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Abstract
Mechanical ventilation is extensively used to treat patients with lung injury but may result in

ventilator-induced lung injury (VILI). The present study investigated the protective effect of

alpha 1-antitrypsin (AAT) on VILI. Adult male rats were subjected to sham,

ventilationþ saline, or ventilationþAAT treatment and lung injuries were evaluated.

Peripheral blood and bronchoalveolar lavage fluid (BALF) were obtained to assess systemic

and local inflammatory responses, respectively. Mechanical ventilation resulted in lung

injury, as evidenced by histological abnormalities as well as elevations in PaO2/FiO2 ratio,

the wet-to-dry weight ratio, and the BALF level of proteins. The intravenous administration

of AAT significantly improved these parameters of lung function, suggesting a protective

role of AAT in VILI. Mechanistically, ventilator-induced inflammation was effectively reduced

by AAT, as evidenced by decreases in BALF neutrophil counts, BALF cytokines, and serum

adhesion factors. In contrast, anti-inflammatory interleukin-10 in BALF was increased in

response to AAT. AAT treatment also inhibited the expression of nuclear factor-jB, Bax, and cleaved caspase-3 while promoting

Bcl-2 expression in ventilator-injured lung tissues. AAT treatment can ameliorate VILI by inhibiting inflammatory mediator

production and apoptosis.
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Introduction

Mechanical ventilation is extensively used in patients with
lung injury or lung dysfunction. Approximately 39% of
patients in intensive care units have been ventilated.1

Although small tidal volume ventilation has been proven
to be beneficial in patients with acute respiratory distress
syndrome (ARDS),2 ventilator-induced lung injury (VILI)
may occur in 24% of ARDS patients who are subjected to
mechanical ventilation and contributes to 40–50% of
deaths.3 Thus, a better understanding of the pathogenesis
of VILI and developing more effective therapeutic strate-
gies are clinically urgent for the treatment of lung
dysfunction.

High tidal volume ventilation may cause alveolar over-
stretching and increased alveolocapillary permeability,

leading to local inflammation and pulmonary edema,
which play critical roles in the pathogenesis of VILI.4–8

AAT is an inhibitor of serine protease with anti-
inflammation and antiapoptotic properties.9–11 Previous
studies reported that AAT can ameliorate islet injury11,12

and endothelial/epithelial cell injury by inhibiting inflam-
mation,13–15 apoptosis, and neutrophils elastase. Based on
these findings, we hypothesize that AAT may have a bene-
ficial effect on VILI.

The present study explored the role of AAT in VILI
and the underlying mechanisms using a rat model precon-
ditioned with high tidal ventilation. Our results demon-
strated that AAT may attenuate inflammation
and apoptosis in VILI by modulating inflammation- and
apoptosis-related protein expression, thereby improving
VILI.

Impact statement
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protease with anti-inflammatory and anti-
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Materials and methods

Ethics statement

This study was approved by the Ethics Committee at The
Affiliated Hospital of Qingdao University, Qingdao,
Shandong, China. All the procedures and treatments in
this study were conducted following the guidance of the
Institutional Animal Care and Use Committee at the same
institution noted above.

VILI rat model

Twenty-four male rats (250–300 g, 10 weeks old) were pur-
chased from Qingdao University and maintained under
pathogen-free conditions at the animal experiment center
at Qingdao University. The rats were randomly divided
into three groups (n¼ 8/group): sham group (S), ventila-
tion/saline group (V), and ventilation/AAT group (VA).
All rats were anesthetized with 3% pentobarbital sodium
(30 mg/kg; Sigma-Aldrich, Shanghai, China) intraperitone-
ally. The anesthesia of all rats was maintained with pento-
barbital sodium (10 mg/kg) and vecuronium (0.1 mg/kg)
in 1 h intervals. The caudal vein and artery of the rat tail
were cannulated for blood sample withdrawal and intrave-
nous injections. The rats in the S group only received anes-
thesia, while those in the V and VA groups also received
tracheotomy and 4 h of mechanical ventilation with a tidal
volume of 30 mL/kg,16,17 respiratory rate of 50/min, and
inspiratory to expiratory ratio of 1:1. The saline or a single
dose of AAT (2 mg/kg) was intravenously injected in the
V and VA groups18 immediately following ventilation. The
body temperature of the rats was monitored with a rectal
temperature probe and maintained at approximately 37�C
with a thermal blanket. The state of the rats (alive or dead)
during experimentation was judged by heart rate and
blood pressure. Moribund animals were defined as brady-
cardia with a heart rate< 40 beats/min or a mean blood
pressure< 30 mmHg. At the end of the experiment, all
rats were sacrificed with an overdose of anesthetics, and
the lungs were collected for further analyses.

Arterial blood gas (ABG) analysis

Arterial blood samples were withdrawn before and after
ventilation, respectively. ABG analysis was performed
with a Rapidlab 348 analyzer (Bayer, Leverkusen,
Germany). The ratio of partial pressure of arterial oxygen
to the fraction of inspired oxygen (PaO2/FiO2) was
calculated.

The serum concentrations of adhesion factors

The peripheral blood samples were withdrawn before and
after ventilation to determine the concentrations of intercel-
lular adhesion molecule-1 (ICAM-1) and macrophage
inflammatory protein-2 (MIP-2) using corresponding
ELISA kits (Boster Bio-engineering, Wuhan, Hubei, China).

Bronchoalveolar lavage fluid (BALF) analysis

The right bronchus was blocked with an arterial clamp, and
the BALF collection was performed in the left lung with five
cycles of infusion/withdrawal with ice-cold saline contain-
ing EDTA-2Na (15 mL/kg), followed by centrifugation at
1000 g at 4�C for 15 min. The concentration of each cytokine
was determined with corresponding ELISA kits (Boster
Bio-engineering, Wuhan, Hubei, China). The Giemsa-
stained neutrophils in the BALF were counted in randomly
selected eight fields of each group by an independent
pathologist under a Nikon microscope (Nikon, Tokyo,
Japan).

Measurement of wet-to-dry weight (W/D) ratio

After ventilation, a portion of the right lung of each rat was
excised and weighed. Following drying at 60�C for 48 h,
it was reweighed. Lung tissue edema was assessed using
W/D ratio calculation.

Histopathologic analysis

A piece of right lung tissue was fixed with 4% paraformal-
dehyde. Four-micrometer-thick lung tissue sections were
prepared and stained with hematoxylin and eosin. The
severity of the histopathologic injuries, including alveolar
congestion, edema, neutrophil infiltration, hemorrhage,
thickening of the alveolar wall, and hyaline membrane for-
mation was assessed by independent pathologists in a
blinded manner and scored from 0 to 4 (0, normal;
1, mild; 2, moderate; 3, severe; and 4, maximum). Images
(�200 magnification) were captured under a Nikon eclipse
80i microscope (Nikon, Tokyo, Japan).

TUNEL staining

TUNEL staining was performed to evaluate lung
tissue apoptosis using an apoptosis assay kit (Roche,
Mannheim, Germany) following the manufacturer’s proto-
col. Briefly, after an incubation with proteinase K for 30 min
and subsequent two rinses with phosphate-buffered saline,
the sections were incubated with TUNEL reaction mixture
for 1 h followed by DAPI staining (1 mg/mL) for 30 min in
the dark. TUNEL-positive cells were visualized under a
confocal microscope (absorption wavelength 490 nm). We
randomly selected 10 sections in each lung sample of all the
rats, and the TUNEL-positive cells were counted. The mean
ratio of the number of positive cells to the total cells was
used to quantify apoptosis.

Western blot assay

Proteins were extracted from lung tissues, and the concen-
tration was determined using a Bradford assay. Proteins
were separated by SDS-PAGE and transferred onto PVDF
membranes. Following a blocking step with 5% dry milk,
the membranes were probed with primary antibody
against Bax, Bcl-2, cleaved caspase-3, or phosphorylated
nuclear factor-jB (NF-jB) (Abcam, Cambridge, UK). After
incubation with the horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, Dallas,
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TX, USA), signals were visualized using an enhanced
chemiluminescence detection kit (ComWin Biotech Co.,
Ltd, Beijing, China).

Statistical analysis

All experiments were performed at least three times, and
the data are presented as the mean� standard deviation.
Data were analyzed with a two-way RMANOVA test using
SPSS 11.0 software (SPSS, Chicago, IL, USA). Non-normally
distributed data were analyzed using the Mann–Whitney–
Wilcoxon test. The data related to the protein and W/D
ratio were analyzed with one-way ANOVA. P< 0.05 was
considered significantly different.

Results

AAT improves gas exchange and alveolocapillary
permeability in VILI

To determine whether AAT has a protective role in VILI, we
measured the PaO2/FiO2ratio, W/D ratio, and the BALF
level of proteins to assess gas exchange and alveolocapil-
lary permeability of lung tissues, both of which are critical
parameters to define acute lung injury (ALI). As shown
in Figure 1, there were significant differences in PaO2/
FiO2ratio, W/D ratio, and the BALF level of proteins
between the three groups (P< 0.05), and the large-volume
ventilation led to a marked decrease in PaO2/FiO2 ratio
compared with the S group (P< 0.05). However, the AAT
significantly restored the ventilation-induced reduction of
PaO2/FiO2 ratio compared with the V group, less than 300
mmHg19 of which indicates ALI. Alveolocapillary perme-
ability is assessed using the W/D ratio and the BALF level
of proteins. As shown in Figure 1(b) and (c), after 4 h of
ventilation, both the W/D ratio and BALF level of proteins
were significantly increased in the V group but markedly
decreased by AAT administration in the VA group com-
pared with the S group. These data suggest that AAT
may improve the function of ventilation-injured lungs.

AAT ameliorates the histological damages in VILI

To further investigate whether AAT has a protective effect
on lung morphology during VILI, histological assessment

was performed on lung tissues. As shown in Figure 2, AAT
treatment led to significant reductions in the degree of lung
edema, alveolar wall thickening, local hemorrhage, and
neutrophil infiltration in lung parenchyma compared
with saline treatment, suggesting that AAT may improve
the morphological abnormalities in VILI.

AAT attenuates the inflammatory response in VILI

To determine whether AAT plays a role in the modulation
of systemic and local inflammation in response to ventila-
tion, we determined neutrophil counts in BALF and the
levels of inflammatory mediators in BALF and serum.20–22

As shown in Figures 3 and 4, there were significant differ-
ences in inflammatory responses between the three groups
(P< 0.05). Figure 3(a) indicated that the percentage of BALF
neutrophils in the V groupwas significantly increased com-
pared with that in the S group. However, the percentage of
the neutrophils was markedly lowered in the VA group
compared with the V group, suggesting the role of AAT
in inhibiting lung inflammation. The BALF level of neutro-
phil elastase was consistently and significantly lower in the
VA group than those in V group (Figure 3(b)). Similar
results were also observed with regard to the BALF levels
of pulmonary fibrosis-related proinflammatory cytokines,
including tumor necrosis factor alpha (TNF-a), interleukin-
1beta (IL-1b), and IL-6 (Figure 4(a) to (c)). In contrast, the
BALF level of anti-inflammatory factor IL-10 was signifi-
cantly elevated in the V and VA groups compared with the
S group. However, the IL-10 in the VA group was signifi-
cantly higher than that in the V group (Figure 4(d)). In
addition, the serum levels of ICAM-1 and MIP-2 were
lower in the VA group than in the V group (Figure 4(e)
and (f)). Taken together, these data indicate that AAT may
effectively protect lung tissues against VILI as an inflam-
matory modulator.

AAT inactivates NF-jB in VILI

Because transcription factor NF-jB is critically important in
regulating inflammatory genes,23 we next sought to deter-
mine whether AAT affects the NF-jB activity in VILI.
Figure 5 showed that the ventilation significantly
up-regulated the expression of NF-jB in the V and VA

Figure 1. The effect of AAT on the PaO2/FiO2 ratio (a), W/D ratio (b), and protein concentration (c). *P<0.05, versus S group; #P< 0.05, versus V group (n¼ 8). S: sham;

V: ventilationþ saline; VA: ventilationþAAT; W/D: wet-to-dry weight.
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groups compared with the S group (P< 0.05), and AAT
significantly inhibited the VILI-induced activation of NF-
jB, as evidenced by a decreased level of phosphorylated
NF-jB in the VA group compared with the V group, sug-
gesting that AAT attenuates inflammatory responses in
VILI at least partially through the inactivation of NF-jB.

AAT reduces cell apoptosis in VILI

Apoptosis is an important contributor to VILI. To evaluate
the role of AAT in cell apoptosis in lung tissues subjected to
VILI, TUNEL staining and Western blot assays were per-
formed. As shown in Figure 6(a) to (c), the number of
TUNEL-positive cells (green) in the V and VA groups was

Figure 2. Histological assessments of the lungs that received sham treatment (a), ventilationþ saline treatment (b), and ventilationþAAT treatment (c). Magnification

�200.

S: sham; V: ventilation; VA: ventilationþAAT. (A color version of this figure is available in the online journal.)

Figure 3. The effect of AAT on neutrophil counts (percentage) and the BALF level of neutrophil elastase. *P< 0.05 versus S group; #P< 0.05 versus V group (n¼ 8).

BALF: bronchoalveolar lavage fluid; S: sham; V: ventilationþ saline; VA: ventilationþAAT.
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Figure 4. The effect of AAT on the BALF concentrations of TNF-a (a), IL-1b (b), IL-6 (c), and IL-10 (d); and serum levels of ICAM-1 (e) and MIP-2 (f). *P< 0.05 versus S

group; #P< 0.05 versus V group (n¼ 8).

BALF: bronchoalveolar lavage fluid; ICAM-1: intercellular adhesion molecule 1; IL-1b: interleukin 1 beta; IL-6: interleukin 6; IL-10: interleukin 10; MIP-2: macrophage

inflammatory protein 2; S: sham; TNF-a: tumor necrosis factor alpha; V: ventilationþ saline; VA: ventilationþAAT.

Figure 5. The effect of AAT on the expression of phosphorylated NF-jB in lung tissues. * P< 0.05 versus S group; #P< 0.05 versus V group (n¼ 8). NF-jB: nuclear
factor-jB; S: sham; V: ventilationþ saline; VA: ventilationþAAT.
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notably increased comparedwith the S group (P< 0.05) and
was dramatically decreased in the VA group compared
with the V group (P< 0.05). The expression of all
apoptosis-related protein in the V and VA groups was sig-
nificantly altered compared with S group (P< 0.05). The
expression of proapoptotic Bax and cleaved caspase-3
was consistently and appreciably down-regulated, whereas
that of antiapoptotic Bcl-2 was markedly up-regulated
in the VA group compared with the V group (P< 0.05)
(Figure 7(a) and (b)), suggesting that AAT may reduce
cell apoptosis in VILI under the regulation of the expression
of apoptosis-related proteins. Collectively, these data indi-
cate that AAT may suppress ventilator-induced cell apo-
ptosis in lung tissues.

Discussion

AAT, an endogenous glycoprotein protease inhibitor exist-
ing in human body fluids, including blood, neutralizes pro-
teases derived from leukocytes in response to inflammatory
stimuli and subsequently protects the body against the

damage caused by immune cells.9 AAT deficiency increases
the risk of chronic obstructive pulmonary disease and
asthma.11,24,25 Although AAT has been successfully applied
to treating patients with AAT deficiency,26,27 the role of
AAT in VILI remains unknown. The present study demon-
strated that AATmay provide morphological and function-
al protection against VILI by improving gas exchange,
alveolocapillary permeability, lung edema, and neutrophil
infiltration as well as inhibiting alveolar cell thickening,
inflammatory responses, and cell apoptosis, suggesting
that AAT is a potential therapeutic agent for VILI.

As a protease inhibitor, AATcan neutralize the activity of
neutrophil elastase, a major source of endogenous pro-
teases responsible for direct damage to lung epithelial
cells and supportive tissues.28 Our study consistently
showed that AAT treatment decreased the neutrophil
counts and the neutrophil elastase level in BALF (Figure
2). Although the mechanism underlying these effects of
AAT remains to be further investigated, AAT appears to
improve gas exchange and alveolocapillary permeability
likely by controlling the quality and quantity of neutrophil

Figure 6. TUNEL assay for cell apoptosis in the lung tissues that received sham treatment (a), ventilationþ saline treatment (b), and ventilationþAAT treatment (c).

Magnification �100. (d) The apoptosis index (n¼ 8). *P< 0.05 versus S group; #P< 0.05 versus V group.

S: sham; V: ventilationþ saline; VA: ventilationþAAT. (A color version of this figure is available in the online journal.)
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elastase, leading to an elevated PaO2/FiO2 ratio but
decreased W/D ratio and BALF level of proteins in VILI
(Figure 1). Because AATcan inhibit neutrophil elastase, we
hypothesized that AAT may block protease-triggered
inflammatory responses in VILI. Notably, compared with
those in the V group, the BALF levels of proinflammatory
cytokines (TNF-a, IL-1b, and IL-6) in the VA group were
markedly reduced in response to AAT, whereas the level of
anti-inflammatory IL-10 was significantly increased (Figure
3). Consistent with our findings, elevated BALF levels of
TNF-a and IL-1b have been reported to play a pivotal role
in the pathogenesis of VILI,29 which can be antagonized by
IL-10.30 In addition, the anti-inflammatory effect of AAT is
further confirmed by the AAT-induced inactivation of NF-
jB (Figure 4), which in turn inhibits the transcription and
translation of inflammatory genes, leading to decreased
levels of circulating inflammatory cytokines. As a result,
the AAT-suppressed inflammatory responses may improve
the morphology of ventilator-injured lungs, as evidenced
by attenuated lung hemorrhage and edema.

On the other hand, in our study, AAT diminished the
serum levels of two important adhesionmolecules, ICAM-1
and MIP-2, which are released from injured epithelial and
endothelial cells and are essential for neutrophil adherence
and aggregation in VILI.31,32 ICAM-1- and MIP-2-recruited
neutrophil infiltration may cause secretion of reactive
oxygen species and elastase, leading to pulmonary injury.
The blockade of ICAM-1 could effectively ameliorate neu-
trophil influx-induced lung injury.33,34

Considering cell apoptosis also plays a key role in
VILI,35,36 we investigated whether AAT exerts effects on

apoptosis in ventilator-injured lung tissues. The results
demonstrated that AAT inhibited the expression of apopto-
tic cleaved capspase-3, which is consistent with previous
findings13,37 (Figure 7). In addition to caspase-3, we also
detected the protein levels of proapoptotic Bax and antia-
poptotic Bcl-2.38 An elevated Bax/Bcl-2 ratio is considered
to correspondwith the onset of cell apoptosis. The results of
our study showed that AAT suppressed Bax expression
while enhancing Bcl-2 expression in VILI, confirming the
role of AAT in regulating apoptosis during VILI.

Conclusions

In conclusion, our study demonstrated that AATattenuates
VILI, as indicated by improved pulmonary capillary per-
meability, decreased edema, inhibited inflammatory
responses, and suppressed apoptosis, which is likely attrib-
uted to the inactivation of NF-jB by AAT. The administra-
tion of AAT may represent an interventional approach for
ARDS patients who need mechanical ventilation in clinical
practice. Importantly, AAT is derived from human plasma.
The easy availability of AAT potentially reduces the treat-
ment costs of lung disease and dysfunction.
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Figure 7. The effect of AAT on the protein levels of Bax, Bcl-2, and cleaved caspase-3 in the lung tissues in VILI. (a) Western blot analysis of protein expression as

indicated and (b) quantification of Western blot analysis in A. *P< 0.05, versus S group; #P< 0.05, versus V group (n¼8).

S: sham; V: ventilationþ saline; VA: ventilationþAAT.
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