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Abstract: Lung ischemia/reperfusion injury (LIRI) usually occurs during in lung transplantation and extracorporeal 
circulation operation and may develop into pulmonary infections, acute rejection and bronchiolitis obliterans syn-
drome. Recent studies have discovered the protective effect of heat shock protein 70 (HSP70) on various types of 
injuries. In the present study, we firstly explore the role of over-expressed HSP70 on the protection against LIRI. Lung 
Wet/Dry (W/D) ratio, biomarkers in the bronchoalveolar lavage fluid (BALF), lung histological changes and apoptosis 
markers, oxidative products and proinflammatory cytokines in the lung tissues were analyzed. Next, the expression 
of eNOS, SIRT1 and AMPK were measured. Finally, the changes of the lung W/D ratio and biomarkers in the BALF 
using the inhibitors of SIRT1/AMPK/eNOS pathway were evaluated. Mice exposed to LIRI procedure had significant 
increases in lung W/D ratio and biomarkers (protein level, LDH level, leukocytes and total cells) in BALF. LIRI also 
caused histological injury, demonstrated by hemorrhage, alveolar septal thickening and fibrin deposition. Apoptosis, 
oxidative products and proinflammatory cytokines in lung tissue were also induced by LIRI. The over-expression of 
HSP70 antagonized the impacts of LIRI by attenuating these parameters. It significantly increased the expression 
of eNOS, SIRT1 and AMPK, while the inhibition of SIRT1 and AMPK deactivated the eNOS expression. The lung W/D 
ratio and biomarkers in BALF were increased while mice were given inhibitors of eNOS, SIRT1 and AMPK. We con-
cluded that over-expression of HSP70 had protective effect on LIRI and HSP70 might be involved in the protection 
through a SIRT1/AMPK/eNOS pathway.

Keywords: HSP70, lung ischemia/reperfusion injury, SIRT1, AMPK, Enos

Introduction

Lung ischemia/reperfusion injury (LIRI) usually 
occurs during in lung transplantation and extra-
corporeal circulation operation [1, 2]. In lung 
transplantation or cardiac surgery with cardio-
pulmonary bypass, as the bronchial arterial 
blood flow can be decreased to approximately 
10%, it may cause extensive LIRI [3, 4], which  
is characterized by neutrophil extravasation, 
interstitial edema, disruption of epithelial integ-
rity and enhanced vascular permeability [5]. 
LIRI may also develop into pulmonary infec-
tions, acute rejection and bronchiolitis obliter-
ans syndrome and reduce the survival rate fol-
lowing lung transplantation 6. Some studies 
have revealed that induction of inflammatory 
mediators such as chemokines, cytokines, and 

oxygen radicals is one of the crucial underlying 
mechanisms, but effective treatments for its 
prevention are not yet available. 

Heat shock proteins (Hsps) are a family of pro-
teins that are produced by cells in response to 
exposure to stressful conditions, including heat, 
hypoxia, blood loss, ischemia-reperfusion inju-
ry, surgical and anesthetic stress. In 2000, 
Hiratsuka et al discovered heat pretreatment of 
the donor 6 hours before harvest resulted in 
increased synthesis of heat shock protein 70 
(HSP70) and protected against subsequent 
ischemia-reperfusion injury in the lung isograft 
[7]. Later, Jayakumar et al. showed HSP70 gene 
transfection protects mitochondrial and ven-
tricular function against ischemia-reperfusion 
injury [8]. Moreover, several studies have con-
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firmed that over expression of HSP70 decreas-
es subsequent ischemia-reperfusion injury in 
rat lung isografts [9], neuron ischemic injury 
[10] and myocardial infarction [11]. However, 
the mechanism underlying the protection of 
HSP70 on LIRI was not explored yet. 

Endothelial NOS (eNOS), a nitric oxide synthase 
that generates NO in blood vessels, plays an 
important role in the maintenance of endothe-
lial barrier properties and the prevention of leu-
kocyte infiltration [12]. Kaminski et al reported 
that up-regulation of eNOS inhibited pulmonary 
leukocyte migration following lung ischemia-
reperfusion and attenuated LIRI [13]. Moreover, 
several studies have revealed the interaction  
of HSP70/eNOS in multiple disease prevention 
[14-16]. Specially, Li et al reported that HSP70 
attenuated cardiac dysfunction, prevented car-
diomyocyte apoptosis and promoted myocardi-
al angiogenesis via an eNOS-dependent mech-
anism [11]. However, how HSP70 regulates 
NOS remains unclear. Recently, many studies 
show that silent information regulator 1 (SIRT1), 
one of the sirtuins, plays an important role in 
the maintenance of vascular endothelial cell 
homoeostasis [17-19]. Moreover, Li et al report-
ed that SIRT1 promoted the migration and pro-
liferation of endothelial progenitor cells through 
eNOS signaling pathway [20]. NO derived from 
eNOS can also interact with SIRT1 in the atten-
uation of mitochondrial dysfunction in type 2 
diabetic hearts [21]. AMP-activated protein 
kinase (AMPK), an enzyme that plays a role in 
cellular energy homeostasis, is closely related 
to Sirt1 [22, 23]. In addition, it was reported 
that the stimulation of NO production from 
eNOS and enhancement of NO bioavailability 
might involve both SIRT1 and AMPK [24]. 
Hence, in the present study, we explored the 
protective effect of HSP70 against LIRI and the 
underlying mechanism. Lung Wet/Ddy (W/D) 
ratio, biomarkers in the bronchoalveolar lava- 
ge fluid (BALF), lung histological changes and 
apoptosis markers, oxidative products and pro-
inflammatory cytokines in the lung tissues were 
analyzed to evaluate the protective effects of 
HSP70; Next, the expression of eNOS, SIRT1 
and AMPK were measured. Finally, the involve-
ment of SIRT1/AMPK/eNOS pathway was eval-
uated by examining the changes of the lung 
W/D ratio and biomarkers in the BALF using 
their inhibitors. 

Methods

Animals and drugs

The generation of HSP70 transgenic mice (Tg) 
has been previously described 25. Mice were 
housed in the hospital animal center. The 
house was maintained under standard condi-
tions (22°C room temperature, 33% humidity) 
with a 12 h light/dark cycle. Mice received 
humane care in compliance with the “Guide for 
the Care and Use of Laboratory Animals” pub-
lished by the National Institutes of Health (NIH 
Publication No. 86-23, revised 1996). Approval 
for all experimental protocols was granted by 
the Animal Care Committee of People’s hospi-
tal, Liaocheng. L-NIO (L-N 5-[1-iminoethylorni-
thine]), dorsomorphin and EX 527 were prod-
ucts of Sigma Aldrich (St. Louis, MO, USA). 
L-NIO was given to mice 30 min before the isch-
emia/reperfusion procedure (3.0 mg/kg, sc) to 
inhibit eNOS; Dorsomorphin was injected via 
the tail vein (10 mg/kg) 10 min prior to the isch-
emia/reperfusion procedure to inhibit SIRT1; 
EX-527 was dissolved in dimethyl sulfoxide 
(DMSO) and intraperitoneally injected (40 mg/
kg) 30 min before the ischemia/reperfusion 
procedure to inhibit AMPK.

Experimental protocol of LIRI

Mice were anesthetized with air containing  
1% isoflurane, then incubated and connected 
to a MiniVent mice ventilator (Hugo Sachs 
Elektronik, March, Germany). Heparin (30 U/
kg) is given via the right external jugular vein. 
The chest was opened by a cut to the left fourth 
rib. A left thoracotomy was performed before 
the left lung hilum was exposed. A non-crushing 
clamp was placed across the left lung hilum, 
occluding the pulmonary artery, vein, and main 
stem bronchus. The left lung was rendered 
ischemic for 60 min before the reperfusion was 
established by removing the clamp for 90 min. 
The chest was temporarily closed during the 
ischemia and reperfusion procedures. Mice in 
the Normal+WT and Normal+Tg groups had the 
same procedure except that no clamp was 
placed across the left lung hilum. 

Lung wet/dry weight ratio

At the end of the experiments, the left lower 
lobe of the lung was dissected and weighed. 
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After that, it was dried in an oven at a constant 
temperature of 60°C for 48 h to obtain a dehy-
drate consistency, then weighed again. The 
lung wet/dry (W/D) ratio was calculated as an 
indicator of edema.

Bronchoalveolar lavage fluid (BALF) collection 
and assays 

Similarly to Enoki et al [26], after the reperfu-
sion was finished, BALF was collected by can-
nulating the trachea with repeated 200 μL of 
sterile PBS containing heparin up to a total vol-
ume of 1.0 mL. After the BALF was collected, 
the left lung was removed en bloc and drained 
of blood, then homogenized in 2 mL PBS on ice 
for following studies. The BALF was centrifuged 
at 4,000 × g for 5 min at 4°C to separate the 
cells in the BALF from the liquid. The superna-
tant (10 μl) was used in the assay. The protein 
concentration was measured with a BCA pro-
tein assay reagent (Beyotime Biotechnology, 
Shanghai, China). LDH levels were examined 
using a commercial assay kit (Beyotime Bio- 
technology, Shanghai, China). Cells were re-
suspended in PBS. Leukocytes in the BALF 
were counted in ten randomly chosen fields 
with optical microscopy, while the total cell 
count was determined on a fresh fluid speci-
men using a hemocytometer. 

Histological examination by hematoxylin and 
eosin (H&E) staining

After the reperfusion was done, the left lung tis-
sue were fixed in 10% formalin for 24 hours, 
then embedded in paraffin. Next, slices were 
cut and stained with routine H&E. Finally, they 
were observed by light microscopy for the area 
analysis of cell damage.

Measurement of oxidative products and proin-
flammatory cytokines in lung tissues 

20 mg of lung tissue was homogenized in 2 mL 
PBS on ice. After they were centrifuged at 
12,000 g for 20 min, the MDA and protein car-
bonyl content in the supernatant were mea-
sured using the corresponding kits (Jiancheng 
Bioengineering Institute, Nanjing, China) follow-
ing the instructions. For 8-OHdG assay, DNA 
was extracted from the homogenized lung tis-
sue with a DNA Extraction Kit (Wako Chemical; 
Osaka, Japan), then washed with 70% ethanol, 
dried, and dissolved in 200 μL of 10 mM Tris-

HCl (pH 7.0) for digestion. 8-OHdG levels then 
were measured with the method of Qian et al 
[23]. The protein concentration was determin- 
ed using a BCA protein assay kit (Beyotime, 
Shanghai, China). The levels of TNF-α, IL-1β and 
IL-6 were measured using sandwich enzyme-
linked immunosorbent assay (ELISA) commer-
cially available from Nanjing Jiancheng Bioen- 
gineering Institute (Nanjing, China) according to 
the manufacturer’s instructions. These experi-
ments were performed according to the manu-
facturer’s instructions.

Western blot

After the reperfusion was done, the mouse’s 
left lung were harvested and placed in ice-cold 
homogenizing buffer (20 mmol/L Tris, 100 
mmol/L NaCl, and 2.7 mg/mL heparin) and 
then homogenized. The homogenate was cen-
trifuged at 1500 g for 10 min at 4°C to collect 
the supernatant as a total protein preparation. 
After centrifugation, collected supernatants 
were transferred to a fresh tube. The protein 
concentration was determined using a BCA pro-
tein assay kit (Beyotime, Shanghai, China). 
Next, equal amounts of protein were combined 
with 5 × sodium dodecyl sulfate, then loaded 
onto a sodium dodecylsulfate-polyacrylamide 
gel for electrophoresis and subsequently trans-
ferred to polyvinyldine diflouride membrane  
for immunoblot analysis. The membranes were 
blocked in 5% nonfat milk for 2 h at room tem-
perature and then incubated overnight at 4°C 
with primary antibodies against Bcl-2, Bax, pro-
caspase-3, cleaved caspase-3, p-eNOS, eNOS, 
SIRT1 and AMPK (Santa Cruz Biotechnology). 
After being washed three times with Tris-
buffered saline with 0.05% Tween 20, the mem-
branes were incubated with proper peroxidase-
conjugated secondary antibody for 2 hours. 
The membrane was washed three times with 
Tris-buffered saline, and then examined with 
the ECL Plus Western Blotting Detection System 
(Amersham Life Science, UK). The results were 
normalized to β-actin to correct for loading.

Statistical analysis

All data are presented as Mean ± SEM. Stati- 
stical analysis was performed using one-way 
analysis of variance followed by the Student-
Newman-Keuls post-hoc test with SPSS17.0. P 
value less than 0.05 was considered signi- 
ficant. 
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Results

Changes in lung W/D ratio and biomarkers in 
BALF with LIRI and HSP70 over-expression

Table 1 shows the changes in lung W/D ratio 
and biomarkers (protein level, LDH level, leuko-
cytes and total cells) in BALF. In Sham groups, 
transgenic mice with HSP70 (Sham+Tg) had no 
changes in these indicators. In LIRI groups, WT 
mice had significant increases in all these in- 
dicators compared to Sham group (P<0.05). 
These indicators in LIRI+Tg group were dramati-

cally decreased compared to that in the 
LIRI+WT group (P<0.05).

Histological changes and apoptotic proteins 
expression

Figure 1 shows the histological changes and 
apoptotic proteins expression caused by LIRI or 
HSP70. As shown in Figure 1A, LIRI caused 
apparent hemorrhage, alveolar septal thicken-
ing as well as fibrin deposition. In mice in the 
LIRI+Tg group, histological damages was also 
caused, but to a lesser degree. As shown in 

Table 1. Changes in lung W/D ratio and biomarkers in BALF
Sham LIRI

WT Tg WT Tg
Lung W/D ratio 5.36±1.25 5.45±1.02 9.68±1.29* 6.24±1.41&

Protein level in BALF (µg/ml) 39.65±3.21 42.56±3.96 126.74±10.26* 88.96±10.24*,&

LDH level in BALF (U/ml) 10.65±2.66 11.63±2.94 46.64±5.22* 23.31±2.67*,&

Leukocytes in BALF (1 × 106/ml) 4.96 ±1.26 4.58±2.11 15.29±3.62* 5.22±2.14&

Total cells in BALF (1 × 106/ml) 5.69±1.59 5.27±1.18 19.32±2.05* 9.69±2.37*,&

WT: Wild type mice; Tg: transgenic mice of HSP70; LIRI: lung ischemia/reperfusion injury; W/D: Wet/dry; BALF: bronchoalveolar 
lavage fluid; LDH: lactate dehydrogenase. Values are expressed as Mean ± SEM. *P<0.05 compared to Sham+WT; &P<0.05 
compared to LIRI+WT. N = 10 per group.

Figure 1. Histopathological changes and apoptotic protein expression. Microscopic examinations of the lung tissues 
were stained with hematoxylin and eosin was shown in (A. The magnification used in these photos was 200 ×. LIRI: 
lung ischemia/reperfusion injury; Tg: transgenic mice of HSP70; Vehicle: mice treated with saline. Apoptotic protein 
expression (Bcl-2, Bax, pro-caspase-3 and cleaved caspase-3) is shown in (B-E). Values are expressed as Mean ± 
SEM. &P<0.05 compared to Sham+WT; #P<0.05 compared to LIRI+WT. N = 8 per group.
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Figure 1B-E, the levels of Bcl-2 was not altered 
by LIRI, but greatly enhanced by over-expres-
sion of HSP70 (P<0.05); both Bax and cleaved 
caspase-3/pro caspase-3 ratio was increased 
by LIRI (P<0.05), but significantly suppressed 
by HSP70 (P<0.05). 

Changes in oxidative products in lung tissues 

Changes in oxidative products (MDA, protein 
carbonyl and 8-OHdG) were shown in Figure 
2A-C. The over-expression of HSP70 only had 
no effects on the levels of MDA, protein carbon-
yl and 8-OHdG. LIRI caused significant oxida-
tive stress in lung, as shown in the dramatic 
increase in MDA, protein carbonyl and 8-OHdG 
levels (P<0.05). However, HSP70 over-expres-
sion significantly decreased these parame- 
ters compared with those in LIRI+WT group 
(P<0.05). 

Changes in TNF-α, MPO and IL-6 levels in lung 
tissues

As demonstrated in Figure 3A-C, the over-
expression of HSP70 only had no effects on  
the levels of TNF-α, MPO and IL-6 levels, but 
their levels in lung tissue were remarkably 
increased by LIRI compared with Sham+WT 
group (P<0.05). Over-expression of HSP70, 
however, significantly reduced the alteration of 
TNF-α, MPO and IL-6 levels in lung tissues 
(P<0.05).

The protein expression of eNOS, p-eNOS, 
SIRT1 and AMPK

As shown in Figure 4A and 4D, there was  
no significant difference between Sham+WT, 
Sham+Tg and LIRI+WT groups, but in the 
LIRI+Tg group, the eNOS expression was greatly 

Figure 2. Changes in oxidative products (MDA, protein carbonyl and 8-OHdG) in the lung tissues. It shows the levels 
of MDA, protein carbonyl and 8-OHdG in the lung tissues. Values are expressed as Mean ± SEM. &P<0.05 compared 
to the Sham+WT; #P<0.05 compared to LIRI+WT. N = 10 per group.

Figure 3. Changes in lung inflammation markers (TNF-α, MPO and IL-6). The levels of TNF-α, MPO and IL-6 levels in 
the lung tissues are shown in (A-C), respectively. Values are expressed as Mean ± SEM. &P<0.05 compared to the 
Sham+WT; #P<0.05 compared to the LIRI+WT. N = 10 per group.
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increased (P<0.05 compared to LIRI+WT). 
Figure 4B, 4E and 4F show that both the SIRT1 
and AMPK expression were increased by LIRI 
(P<0.05 compared to Sham+WT), and further 
enhanced in the LIRI+Tg group (P<0.05 com-
pared to LIRI+WT). To investigate the effects of 
SIRT1 and AMPK on the eNOS activation, we 

used the inhibitors of eNOS, SIRT1 and AMPK 
(L-NIO, dorsomorphin and EX 527), and then 
observed the expression of eNOS and p-eNOS. 
As shown in Figure 4C and 4G, the p-eNOS/
eNOS was greatly decreased while mice were 
treated with L-NIO, dorsomorphin or EX 527 
(P<0.05 compared to LIRI+Tg). 

Figure 4. Changes in the expression of eNOS, SIRT1, AMPK and p-eNOS in lung tissues. The blots of eNOS, SIRT1, 
AMPK and eNOS phosphorylation are shown in (A-C); the value changes are shown in (D-G). The values are ex-
pressed as Mean ± SEM. &P<0.05 compared to the Sham+WT; #P<0.05 compared to the LIRI+WT, @P<0.05 com-
pared to the LIRI+Tg. N = 8 per group.
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Changes in lung W/D ratio and biomarkers in 
BALF with inhibitors of eNOS, SIRT1 and AMPK 

Table 2 shows the changes in lung W/D ratio 
and biomarkers in BALF with the treatment of 
inhibitors of eNOS, SIRT1 and AMPK. Compared 
to the LIRI+Tg group, all these indicators we- 
re increased while mice were given L-NIO, dor-
somorphin or EX 527 (P<0.05 compared to 
LIRI+Tg), demonstrating the roles of eNOS, 
SIRT1 and AMPK in the protective effects of 
HSP70. 

Discussion

The present study aims to study the protective 
effects of HSP70 against the LIRI and to explore 
the underlying mechanism. Mice exposed to 
LIRI procedure had significant increases in lung 
W/D ratio and biomarkers (protein level, LDH 
level, leukocytes and total cells) in BALF. LIRI 
also caused histological injury, demonstrated 
by hemorrhage, alveolar septal thickening and 
fibrin deposition. Apoptosis, oxidative products 
and proinflammatory cytokines in lung tissue 
were also induced by LIRI. The over-expression 
of HSP70, however, antagonized the impacts of 
LIRI by attenuating these parameters. Further 
investigation revealed that HSP70 significantly 
increased the expression of eNOS, SIRT1 and 
AMPK, while the inhibition of SIRT1 and AMPK 
deactivated the eNOS expression. Finally, lung 
W/D ratio and biomarkers in BALF were in- 
creased while mice were given inhibitors of 
eNOS, SIRT1 and AMPK, demonstrating their 
roles in the protective effects of HSP70.

Previous studies and ours have shown that LIRI 
is characterized by increased microvascular 
permeability and the pulmonary sequestration 
of leukocytes [27]. ROS and proinflammatory 

cytokines are essential in the pathology of LIRI. 
The burst of ROS caused by lung reperfusion 
overwhelms the anti-oxidative capacity in body 
and causes damage to the cellular membrane, 
alveolar epithelial, capillary endothelial cells 
and mitochondria [28], as well as stimulate the 
production of several inflammatory cytokines 
[4], resulting in cellular necrosis and apoptosis, 
which is shown by the increase of Bax and 
cleaved caspase-3. Consistent with previous 
studies, the present study confirms that the oxi-
dative products and proinflammatory cytokines 
in lung tissue were induced by LIRI. MDA (a 
naturally occurring product of lipid peroxida-
tion), carbonyl protein (an indicator of oxidative 
injury in proteins) and 8-OHdG (a marker of oxi-
dative damage to DNA) were all increased by 
LIRI. TNF-α is a proinflammatory cytokine 
secreted from macrophages in response to a 
variety of pathologic processes and has been 
identified as one of the pivotal factors acceler-
ating LIRI [29]. The activity of MPO was used as 
a marker of neutrophil infiltration [30]. Several 
previous studies have shown the active role of 
MPO in the lung tissue in inflammatory response 
after LIRI [31, 32]. IL-6 acts as a mediator of 
acute lung injury and the induction of edema 
[33]. It is suggested that these proinflammato-
ry cytokines might amplify lung injury and the 
systemic inflammatory response [34]. The 
increase of TNF-α, MPO and IL-6 in the lung tis-
sues after LIRI demonstrates their involvement 
in the pathology of LIRI.

HSP70, the largest and most conserved family 
of HSP, usually acts as a signaling molecule 
and regulator in cellular processes and pro-
tects cells from various noxious conditions, 
including apoptosis, oxidative stress, ischemic 
and/or reperfusion injury [35-40]. Some stud-
ies suggested that HSP70 could regulate cellu-

Table 2. Changes in lung W/D ratio and biomarkers in BALF with inhibitors of eNOS, SIRT1 and AMPK
LIRI

Vehicle L-NIO Dorsomorphin EX 527
Lung W/D ratio 6.38±0.86 10.26±1.03* 9.08±1.31* 9.47±1.21*
Protein level in BALF (µg/ml) 80.23±9.67 121.23±11.01* 132.25±9.66* 121.28±10.34*
LDH level in BALF (U/ml) 26.31±2.37 49.67±5.31* 52.33±4.21* 42.33±4.05*
Leukocytes in BALF (1 × 106/ml) 5.67±1.56 16.33±3.24* 14.20±3.27* 13.29±3.15*
Total cells in BALF (1 × 106/ml) 10.22±2.07 18.66±2.31* 21.03±2.69* 18.21±2.15*
LIRI: lung ischemia/reperfusion injury; Tg: transgenic mice of HSP70; Vehicle: mice treated with saline; W/D: Wet/dry; BALF: 
bronchoalveolar lavage fluid; LDH: lactate dehydrogenase. Values are expressed as Mean ± SEM. *P<0.05 compared to 
LIRI+Tg+Vehicle. N = 10 per group.
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lar apoptosis, oxidative stress and inflamma-
tion, three important factors in the pathogene-
sis of LIRI, in the process of ischemia and/or 
reperfusion. Li et al showed that HSP70 pro-
tected heart from myocardial infarction by pre-
vention of cardiomyocyte apoptosis [11], while 
Ma and Kang et al. found that HSP70 prevented 
expression of active caspase-3 and neural 
apoptosis and improved neurological functions 
after a cerebral ischemia/reperfusion injury  
[9, 41]. Consistent with these findings, Cui et  
al discovered HSP70 expression after LPS-
induced inflammation in the brain [42]. Our 
results showed that HSP70 attenuated the 
increase of lung W/D ratio and biomarkers in 
BALF (protein level, LDH level, leukocytes and 
total cells) as well as the histological injury, 
demonstrating its protective effect against 
LIRI. In the HSP70 over-expressed mice, we 
found that the levels of Bcl-2 was greatly 
enhanced and both Bax and cleaved cas-
pase-3/pro caspase-3 ratio was suppressed, 
indicating the attenuation of cellular apoptosis. 
For oxidative stress, it was confirmed that 
HSP70 was capable of restore the oxidative/
anti-oxidative balance caused by LIRI, as sh- 
own by the decreases of oxidative products 
(8-OHdG, MDA and protein carbonyl). Moreover, 
over-expression of HSP70 greatly mitigated the 
inflammatory response, demonstrated by the 
decrease in the inflammation markers (TNF-α, 
MPO and IL-6), which are all activated by the 
LIRI. Together with previous studies, these 
results confirm the protective effects of HSP70 
against cellular injury, inflammation and oxida-
tive stress. 

To further explore the involvement of eNOS in 
the protective effects of HSP70, we investigat-
ed their expression in the HSP70 over expressed 
mice. ENOS is a kind of enzyme catalyzing the 
production of NO from L-arginine, which may 
protect cell from various injuries, such as medi-
ating the vascular response to the oxidative 
stress and inhibiting neutrophil adhesion to the 
vascular endothelium [43-45]. Many investiga-
tors have explored the regulation between 
HSP70 and eNOS [14, 46, 47]. It was shown 
that HSP70 and the PI3/Akt/eNOS pathway 
might be involved in the cardioprotection of 
periodic acceleration preconditioning [14], wh- 
ile another study indicated HSP72 could in- 
crease angiotensin-(1-7) signaling through the 
Mas/eNOS/SIRT1 pathway [46, 48]. Moreover, 
it was directly demonstrated that HSP70 pre-

vented cardiomyocyte apoptosis by an eNOS-
dependent mechanism [11]. Here, we found 
that HSP70 significantly increased the expres-
sion of eNOS and lung W/D ratio and biomark-
ers in BALF were increased while mice were 
given inhibitors of eNOS. The similarity between 
previous studies and our results is that the 
expression of eNOS can be regulated by HSP70, 
which plays an important role in the in the pro-
tection of LIRI. 

SIRT1, a homologue of silent information regu-
lator (Sir2) protein, is the closest human homo-
logue of yeast Sir2 [19]. It is classified as a 
NAD-dependent deacetylase and a nuclear sir-
tuin, although it is not restricted to the nucleus 
and has important non-nuclear functions 49 
Many studies have revealed that SIRT1 is a key 
component in several stress-responsive path-
ways involved in apoptotic cell death, cellular 
senescence and vascular growth (e.g., upon 
ischemia/reperfusion) [49]. How SIRT1 pro-
tects vascular from stress-induced endothelial 
dysfunction remains to be determined, but 
some studies suggested that eNOS, which 
plays a key role in maintaining vascular homeo-
stasis, might be involved. Resveratrol, a poly-
phenolic activator of SIRT1, has been shown to 
increase the expression of eNOS 50; Xia et al 
reported that both SIRT1 and AMPK were 
involved in the stimulation of NO production 
from eNOS and enhancement of NO bioavail-
ability [24]. As eNOS-derived NO is essential for 
endothelial-dependent vasorelaxation as well 
as endothelial cell survival, this pathway might 
be an important mechanism for the protective 
effect of SIRT1 in the LIRI. It is reported that 
AMPK modulates many signaling cascades, 
and then protects endothelial cells from injury 
and dysfunction, such as endothelial oxidative 
injuries [51]. SIRT1/AMPK pathway is involved 
in the protection induced by many factors, such 
as methylene blue, aspirin, alpha-lipoic acid 
and resveratrol [52-55]. Enlightened by the- 
se findings, we examined the role of SIRT1/
AMPK pathway to explore how SIRT1 regulates 
the eNOS expression. Interestingly, SIRT1 and 
AMPK expression were both increased by 
HSP70 over-expression. Moreover, the p-eNOS/
eNOS was greatly decreased while mice were 
treated with dorsomorphin or EX 527 (inhibitors 
of SIRT1 or AMPK), indicating the role of SIRT1 
and AMPK in the activation of eNOS. Further 
studies demonstrated that the changes in lung 
W/D ratio and biomarkers in BALF were in- 
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creased while mice were given L-NIO, dorso-
morphin or EX 527, demonstrating the roles of 
eNOS, SIRT1 and AMPK in the protective effects 
of HSP70. These evidence support our hypoth-
esis that over-expression of HSP70 protects 
mice against lung ischemia/reperfusion injury 
through SIRT1/AMPK/eNOS pathway. 

Taken together, the present study demon-
strates that over-expression of HSP70 had pro-
tective effect on LIRI, demonstrated by attenu-
ation of histological injury, cellular apoptosis, 
oxidative products and proinflammatory cyto-
kines. The SIRT1/AMPK/eNOS pathway is in- 
volved in the protective effects of HSP70. 
Although the precise mechanism needs further 
investigation, the present study suggests that 
HSP70 may serve as a novel target in the treat-
ment of LIRI.
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