase-3 expression. Caspase-3-positive cells observed under a light microscope were identified by brown-stained nuclei.
(A) NS, (B) NIR, (C) NIRA, (D) DS, (E) DIR and (F) DIRA groups. Scale bar=200 pzM. (G) Percentages of caspase-3-positive cells. The results are expressed
as the mean =+ standard deviation. "P<0.05 vs. NS group, #P<0.05 vs. NIR group, "P<0.05 vs. NIRA group, $P<0.05 vs. DS group and “P<0.05 vs. DIR group.
DIR, diabetic I/R group, in which the lung was subjected to 90 min of ischemia and 4 h of reperfusion; DIRA, diabetic I/R + gAPN group, in which 10 ug gAPN
was injected 10 min prior reperfusion; DS, diabetic sham group, in which the left lung hilum was not clamped; NIR, I/R, in which the lung was subjected to
90 min of ischemia and 4 h of reperfusion; NIRA, I/R + gAPN, in which 10 ug gAPN was injected 10 min prior to reperfusion; NS, Sham group, in which the
left lung hilum was not clamped. I/R, ischemia/reperfusion; gAPN, adiponectin globular domain.

by reducing the inflammatory response, lung edema, LIS,
oxidative stress and apoptosis, and by improving pulmonary
oxygenation in normal rats and DM rats; and iii) treatment with
gAPN increases the activation of AMPK in rats, regardless
of treatment. To the best of our knowledge, the present study
was the first to provide direct evidence that the administration
of gAPN as a bolus 10 min prior to reperfusion reverses the
adverse effects of type 2 diabetes on LIRI.

APN monomers possess an amino-terminal collagen-like
domain and a carboxy-terminal globular domain that generates
trimers, hexamers and high-molecular-weight multimers (30).
The three multimeric forms have been detected in the circu-
lation, associated with numerous serum proteins previously
characterized in humans (31). The APN globular head has addi-
tionally been detected in the trimeric form in human and mouse
plasma, albeit at low concentrations (32,33). APN is one of a
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nitric oxide synthase; iNOS, inducible nitric oxide synthase.

number of proteins secreted by adipose cells that may couple
the regulation of insulin sensitivity with energy metabolism
and serve to associate obesity with insulin resistance (34). It
has been reported that gAPN has increased biological activity
(>20-fold) compared with the full-length form (33,35). gAPN
is more potent in the stimulation of fatty acid oxidation in
skeletal muscles compared with full-length APN and has more
rapid action than full-length APN following a single in vivo
dose (32). In addition, Tao et al (4) reported that, although the
levels of gAPN may be markedly low in the circulation, gAPN
may be the final active ligand of APN at its target cells.

It has been demonstrated that APN decreases proin-
flammatory cytokine levels and reduces apoptosis and
oxidative/nitrative stress (4,5,10). In the present study, the

LIRI of normal rats was mitigated following administration
of APN. Compared with the NIRA group, the W/D ratio, LIS,
IL-6 expression levels, TNF-a expression levels and MPO
activity were increased; oxidative stress and apoptosis were
more severe in the NIR group. Therefore, APN had a protec-
tive effect on cerebral and myocardial I/R injury (10,36), in
addition to LIRI. Low levels of APN may increase the risk
of type 2 diabetes mellitus and CVD development; however,
the association between circulating APN concentrations and
CVD risk is moderate compared with the strong association
with type 2 diabetes mellitus risk (6). In the present study,
diabetes mellitus in rats induced more severe lung injury
and aggravated LIRI compared with normal rats in the
same state. Compared with the NIR group, the W/D ratio,
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LIS, IL-6 expression levels, TNF-a expression levels and
MPO activity were higher; oxidative stress and apoptosis
were more severe in the DIR group. These changes were
ameliorated in the DIRA group compared with the DIR
group. Therefore, the administration of exogenous APN
mitigated LIRI in rats with diabetes mellitus. Additionally,
compared with the NIRA group, the W/D ratio, LIS, IL-6
expression levels, TNF-a expression levels and MPO activity
were higher; oxidative stress and apoptosis were more severe
within the DIRA group. Therefore, APN had a protective
effect on LIRI, and this protective effect was inhibited in rats
with diabetes mellitus.

AMPK is a highly conserved heterotrimeric kinase that
functions as a metabolic switch, thereby coordinating the cellular
enzymes involved in carbohydrate and fat metabolism to enable
adenosine 5'-triphosphate conservation and synthesis (37). The
metabolic effects of APN are similar to those elicited by the
activation of AMPK in the liver and muscles (7,11,12), leading
to the hypothesis that APN may act via the stimulation of
this enzyme. AMPK signaling in endothelial cells is required
for the proangiogenic effects of APN (12,38), antiapoptotic
effects (39), stimulation of NO production (40), reduction
of myocardial infarct size and myocardial apoptosis in a
mouse model of heart I/R (36), and attenuation of acute lung
injury (41,42). The majority of the metabolic regulatory function
of APN occurs via the AMPK signaling axis (35), whereas
APN-mediated inhibition of the inflammatory response and
elicitation of vasodilatation/vasculoprotection occurs primarily
via the AMPK/eNOS axis (38-40). Previous research revealed
that AMPK activation reduces TLR4-induced neutrophil
activation and diminishes the severity of neutrophil-driven
proinflammatory processes, including acute lung injury (43).
AMPK is involved in modulating acute inflammatory reactions
and AMPK activation inhibited cytokine production (44).
AMPK may additionally inhibit the formation of reactive
oxygen species via NADPH oxidase and stimulate NO
production by eNOS (45,46). Consistent with these studies,
the present study demonstrated that APN activated AMPK
expression, protected against LIRI by countering inflammation,
inhibited oxidative stress and inhibited apoptosis in rats.
In type 2 diabetes mellitus, tissue responses to insulin are
significantly reduced, and numerous studies have demonstrated
that APN shares numerous biological functions with
insulin (47). Therefore, rats with diabetes mellitus may exhibit
downregulated phosphorylation of AMPK. In the present
study, p-AMPK/AMPK was decreased in diabetes mellitus rats
compared with normal rats under the same conditions.

APN directly stimulates NO production via the phosphory-
lation of eNOS by AMPK (48). In the present study, treatment
with gAPN decreased NO production; however, eNOS expres-
sion was increased after treatment with gAPN. In contrast to
eNOS expression, iNOS expression was enhanced following
I/R and treatment with gAPN inhibited iNOS expression. A
previous study suggested that APN may increase NO produc-
tion by eNOS under physiological conditions; whereas, under
pathological conditions, where iNOS expression is stimulated,
APN inhibits NO overproduction by inhibiting iNOS expres-
sion, thus protecting tissues (5,48). These observations are
consistent with those of the present study, in which treatment
with gAPN decreased NO production and iNOS expression in
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the NIRA and DIRA groups compared with the NIR and DIR
groups, respectively.

Overall, the present study suggested that APN may serve
an important protective role in diabetes mellitus-exacerbated
LIRI in rats. Further studies are required to clarify the under-
lying mechanisms through which APN may protect against
diabetes mellitus-exacerbated LIRI in rats.

There were a number of limitations to the present study; as
the present study was terminated 4 h subsequent to reperfusion,
extended observations of the recipients of APN are required,
and the therapeutic effects of pretreatment with APN on lung
function requires further investigation. In the present study,
normal rats and diabetes mellitus rats were administered the
same dose of APN. The protective effects of APN were elimi-
nated in diabetes mellitus rats; an increased dose of APN may
exhibit more protective effects within diabetes mellitus rats.
An APN knockout mouse model is required to investigate the
underlying mechanisms of action of APN.

The results of the present study demonstrated that gAPN
may exert potent protective functions against LIRI within
rats with type 2 diabetes mellitus and the anti-inflammatory,
antioxidative stress and antiapoptotic properties of APN may
contribute considerably to its beneficial effects. AMPK is a key
transcription factor in this process. These molecules may be
considered as potential novel therapeutic targets following LTx.
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