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Autophagy Activation Improves Lung Injury and Inflammation
in Sepsis

Hongying Zhao,1,6 Hongguang Chen,2 Meng Xiaoyin,3 Guotao Yang,4 Ying Hu,5 Keliang Xie,2

and Yonghao Yu2

Abstract—Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) undergoes the
process of pathological event including lung tissue dysfunction, pulmonary edema, and
inflammation in sepsis. Autophagy is a cytoprotective process recognized as one of the major
pathways for degradation and recycling of cellular constituents. Autophagy as a protective or
maladaptive response was still confused in ALI during sepsis. Acute lung injury was
performed by cecal ligation and puncture (CLP). Autophagic inducer rapacymin and inhibitor
3-MA and autophagosomal-lysosome fusion inhibitor bafilomucin (Baf) A1 and chloroquine
(CQ) were administrated by intraperitoneal injection at 1 h after CLP operation. Microtubule-
associated protein light chain 3 II (LC3II), Beclin 1, Rab7, and lysosome-associated mem-
brane protein type 2 (LAMP2) were detected by western blotting. Seven-day survival rate of
septic mice was observed. Histologic scores, lung wet-to-dry (W/D) weight ratio, oxygena-
tion index (PaO2/FiO2), total cells and polymorphonuclear neutrophils (PMN) in bronchial
alveolar lavage fluid (BALF) and myeloperoxidase (MPO) activity and cytokine tumor
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necrosis factor (TNF)-α, high-mobility group box (HMGB)1, interleukin (IL)-6, IL-10, and
monocyte chemotactic protein (MCP)1 were measured after sham or ALI operation. ALI
induced the increasing expression of autophagy-related protein LC3II, Beclin 1, Rab7, and
LAMP2 in CLP operation. Autophagic inducer rapacymin significantly induced the expres-
sion of LC3II, Beclin 1, LAMP2, and Rab7 in mice model of CLP, and inhibitor 3-MA
reduced expression of LC3II, Beclin 1, LAMP2, and Rab7 expressions in CLP + RAP mice
compared to CLP group. Compared with ALI group, Baf and CQ obviously elevated the level
of LC3II and Beclin 1, and reduced the LAMP2 and Rab7 expressions in CLP + Baf group
and ALI + CQ group. Compared with CLP group, autophagic inducer rapacymin improved
the survival rate, histologic scores, lung wet/dry weight ratio, PaO2/FiO2, total cells, and
PMNS in BALF and MPO activity and cytokines TNF-α, HMGB1, IL-6, IL-10, and MCP1
in CLP + RAP group, but there were exacerbated above indicators in CLP + 3-MA group,
CLP + Baf group, and CLP + CQ group. Autophagy activation participated in the patho-
physiologic process of sepsis, and alleviated the cytokine excessive release and lung injury in
sepsis.

KEYWORDS: ALI/ARDA; autophagy; lung injury; inflammation.

Sepsis is life-threatening organ dysfunction resulting
from dysregulated host responses to infection [1]. Organ
failure is one of the most common complications of sepsis,
and lung is the most easily implicated targeted organs in the
process of sepsis [2]. Moreover, the respiratory failure of
sepsis may develop into ALI and ARDS, which lead to an
inevitable risk of developing multiple organ failure and are
characterized by apoptosis of the pulmonary epithelial cells,
the destruction of the pulmonary epithelium, impairment of
its barrier function, and excessive and uncontrolled inflam-
matory response [3]. Actually, almost half of all patients
with severe sepsis will sequentially develop ALI and ARDS
in clinical cases. Also, decreasing excessive inflammation
and inhibition of cell apoptosis may ameliorate diminishes
the histopathologic changes, and even alleviate ALI and
ARDS in experiments of a mouse model [4].

Autophagy is a well-conserved, intracellular, multi-
step, and dynamic process; damaged and/or dysfunctional
proteins and organelles are isolated by a double-membrane
vesicle, and then fuse with lysosomes and form
autolysosomes for degradation to recycle. The accumula-
tion of autophagosomes can be either the results of autoph-
agy activity or due to a block of autophagosome-lysosome
fusion. The simple assess of autophagy may lead to a
mistake via autophagy increasing; the dynamic process of
autophagy that involves the complete flow of autophagy
from autophagosome formation to fusion with lysosomes
has driven the development of new or modified approaches
to detecting autophagy [5, 6].

Under physiological conditions, autophagy expresses
at a low basal level and is crucial for the maintenance of

cellular homeostasis. However, autophagy dysregulation
has been observed in different lung diseases including lung
injury [7, 8], pulmonary fibrosis [9], and chronic obstruc-
tive pulmonary disease [10]. Besides, autophagy is respon-
sible to the other organ injury or dysfunction induced by
sepsis [11]. Recently, autophagy plays a vital regulated
effect on programmed cell death pathway and inflamma-
tion in sepsis [12–14]. Autophagy process controls the
degradation of long-lived proteins, protein aggregates, in-
vading microorganisms, and inflammation through regula-
tory interactions with eukaryotic innate immune signaling
pathways, eliminating immune mediators, and endogenous
inflammasome agonists [15]. Nevertheless, autophagy is
also involved in the regulation of the inflammatory re-
sponse in different diseases [16, 17].

In the present research, firstly, we investigated the au-
tophagy changes in sepsis-induced acute lung injury. Second-
ly, we identified the entire process of autophagy from
autophagyososmal formation to autophagosome-lysosome
fusion through autophagic inducer, inhibitor, and
autophagosomal-lysosome fusion inhibitor management.
Lastly, we focused on the effect of autophagy activation lung
injury, function, and inflammation in lung of septic mice.

MATERALS AND METHODS

Animals

Male C57BL/6 mice, weighting 20–25 g, were
obtained from the Laboratory Animal Center of the
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Academy of Military Medical Sciences in Beijing, China.
Mice were acclimated for 1 week before experiments.
Before and throughout the study, standard animal chow
and water were freely available; mice were kept at room
temperature (20–22 °C) at 30–70% humidity on a 12:12-h
light-dark cycle. No deaths occurred before intervention.
All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of Tianjin Medical
University and performed in accordance with the National
Institutes of Health (Bethesda, MD) guidelines for the use
of experimental animals.

Acute Lung Injury of Polymicrobial Sepsis

Acute lung injury was induced by CLP as previously
described [18]. Briefly, under 50-mg/kg pentobarbital so-
dium deep anesthesia, the cecum was exposed by a 1-cm
abdominal midline incision and was ligated below the
ileocecal valve. Two cecal punctures from the distal three
quarters of the cecum were performed with a 20-gauge
needle, and a small amount (droplet) of stool was extruded
out through the puncture site to ensure patency of the
punctures. The exposed cecum was returned into the ab-
domen, and the abdominal wall was closed in layers using
sterile 6–0 surgical sutures. Postoperatively, 1 mL of
prewarmed sterile saline was administered subcutaneously
(pyrogen-free 0.9% NaCl, 37 °C) for fluid resuscitation.
Sham-operated mice were operated on identically without
ligation or puncture.

Experimental Design

Experiment 1: Autophagy-Related Protein Expression on
Sepsis-Induced Acute Lung Injury in Mice

Thirty-two mice were randomly divided into two
group (n = 8 for Con group, n = 24 for CLP group). Acute
lung injury was performed by cecal ligation and puncture.
Lung tissues were obtained for the detection of autophagy-
related protein LC3, Beclin 1 Rab7, and LAMP2 from Con
group and at 6 h, 12 h, and 24 h from CLP group (n = 8 per
every time point).

Experiment 2: the Effect of Autophagic Inhibitor and
Inducer on Autophagy-Related Protein Expression LC3,
Beclin 1, Rab7, and LAMP2 in Sepsis-Induced Acute Lung
Injury

Forty-eight mice were randomly divided into six
group including Con group, ALI group, ALI + 3-MA
group, ALI + 3-Rap group, ALI + Baf group, and ALI +
CQ group (n = 8 for each group). Acute lung injury was

performed by cecal ligation and puncture. According to
previous researches [13, 19, 20], 3-MA were treated by
intraperitoneal injection at 15 mg/kg BW (Bio Vision,
Mountain View, CA) at 1 h after CLP operation.
Rapacymin were treated by intraperitoneal injection at
10 mg/kg BW (Bio Vision, Mountain View, CA) at 1 h
after CLP operation. Baf was treated by intraperitoneal
injection at 1 mg/kg BW (LC Laboratories, Woburn,
MA) at 1 h after CLP operation. CQ was treated by
intraperitoneal injection at 60 mg/kg BW (Sigma-Aldrich,
St Louis, MO) at 1 h after CLP operation. Lung tissues
were collected for measurement of autophagy-related pro-
tein LC3, Beclin 1, Rab7, and LAMP2 at 24 h after
experiment.

Experiment 3: the Effect of Autophagic Inhibitor and
Inducer on Survival Rate of ALI

Additional 120 mice were randomly divided into six
group (n = 20 for each group). The grouping method and
experimental protocols were the same as experiment 2.
Mice survival rate were observed at 0 day, 1 day, 2 days,
3 days, 5 days, and 7 days after sham or CLP surgery.

Experiment 4: the Effect of Autophagic Inhibitor and
Inducer on Sepsis-Induced ALI and Cytokines in Mice

Additional 48 mice were used in this experiment and
were randomly assigned to six groups (n = 8 for each
group). The grouping method and experimental protocols
were the same as experiment 2. The PaO2/FIO2 was mea-
sured at 24 h after experiment. The BALFwas collected for
detecting the number of total cells and PMNs at 24 h after
sham or CLP. Besides, the part lung samples were removed
and collected for evaluating the histopathology, W/D
weight ratio, and MPO activity. The other part lung tissue
were obtained and saved for measuring the cytokines of
TNF-α, IL-6, HMGB1, MCP-1, and IL-10.

Lung Tissue Histologic Examination

After experiment, lung tissue was removed and fixed
in 4% paraformaldehyde, embedded in paraffin, and sec-
tioned at 5-μm thickness. After deparaffinization and de-
hydration, the sections were stained with hematoxylin and
eosin for microscopic examination. Degree of lung injury
was grade as previously [21]. In brief, six histologic fea-
tures were edema, hyperemia and congestion, neutrophil
margination and tissue infiltration, intraalveolar hemor-
rhage and debris, and cellular hyperplasia. Each feature
was graded as absent, mild, moderate, or severe, with a
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score of 0–3. A total score was calculated for each animal.
Histologic changes were evaluated by two pathologists
who were blinded to the treatment regimen.

Oxygenation Index Analysis

After experiment, animals were anesthetized, and tra-
cheal intubations were performed. The animals were me-
chanically ventilated with pure oxygen at 7 mL/kg (120
breaths/min). After 20-min ventilation, the arterial blood
was obtained from carotid artery and measured with a
GEM Premier 3000 gas analyzer (Instrumentation Labora-
tory, Milan, Italy).

Cell Counts in Bronchoalveolar Lavage Fluid

Mice were anesthetized with pentobarbitone
(50 mg/kg i.p.) and tracheal intubations were performed.
Phosphate-buffered saline (PBS) (pH 7.2) was instilled
slowly into the lungs, gently aspirated, pooled, and re-
aspirated, and bronchoalveolar lavage fluid (BALF) was
withdrawn via the tube. Lavage samples were centrifuged
at 1500g for 10 min at 4 °C. The cells pellet were
resuspended in PBS and subjected to cell counting. The
slides were visualized usingWright-Giemsa staining (Fish-
er Scientific Co.,Middletown, VA), and PMNswere count-
ed by laboratory technologist in a double-blind fashion.
Total protein concentration in the BALF was determined
using a standard commercial kit (Sigma, USA).

Lung Myeloperoxidase Activity

After experiment, the lung tissue was collected and
the accumulation of neutrophils in the lung tissue was
assessed by myeloperoxidase activity. The MPO activity
was determinate by using the MPO activity colorimetric
assay kit (Bio Vision, Mountain View, CA).

Lung W/D Weight Ratio

Wet-to-dry weight ratios of lungs were used as a
parameter of tissue edema. The harvested wet lung was
weighed immediately after removal, and then subjected to
desiccation in an oven at 80 °C for 48 h when it was dried.
The ratio of wet lung to dry lung weight was then
calculated.

Enzyme-Linked Immunosorbent Assay for Cytokine
Detection

The blood and lung homogenates were detected
through a commercially available enzyme-linked

immunosorbent assay (ELISA) kits (mouse TNF-α, IL-6,
IL10, and MCP-1 ELISA kits are from R&D Systems,
Minneapolis, MN, USA; HMGB1 ELISA kit is from
IBL, Hamburg, Germany). All spectrophotometric read-
ings were performed with a microplate reader according
to the manufacturers’ instructions.

Western Blot Analysis for LC3, Beclin 1, Rab7, and
LAMP2

Lung tissue preparation was performed as previ-
ously described [22]. Protein homogenates were sep-
arated on a 10% SDS–polyacrylamide gels, trans-
ferred to immobilon polyvinylidenedifluoride mem-
branes (Millipore), which were blocked with
1%BSA for 1 h at RT. The primary antibodies
against LC3 (Novus Biologicals, Littleton, CO at
1:1000 dilution), Beclin 1 (BD Biosciences, Moun-
tain View, CA), RAB7, and LAMP-2 (Abcam, Cam-
bridge, MA) were used to be incubated overnight.
Then membranes were incubated with goat anti-
rabbit or anti-mouse IgG HRP secondary antibodies
(Santa Cruz Biotechnology) for 1 h at RT. The ECL
chemiluminescent detection system (Amersham
Pharmacia Biotech, Piscataway, NJ) was used for
detection of the protein expression.

Statistical Analysis

All data are presented as the mean ± SE, except for
histologic scores and survival rate. The statistical analysis
was analyzed with SPSS 18.0 software. The histologic
scores were analyzed with Kruskal-Wallis test followed
by the Mann-Whitney U test with Bonferroni correction.
The analysis of survival rates was tested by Fisher exact
probability method. The inter-group differences of the rest
data were tested by one-way ANOVA followed by LSD-t
test for multiple comparisons. In all tests, a P value less
than 0.05 was considered statistically significant.

RESULTS

Autophagic-Related Protein LC3, Beclin 1, and
Lysosome-Related Protein LAMP2 and Rab7 Expres-
sion in Lung of Sepsis-Induced ALI

To investigate the autophagy activity in lung of
sepsis-induced ALI, autophagic relator protein LC3 and
Beclin 1 were observed at 6 h, 12 h, and 24 h after CLP by
western blotting. Acute lung injury induced the autophagy
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activity, which manifested that LC3II, an indicator of
autophagosome formation, and Beclin 1 were increased
from 6 to 24 h after CLP compared with Con group, and
the peak expressions were at 24 h (Fig. 1a, b).

LAMP-2 constitutes the majority of all membrane
proteins in the lysosome, contributing to the maturation
of autophagic vacuole [23], which is to facilitate the selec-
tive import and degradation of cytosolic proteins in the

autolysosome [24]. Moreover, many studies have shown
that Rab7 is correlated with late maturation of
autophagosome. So, in the present research, we also fo-
cused on the fusion of autophagosome and lysosome;
LAMP2 and Rab7 were measured at 6 h, 12 h, and 24 h
after CLP. Compared with Con group, LAMP2 and Rab7
were boosted at 6 h, 12 h after sepsis-induced ALI, and the
maximum expression were appeared at 24 h after ALI (Fig.

Fig. 1. The expression of autophagy-related protein LC3II, Beclin 1, Rab7, and LAMP2 at different time point of ALI. The lung tissues were collected for the
detection of LC3II (a, b), Beclin 1 (a, c), Rab7 (a, d), and LAMP2 (a, e) before and at 6 h, 12 h, and 24 h after CLP operation by western blotting. The values
are expressed as means ± SEM (n = 8 per group). aP < 0.05 vs. con group.
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1a, c, d). These results indicated that ALI induced the
autophagy activity and late maturation of autophagosome.

The Effect of Autophagic Inducer Rapacymin and
Inhibitor 3-MA and Liposomal Inhibitor Baf and CQ
on Autophagic-Related Protein LC3, Beclin 1, LAMP2,
and Rab7 Expressions in ALI

We used the autophagic inducer rapacymin and in-
hibitor 3-MA to investigate the autophagy-related protein
LC3, Beclin 1, LAMP2, and Rab7 in ALI mice. Autoph-
agic inducer rapacymin significantly induced the expres-
sions of LC3, Beclin 1, LAMP2, and Rab7 in mice model
of ALI, and inhibitor 3-MA reduced the expressions of
LC3, Beclin 1, LAMP2, and Rab7 in ALI mice compared
CLP group (Fig. 2a–e).

The initial step of autophagy is the surrounding and
sequestering (called autophagosome) of cytoplasmic or-
ganelles and proteins with an isolation membrane, which
fuse with lysosomal vesicles and delivery of cytoplasmic
contents to lysosomal components to degrade and are
recycled. Autophagy activity strengthening will lead to
increasing of autophagy marker LC3 and Beclin 1; on the
other hand, fusion of autophagosome and lysosomal that
was blocked also will contribute to LC3 and Beclin 1
augmentation. To discuss how autophagy marker LC3
and Beclin 1 increase in detail, lysosome inhibitor Baf
and CQ were used to inhibit the fusion of autophagosome
and lysosomal in ALI mice. Compared with ALI group,
Baf and CQ obviously elevated the level of LC3 and Beclin
1, and reduced the LAMP2 and Rab7 expressions in ALI +
Baf group and ALI + CQ group (Fig. 2a–e). These results
showed that ALI induced the autophagy activity increas-
ing, but not only block the fusion of autophagosome and
lysosomal.

The Effect of Autophagy on Survival Rate in Sepsis-
Induced Acute Lung Injury

Compared with Con group, the 7-day survival rate
significantly descended in sepsis-induced ALI mice
(Fig. 3a). Compared with CLP group, autophagic inducer
rapamycin improved the survival rate in CLP + RAP
group, but the 7-day survival rate further declined after 3-
MA or Baf or CQ was given to ALI mice in CLP + 3-MA
group, CLP + 3-Baf group, or CLP + CQ group (Fig. 3a).
In CLP + 3-MA group and CLP + 3-Baf group and CLP +
CQ group, there was no significant difference of 7-day
survival rate (Fig. 3a).

The Effect of Autophagy on Sepsis-Induced Lung In-
jury in Mice

In the present research, we investigated the effect of
autophagy on lung histopathology and function, lung wet/
dry ratio, and PaO2/FiO2 in sepsis-induced lung injury
mice. ALI induced the lung injury characterized by alveo-
lar wall thickening, infiltration of neutrophils into lung
interstitium and alveolar space, consolidation, and alveolar
hemorrhage. Autophagic inducer rapamycin effectively
improved lung architecture and infiltrated inflammatory
cells. 3-MA further aggravated lung tissue destruction.
Moreover, a scoring system to grade the degree of lung
injury was used. ALI mice manifested the significant in-
crease of lung histologic scores, which was decreased by
rapamycin and further exacerbated by 3-MA, Baf, and CQ
(Fig. 3b). Compared with Con group, there was an increase
of lung W/D ratio in ALI group, which was reduced by
rapamycin and further increased by 3-MA, Baf, and CQ
(Fig. 3c). Moreover, ALI led to the PaO2/FiO2 significant
decreasing in mice, autophagic inducer rapamycin promot-
ed the PaO2/FiO2, but inhibitor 3-MA, Baf, and CQ atten-
uated the PaO2/FiO2 (Fig. 3d). These results demonstrate
that autophagy increasing improves the lung histopatholo-
gy and lung function in sepsis-induced acute lung injury.

The Effect of Autophagy on Sepsis-Induced Neutrophil
Recruitment Into the Lungs in Mice

Compared with Con group, ALI induced the signifi-
cant increasing of the total cells and PMNs of the BALF
and lung MPO activity, an indicator of neutrophil infiltra-
tion in ALI group (Fig. 4a–c). The total cells and PMNs of
the BALF and lung MPO activity were obviously im-
proved after rapamycin treated, which were further im-
proved by 3-MA, Baf, and CQ treatment. These results
showed that increasing of autophagy can relieve lung in-
flammation in ALI mice (Fig. 4a–c).

The Effect of Autophagy on Cytokines in Blood and
Lung Tissue in Sepsis-Induced Lung Injury Mice

To investigate the effect of autophagy on cytokine
changes of sepsis-induced ALI mice, we measured the
pro-inflammatory cytokines TNF-α, HMGB1, and IL-6
and anti-inflammatory factor IL-10 and chemokine
MCP1 release after autophagic inducer rapamycin and
inhibitor 3-MA, Baf, and CQ treated. The pro-
inflammatory cytokines TNF-α, HMGB1, and IL-6 and
anti-inflammatory factor IL-10 and chemokines MCP1
obviously increased in CLP group in blood and lung tissue
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after ALI (Figs. 5a–d and 6a–d). Rapamycin significantly
reduced the pro-inflammatory cytokines TNF-α, HMGB1,
and IL-6 and chemokine MCP1 release, and further in-
creasing the release of anti-inflammatory factor IL-10 in
blood and lung tissue after ALI (Figs. 5a–d and 6a–d).
Nevertheless, autophagy inhibitor 3-MA, Baf, and CQ
completely reverse the effect of rapacymin on cytokines
in blood and lung tissue of sepsis-induced ALI mice (Figs.
5a–d and 6a–d). The above results indicated that autophagy

alleviated the inflammation response in sepsis-induced
ALI.

DISCUSSION

Lung is the one of the first organ failures of sepsis. ALI
and ARDS remain common complications of sepsis. It was
reported that autophagy represents an inducible response to

Fig. 2. The effect of autophagic inducer rapacymin and inhibitor 3-MA and autophagosome-lysosome fusion inhibitor Baf and CQ on autophagic-related
protein LC3II, Beclin 1, LAMP2, and Rab7 expressions in ALI. 3-MA(15mg/kg BW), rapacymin (10 mg/kg BW), CQ (60 mg/kg BW), and bafilomycin A1
(1 mg/kg BW) were treated by intraperitoneal injection at 1 h after CLP operation. The lung tissues were collected for the detection of LC3II (a, b), Beclin 1
(a, c), Rab7 (a, d), and LAMP2 (a, e) at 24 h after CLP operation by western blotting. The values are expressed as means ± SEM (n = 8 per group). aP < 0.05
vs. con group. bP < 0.05 vs. CLP group. cP < 0.05 vs. CLP group.
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stress including hypoxia and inflammation [25]. In our
present research, we investigated the autophagy activity
change, and the effect of autophagy on lung injury and

inflammation in sepsis-induced ALI. We found that (1)
ALI induced autophagic-related protein LC3II, Beclin 1,
and lysosome-related protein LAMP2 and Rab7 expression

Fig. 3. The effect of autophagy on survival rate, histologic score, lung W/D, and oxygenation index in sepsis-induced acute lung injury. 3-MA (15 mg/kg
BW), rapacymin (10mg/kg BW), CQ (60mg/kg BW), and bafilomycin A1 (1mg/kgBW)were treated by intraperitoneal injection at 1 h after CLP operation.
The survival rate values are expressed as survival percentage (n = 30 per group). The mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and
the organ samples were collected for measuring the histopathological scores and lung W/D; the arterial blood was obtained from carotid artery at 24 h after
CLP operation. The values are expressed as means ± SEM (n = 8 per group). aP < 0.05 vs. con group. bP < 0.05 vs. CLP group. cP < 0.05 vs. CLP group.

Fig. 4. The effect of autophagy on neutrophils recruitment into the lungs in sepsis-induced acute lung injury. 3-MA (15 mg/kg BW), rapacymin (10 mg/kg
BW), CQ (60 mg/kg BW), and bafilomycin A1 (1 mg/kg BW) were treated by intraperitoneal injection at 1 h after CLP operation. Bronchoalveolar lavage
fluid (BALF) was collected for the measurement of total cells and PMN inBALF at 24 h after experiment. The lung tissuewas collected and the accumulation
of neutrophils in the lung tissue was assessed by myeloperoxidase activity. The values are expressed as means ± SEM (n = 8 per group). aP < 0.05 vs. con
group. bP < 0.05 vs. CLP group. cP < 0.05 vs. CLP group.
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in lung of sepsis-induced ALI; (2) autophagic inducer
rapamycin and inhibitor 3-MA elevated and decreased the
LC3II, Beclin 1, LAMP2, and Rab7 expression, respective-
ly; liposomal inhibitor Baf and CQ, blocking the fusion of

autophagosome and lysosome, increased the LC3II and
Beclin 1 expression and attenuated the LAMP2 and Rab7
expression in ALI mice; (3) autophagy increasing improved
the survival rate, lung injury, and neutrophil recruitment in

Fig. 5. The effect of autophagy on cytokines in blood in sepsis-induced acute lung injury. 3-MA (15 mg/kg BW), rapacymin (10 mg/kg BW), CQ (60 mg/kg
BW), and bafilomycin A1 (1 mg/kg BW) were treated by intraperitoneal injection at 1 h after CLP operation. The blood samples were collected to detect the
cytokines TNF-α, HMGB1, IL-6, IL-10, and chemokine MCP1 at 24 h after experiment. The values are expressed as means ± SEM (n = 8 per group).
aP < 0.05 vs. con group. bP < 0.05 vs. CLP group. cP < 0.05 vs. CLP group.
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sepsis-induced acute lung injury; and (4) autophagy allevi-
ates the cytokine release and inflammation in blood and lung
tissue in sepsis-induced lung injury mice. In conclusion,

these results indicated that ALI activated the autophagy
activity, latter play a protective effect of lung injury and
inflammation in sepsis-induced ALI mice.

Fig. 6. The effect of autophagic inducer rapacymin and inhibitor 3-MA and autophagosome-lysosome fusion inhibitor Baf and CQ on cytokines in lung
tissue in sepsis-induced acute lung injury. 3-MA (15 mg/kg BW), rapacymin (10 mg/kg BW), CQ (60 mg/kg BW), and bafilomycin A1 (1 mg/kg BW) were
treated by intraperitoneal injection at 1 h after CLP operation. The lung samples were obtained to measure the cytokines TNF-α, HMGB1, IL-6, IL-10, and
chemokine MCP1 at 24 h after experiment. The values are expressed as means ± SEM (n = 8 per group). aP < 0.05 vs. con group. bP < 0.05 vs. CLP group.
cP < 0.05 vs. CLP group.
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Sepsis, a systemic condition with several stages and
degrees of severity resulting from dysregulated activation
of the innate immune and hemostatic systems is a lethal
syndrome and a major cause of ALI and its progression to
the ARDS. The mortality of ALI and ARDS associated
with sepsis and septic shock is higher than that in other
subsets of ALI. It is reported that ALI/ARDS undergoes
the process of pathological event including lung tissue
dysfunction, increased interstitial and alveolar edema, in-
travascular leukocyte aggregation, excessive expression of
inflammatory cytokines, chemokines, leukocyte adhesion
molecules, oxygen radicals, elastase and other proteases,
and loss of microvascular and epithelial integrity. In our
present research, we here focused on the ALI performed by
sepsis of CLP, which was manifested that CLP induced
severe lung injury, which was characterized of increased
lung edema, disruption of lung architecture, oxygenation
function recession, extravasation of red blood cells, accu-
mulation of inflammatory cells, and excessive release of
cytokines, which is consistent with other studies [2, 21, 26,
27].

In the past decades, autophagy (from the Greek words
auto meaning Bself^ and phagein meaning Bto eat^) and its
roles has become widespread in human health and disease
[28], which refers to at least three diverse processes of
autophagy, including macroautophagy, chaperone-
med i a t e d a u t o ph agy, a n d m i c r o a u t o ph agy.
Macroautophagy, a main autophagy in its strictest form,
depends on specialized autophagy-related proteins to form
autolysosome to capture and to eliminate large targets
including toxic protein aggregates, defunct, or disused
organelles and invading microorganisms and is different
from other cytoplasmic digestive processes [15]. Autoph-
agy process undergoes a general term for pathways, where
cytoplasmic material, including soluble macromolecules
and organelles, is delivered to lysosomes for degradation
[29]. In this pathway, dysfunction protein, damaged organ-
elle, or other microorganism is engulfed by an isolation
double-membrane structure known as the autophagosome.
The outer membrane of the autophagosome fuses with the
lysosome to form an autolysosome, and then latter de-
grades autophagosomal contents by lysosomal enzymes
[30]. Autophagosomes can also fuse with endosomes or
multivesicular bodies [31], which also become larger by
more autophagosomes and lysosomes fuse, but at a termi-
nation, phase lysosomes are tabulated and fragmented for
renewal. A family of proteins originally identified in yeast
as being critical for the regulation of autophagy. In the early
process of autophagy, LC3 and Beclin 1 are required by
autophagosome. LC3, a major regulator of autophagosome

formation and the mammalian homolog of yeast Atg8,
remains associated with the mature autophagosomal mem-
brane. The synthesis pro-LC3 represents the cytosolic
LC3-I form. Conjugation of phosphatidylethanolamine
conjugated to the C terminus of LC3-I defines the LC3-II
form that is an indicator of autophagosomal membrane
[32]. Lee et al. demonstrated that polymicrobial sepsis
subjected to CLP displays elevated autophagy in the lung
tissue by increasing LC3-II expression and accumulation
of autophagosomes [33]. Beclin 1, the mammalian
orthologue of yeast Atg6, has a central role in autophagy
by forming a regulatory complex platform with Beclin 1,
Bcl-2 family proteins (which inhibit autophagy), the class
III phosphatidylinositol 3-kinase (VPS34), and ATG14L
(required for autophagy). Stimulation of this complex gen-
erates phosphatidylinositol-3-phosphate and facilitates
autophagosomal membrane nucleation. Beclin 1 was re-
quired for the therapeutic effectiveness of carbon monox-
ide, a candidate anti-inflammatory therapy, at alleviating
mortality and promoting bacterial clearance in this model
[33]. Beclin 1 can significantly contribute to sepsis survival
by enhancing bacterial clearance. Rab7 and LAMP2 were
imperative in the later fusion process of autophagosome
and lysosome. Rab7 is an effective multifunctional regula-
tor of autophagy which designates the maturation of
autophagosomes, directs the trafficking of cargos along
microtubules, and then participates in the fusion step with
lysosomes [34]. LAMP-2 contributed to the maturation of
autophagic vacuoles [23, 35] by promoting vesicular fu-
sion events along microtubules and is also involved in
endosomal/lysosomal cholesterol trafficking, whose loss
delayed transport of fluid-phase markers from early
endosomes to lysosomes [36]. A reduction in LAMP-2
expression led to increased levels of oxidized proteins in
aged livers [20, 37, 38].

Previous study indicated that sepsis stimulated the
autophagy protein LC3 and LAMP1 increasing in kidney
tissue, and indicator autophagy appears to play a protective
role against sepsis [11]; moreover, sepsis induced by CLP
impaired the autophagic flux by increasing LC3II and P62
expressions [39]. Consistent of these results, our results
showed that there were significant increases in the autoph-
agy markers LC3II and Beclin 1, autophagy fusion, and
lysosome-related protein Rab7 and LAMP2 from 12 to
24 h after ALI induced by sepsis of CLP operation, and
LC3II and Beclin 1 expression was increased in the time-
dependent manner. Both an increase in autophagic flux and
blockade of the downstream steps in autophagosomal mat-
uration and lysosomal fusion may lead to an increased
number of autophagosomes, including LC3II or other
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autophagy-related protein increasing. Therefore, monitor-
ing autophagy at different stages is necessary for accurate
evaluation of whole autophagic process. To solve the puz-
zled matter, autophagic inducer rapamycin or inhibitor 3-
MAwas used to induce or inhibit early phase of autophagy
process; Baf and CQ inhibited the late fusion of
autophagosome and lysosome. After these treatments were
performed, LC3II, Beclin 1, Rab7, and LAMP2 were mea-
sured. We found that rapacymin and Baf and CQ enhance
the LC3II and Beclin 1 expressions, when 3-MA inhibited
these indicators. Also, 3-MA, Baf, and CQ obviously
inhibited the autophagy fusion and lysosome-related pro-
tein Rab7 and LAMP2 expressions, and rapacymin accel-
erated the Rab7 and LAMP2 expressions. These results
imply us that autophagy increase was not the result of
blockade of autophagosome-lysosome fusion, but ALI in-
duced the authentic autophagy increase in lung of sepsis
mice.

Autophagy plays a crucial role in pulmonary disease.
In clinical lung samples from patients with early chronic
obstructive pulmonary disease, autophagy proteins LC3B,
Atg4, Atg5/12, and Atg7 were found to be increasing,
which indicated that autophagy may act as a novel thera-
peutic target for the treatment of cigarette smoke-induced
lung injury [40]. In animal models, mice deficient in the
autophagy LC3 gene are more susceptible to hypoxia-
induced pulmonary hypertension, and autophagic protein
LC3B exerts a protective function during the pathogenesis
of hypoxia-induced pulmonary hypertension through the
regulation of hypoxic cell proliferation [41]. Intriguingly,
Dong and colleagues found that autophagy activation by
RAB26 maintain barrier and adherens functional integrity
in acute lung injury via increasing LC3 and ATG16 ex-
pression [42]. Besides, autophagy increase could alleviate
cytokine release and further improve acute lung injury
evoked by myocardial IR related in diabetic rats [43] or
LPS stimulation in mice [44]. In the current study, we also
investigated the effect of autophagy on survival rate and
lung injury induced by sepsis. We found that rapamycin
administration elevated the survival rate of sepsis com-
pared with CLP mice, whereas 3-MA, Baf, and CQ further
reduced the survival rate. Histologic scores, pulmonary
edema, oxygen index, neutrophils in the BALF, and
MPO activity of CLP mice were improved after rapamycin
administrated, but 3-MA make these indicator more dep-
redated. The results manifested that regardless of inhibitor
of autophagosome formation or fusion of autophagosome
and lysosome, they would aggravate lung injury. Never-
theless, antophagic inducer rapamycin may have a protec-
tive role on lung injury.

Autophagy plays a vital role on a well-balanced in-
flammatory response and further maintains homeostasis
[45]. On the one side, autophagy contributes to the sup-
pression of inflammation by the down-regulation of
proinflammatory cytokine responses to invading patho-
gens and the inhibition of inflammasome-dependent mat-
uration and secretion of proinflammatory cytokines [46].
On the other side, autophagic proteins may also regulate an
unconventional pathway for secretion of cytokines [47].
Moreover, autophagy inducer Rap ameliorated inflamma-
tion by increasing of TNF-α, IL-6, and IL-8 in BAL fluid
in diabetic rats when autophagy inhibition aggravated the
inflammation in diabetic rats [43]. In the present study, ALI
results to excessive pro-inflammatory factors TNF-α, IL-6,
HMGB1, and anti-inflammatory cytokine IL-10 and che-
mokine MCP-1 release in blood and lung tissue of ALI
mice. Inhibited autophagy by 3-MA, Baf, and CQ further
accentuated the pro-inflammatory factors and chemokine,
decreasing the anti-inflammatory cytokine IL-10 expres-
sion. Autophagy increase by rapacymin reversed the un-
controlled inflammatory response as the results of 3-MA,
Baf, and CQ in ALI. Taken together, these results further
verified that autophagy plays an anti-inflammation in ALI
induced by sepsis of CLP.

In summary, ALI induced the autophagic-related pro-
tein LC3II, Beclin 1, and lysosome-related protein LAMP2
and Rab7 expressions in lung of sepsis-induced ALI. Ac-
cumulation of autophagosomes improved the survival rate
of sepsis mice; alleviated lung injury by lung histologic
changes, pulmonary edema, oxygen index, neutrophils in
the BAL fluid, and MPO activity; and mitigated the exces-
sive inflammation response in blood and lung tissue of
ALI. Therefore, the present research provided a novel view
to understand the modulation mechanism of autophagy for
potential and promising therapeutic targets to prevent acute
lung injury.
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