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Complete Induction of Autophagy is Essential for
Cardioprotection in Sepsis

Chi-Hsun Hsieh, MD,∗ Pei-Ying Pai, MD,† Hsiang-Wei Hsueh, MSc,‡
Shyng-Shiou Yuan, MD, PhD,‡ and Ya-Ching Hsieh, PhD‡

Objective: To investigate the entire process of autophagy in the left ven-
tricle of septic mice, and the functional significance of autophagy by using
pharmacological agents.
Background: Myocardial dysfunction is a common feature in sepsis and con-
tributes to an increased risk of developing multiple organ failure. Autophagy
functions predominantly as a prosurvival pathway in the heart during cellular
stress. A dynamic process of autophagy that involves the complete activation
of autophagy from autophagosome formation to fusion with lysosomes has
driven the development of new approaches to detecting autophagy.
Methods: Male mice were subjected to cecal ligation and puncture (CLP)
or sham operation. At 1 hour after CLP operation, mice received either ra-
pamycin (induction of autophagy), bafilomycin A1 (inhibition of autophago-
somal degradation), or vehicle.
Results: The formation of autophagosomes was increased whereas the degra-
dation of autophagosomes was decreased in the left ventricle at 24 hours
after CLP. This was consistent with the morphologic finding that septic hearts
revealed an increase in autophagosomes but few autolysosomes, indicating
incompletion of the autophagic process. Rapamycin, which induced com-
plete activation of autophagy, restored CLP-induced depressed cardiac perfor-
mances. This cardioprotective effect was also seen in increased ATP levels,
and decreased inflammatory responses. Bafiomycin A1, which resulted in
incompletion of the autophagic process, did not show any above beneficial
effects in CLP mice.
Conclusions: Incompletion of the autophagic process may contribute to
sepsis-induced cardiac dysfunction. Treatment with rapamycin may serve a
cardioprotective role in sepsis, possibly through the effect of complete induc-
tion of autophagy.

(Ann Surg 2011;00:1–11)

N umerous advances in the past have improved short-term sur-
vival of septic patients in intensive care units; despite these

advances, sepsis leading to multiple organ failure still remains the
major cause of death in severely injured patients who survive ini-
tial trauma, hemorrhage, or burn injury.1–7 Myocardial dysfunction
is a common feature in sepsis and contributes to an increased risk
of developing multiple organ failure.8,9 Studies have shown that 40%
to +50% of septic patients with prolonged septic shock developing
myocardial depression, as defined by reduced left ventricular (LV)
ejection fraction and fraction shortening.10,11 Apoptotic cell death is
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believed to be one of the major mechanisms of myocardial depres-
sion in sepsis.12–14 Inhibition of such cell apoptosis by broad-spectrum
caspase inhibitor has been shown to improve cardiac performance in
endotoxemic rodent models.12,13

Recently, autophagy has been suggested to be an important
mediator of the programmed cell death pathway in sepsis.15,16 Au-
tophagy is an important process in the heart and a defect in this
process can be detrimental to the heart. Accumulation of autophago-
somes has been noted in cardiac biopsies in patients with cardiac dis-
orders, rodent models of these cardiac diseases, and isolated stressed
cardiomyocytes.17,18 In the ischemic myocardium, it has surprisingly
received more attention as a cell protective mechanism. In fact, au-
tophagy can be both a protective process and a precursor to cell
death depending on intensity and duration of the insult. Although
the relationship of autophagy to different pathophysiological condi-
tions is now attracting attention, its role is still not clear; the crux of
the problem is whether autophagy is a cell-protection or a cell-death
mechanism.

Autophagy is a conserved process by which long-lived proteins
and damaged organelles are delivered to the lysosome for degrada-
tion and recycling. During this process, a double-membrane vesicle
called an autophagosome develops around a portion of the cyto-
plasm and organelles, such as mitochondria. The outer membrane
of the autophagosome then fuses with the lysosomal membrane to
form an autolysosome. Within the lysosome, the inner autophagoso-
mal membrane and autophagosomal compartment are degraded and
the resulting molecules are recycled.16,19 The accumulation of au-
tophagososomes can be due to a block of autophagosome-lysosome
fusion rather than an upregulation of autophagy.20 Thus, the abun-
dance of autophagosomes may lead to incorrect conclusions, as in-
creased numbers of autophagosomes do not always correlate with
increased autophagic activity. To specifically determine the role of
autophagy, the dynamic process of autophagy that involves the com-
plete flow of autophagy from autophagosome formation to fusion with
lysosomes has driven the development of new or modified approaches
to detecting autophagy.21,22

The purpose of this study was to identify the role and the
regulation of the autophagic process in cardiac dysfunction during
sepsis. We identified the entire process of autophagy in the left
ventricle of septic mice at different time points. Moreover, septic
mice were treated with rapamycin (induction of autophagy23) or with
bafilomycin A1 (inhibition of autophagosome-lysosome fusion24) to
evaluate their effects on the regulation of the autophagic process,
myocardial function, ATP levels, and the releases of inflammatory
mediators, as well as cell death in septic mice.

MATERIALS AND METHODS
Sepsis Model

Experiments were performed on male C3H/HeN mice (6–8
weeks old; Experimental Animal Center of the National Science
Council, Taiwan, ROC). Sepsis was induced by cecal ligation and
puncture (CLP) as described previously.25,26 In brief, under ether
anesthesia, the cecum was exposed by a 1-cm midline laparotomy and
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was ligated just below ileocecal junction. Two cecal punctures were
made with a 22-gauge needle and a small amount (droplet) of feces
was pressed out to ensure patency of the punctures. The bowel loops
were returned to their anatomical position and the abdominal wall was
closed in layers using 6–0 surgical sutures (Ethicon Inc., Somerville,
NJ). Postoperatively, 1 mL of 0.9% saline was administered subcuta-
neously. Before and after the surgery, animals had unrestricted access
to food and water. Sham-operated mice were operated identically, ex-
cept that the cecum was not ligated or punctured. Twenty-four hours
after surgery, the animals were killed, and hearts were removed for
further evaluation. In treatment groups, rapamycin (10 mg/kg BW;
BioVision, Mountain View, CA) or bafilomycin A1 (1 mg/kg BW;
LC Laboratories, Woburn, MA) was administered intraperitoneally
at 1 hour after CLP operation. In the vehicle-treated group, mice
received the same volume of vehicle (10% DMSO, 4 mL/kg BW;
Sigma) intraperitoneally. The dose of rapamycin in mice was chosen
based on the dose at which rapamycin induced erythropoietin produc-
tion and tumor suppression.27,28 The dose of bafilomycin A1 chosen
was based on the once daily or twice weekly dose in mice to inhibit
tumor growth.29,30 The experiments were carried out according to the
guidelines of the Animal Committee of the E-Da Hospital/I-Shou
University and China Medical University Hospital/China Medical
University, Taiwan, ROC.

Western Blot Analysis
Left ventricle tissues were homogenized in lysis buffer com-

prised of 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 50 mM NaF, 0.5 mM phenylmethylsulfonylfluoride,
1 mM sodium vanadate, 1% Triton X-100, 0.5% Nonidet P-40, and
1 μg/mL of aprotinin. Tissue lysates were centrifuged at 17,000g
for 10 minutes. An aliquot of the supernatant was used to deter-
mine protein concentration (Bio-Rad DC Protein Assay, Bio-Rad
Laboratories, Hercules, CA). Protein aliquots were mixed with 4x
lithium dodecyl sulfate sample buffer and were electrophoresed on
SDS-polyacrylamide gels and transferred electrophoretically onto
nitrocellulose paper. The membranes were immunoblotted with
microtubule-associated protein light chain (LC3) (Novus Biologi-
cals, Littleton, CO), Beclin 1 (BD Biosciences, Mountain View, CA),
Rab7, high mobility group box-1 (HMGB1), lysosome-associated
membrane protein-1 (LAMP-1), caspase 3 cleavage (Abcam, Cam-
bridge, MA), Bax (Santa Cruz Biotechnology, Santa Cruz, CA), and
Actin (BD Biosciences) antibodies. This was followed by the addition
of horseradish peroxidase-conjugated secondary antibody. After the
final wash, membranes were probed using enhanced chemilumines-
cence (Amersham, Piscataway, NJ) and autoradiographed. Actin was
used as a loading control.

Immunofluorescence Staining
Cryosections from heart tissues (5 μm thick) were fixed in 4%

formaldehyde in PBS for 15 minutes at room temperature, washed
3 times in PBS, and blocked for 1 hour at room temperature in PBS
containing 2% goat serum and 0.1% Triton X-100. Primary antibody
LC3 (Novus) or LAMP-1 (Abcam) were incubated in PBS contain-
ing 1% goat serum and 0.1% Triton X-100 overnight at 4◦C. The
sections were washed 3 times for 5 minutes in PBS and then incu-
bated with Hilyte Fluor 488-conjugated rabbit antibody (AnaSpec,
Fremont, CA) or Dylight 549-conjugated mouse antibody (Jackson
ImmunoResearch, West Grove, PA) for 2 hours in PBS containing
1% goat serum and 0.1% Triton X-100. The sections were washed
3 times for 5 minutes in PBS, DAPI (4,6-diamidino-2-phenylindole)
nuclear stain was then applied (0.5 μg/mL in PBS; for 5 minutes at
room temperature), coverslips mounted onto glass slides, and viewed
under a fluorescence microscope.

Transmission Electron Microscopy
Specimens were excised and fixed with fixative buffer con-

taining 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS
and were stored at 4◦C until embedding. Tissue samples were then
post-fixed in 1% phosphate-buffered osmium tetroxide and embed-
ded in Spurr’s resin. Sections were cut 0.12-μm thin and stained with
0.2% lead citrate and 1% uranyl acetate. Images were examined with
a JEOL TEM-2000 EX II at 80 kV.

Echocardiography
Twenty-four hours after sham or CLP procedure, mice were

lightly anesthetized by intraperitoneal injection of 2 mg/kg of Zoletil
50R (Virbac Lab, France). Mice were secured in a supine position on a
plastic board and the precardial chest wall was shaved. Transthoracic
echocardiography was performed by use of a GE Healthcare cardiac
ultrasound machine (ultrasound system -Vividi, Milwaukee, WI) with
a 14-MHz transducer. The heart was first imaged in the 2-dimensional
mode in the parasternal long-axis and/or parasternal short-axis views.
These views were used to determine the optimal position of the
M-mode cursor that was perpendicular to the ventricular septum and
LV posterior wall, after which M-mode images were obtained. All
primary measurements were made from images captured at the time
of the study by use of the analysis software pre-installed in the ma-
chine. Both LV ejection fraction (EF) and fraction shortening (FS)
were used as parameters to be compared between groups.

ATP Levels Determination
ATP content was measured by the ATP Bioluminescence Assay

kit (Roche Diagnostics, Indianapolis, IN) according to the manufac-
turer’s protocol. In brief, tissues were homogenized in lysis reagent
supplied in the kit and then centrifuged at 10,000g for 1 minute. The
supernatants were then transferred and protein concentrations were
measured (Bio-Rad Laboratories). The samples were kept on ice until
measurements were performed. For determination of ATP, 100 μL of
luciferase reagent was added to the standards or 0.1 mg of left ven-
tricle proteins and the measurement performed with a Luminometer
Lumat LB9507 (Berthold, Wildbad, Germany).

Hypoxia-Inducible Factor 1α (HIF-1α) Measurement
HIF-1α was measured according to a previous study.31 A com-

mercially available ELISA kit was used to measure the levels of
activated HIF-1α (R&D Systems, Minneapolis, MN). In brief, nuclear
extracts were prepared by solubilizing cells in lysis buffer provided
by the manufacturer and the protein concentrations of each sam-
ple were determined using the Bio-Rad Dc protein assay (Bio-Rad
Laboratories). A biotinylated oligonucleotide containing a consensus
HIF-1α binding site was then incubated with nuclear extracts for 30
minutes. After incubation, the HIF-1α-oligonucleotide complex was
added to the wells of a plate, which was coated with HIF-1α cap-
ture antibody. After incubation for 2 hours, the unbound materials
were washed away. A standard streptavidin-HRP format was used for
detection and the optical densities were read at 450 nm followed by
570 nm subtraction on a spectrophotometer (Bio-Tek Instruments,
Winooski, VT).

Cytokine Analysis
The concentrations of MCP-1 and IL-6 in cardiac tissue ho-

mogenates were measured by commercially available cytometric bead
array (CBA) inflammation kits (BD Biosciences), according to the
manufacturer’s instructions. Briefly, 50 μL of mixed capture beads
were incubated with 50 μL samples for 1 hour at 25◦C and then 50
μL of mixed PE detection reagent was added. After incubation for
1 hour at 25◦C in the dark, the complexes were washed twice and
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FIGURE 1. LC3-II in the left ventricle harvested 4, 8, or
24 hours after CLP. Left ventricles were harvested and tissue
extracts were analyzed for LC3-II protein levels. Actin was
used as a loading control. Blots obtained from several
experiments were analyzed using densitometry, and the
densitometric values pooled from 6 animals in each group are
shown as mean ± SEM in the bar graph. Data are compared
by 1-way ANOVA and Student–Newman Keul’s test. LC3-II:
microtubule-associated protein 1 light chain 3 (LC-3) type II;
CLP: cecal ligation and puncture. ∗P < 0.05 vs.
Sham-operated mice.

analyzed using the FACSCalibur flow cytometer (BD Biosciences).
Data analysis was carried out using the accompanying CellQuest Pro
and FCAP Array software (BD Biosciences).

Troponin I Measurement
Levels of cardiac Troponin I in the circulation were determined

using a commercially available kit obtained from Life Diagnostics
Inc., West Chester, PA, according to the instructions of the manufac-
turer.

Statistical Analysis
Data are represented as mean ± SEM. Statistical analysis

of the data was performed by using 1-way ANOVA followed by
Student–Newman-Keul’s test. The comparison between 2 groups was
analyzed by 2-tailed Student’s t-test. P < 0.05 was considered to be
statistically significant.

RESULTS
LC3-II at 4, 8, and 24 hours after CLP

LV tissues were harvested from mice 4, 8, and 24 hours after
CLP. LC3 type II (LC3-II) was significantly increased at 4, 8, and
24 hours after CLP compared with sham-operated mice (Fig. 1).
There was no significant difference in LC3-II protein levels in sham-
operated mice among 4, 8, and 24 hours (data not shown).

FIGURE 2. Punctate LC3 staining in the left ventricle
harvested 24 hours after CLP. For the expression of punctuate
LC3, heart sections were incubated with anti-rabbit LC3
antibody and then incubated with HiLyte Fluor
488-conjaugated rabbit antibody. (A) The punctate LC3
staining is characteristic of the autophagosome. CLP mice
displayed numerous punctuate LC3 staining in the heart. In
contrast, sham-operated heart showed only few punctate LC3
staining. Magnification: ×1000. Bar, 10 μm. (B) Quantitative
evaluation of the percentage of cells expressing punctate LC3
staining. Fifteen fields were randomly selected in each sample.
The number of positive cells (>10 LC3 dots per cell) was
counted and the ratio of positive cells to average 100 cells was
presented as percentages. Quantitative results pooled from 4
independent experiments in each group are shown as percent
of total cells ± SEM in the bar graph. Data are compared by
2-tailed Student t-test. ∗P < 0.05 vs. Sham-operated mice.

Punctate LC3 Staining at 24 hours after CLP
LC3 was also evaluated in the left ventricle by fluorescence mi-

croscopy. In fluorescence microscopy experiments, autophagosome
was evaluated by examining the punctate form (type II) of LC3. As
shown in Figures 2A and B, left ventricle sections from vehicle-
treated CLP mice showed an increase in punctate LC3 distribution
compared with sham-operated mice.

Beclin 1, Rab7, and LAMP-1 at 4, 8, and 24 hours
after CLP

LV tissues were harvested from mice 4, 8, and 24 hours after
CLP. Beclin 1 was significantly increased at 8 hours whereas it was
significantly decreased at 24 hours after CLP compared with sham-
operated mice (Fig. 3A). Both Rab7 and LAMP-1 were significantly
decreased at 4, 8, and 24 hours after CLP compared with sham-
operated mice (Figs. 3B and C). There was no significant difference
in Beclin 1, Rab7, and LAMP-1 protein levels in sham operated mice
among 4, 8, and 24 hours (data not shown).
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FIGURE 3. Beclin 1, Rab7, and Lamp-1 in the left ventricle harvested 24 hours after CLP. Left ventricles were harvested and tissue
extracts were analyzed for Beclin 1 (A), Rab7 (B), and Lamp-1 (C) protein levels. Actin was used as a loading control. Blots
obtained from several experiments were analyzed using densitometry, and the densitometric values pooled from 6–8 animals in
each group are shown as mean ± SEM in the bar graph. Data are compared by 1-way ANOVA and Student–Newman Keul’s test.
CLP: cecal ligation and puncture. ∗P < 0.05 vs. Sham-operated mice.

Autophagosome-Lysosome Fusion at 24 hours
After CLP

Colocalization of lysosome (LAMP-1) and autophagosome
(LC3) was observed by fluorescence microscopy. The results showed
that CLP mice resulted in a reduced number of LAMP-1 staining but a
markedly increased number of punctuate LC3 staining compared with
sham-operated mice (Fig. 4A). Quantification of the colocalization
of LC3 with LAMP-1 revealed that the ratio (LAMP-1/LC3) was
significantly reduced in CLP mice compared with sham-operated
mice (Fig. 4B), indicating impaired autophagosome-lysosome fusion.

Characterization of Autophagic Vacuoles at 24 hours
after CLP

Autophagic vacuole was observed by transmission electron
microscopy. As shown in Figure 5A, LV tissues from sham-operated
mice showed normal structure with proper mitochondria distribution.
In Figure 5B, CLP mice revealed cellular disorganization, myofibril-
lar disarray, and autophagic vacuolization. In comparison with sham
animals, CLP mice exhibited an increased vacuolization. Such vac-
uoles were surrounded by double membranes containing cytoplasm

organelles, showing common features of autophagosomes (Figs. 5B
and C). An increased number of larger autophagosomes containing
mitochondria (Fig. 5B) and partial digestion of autophagosomal con-
tents with integrated double membranes (Fig. 5C) were seen in CLP
mice. a representative cell in CLP mice showed an autolysosome
with single-membrane containing digested cytosolic components.
However, this phenomenon was only found in few cells in CLP
mice (Fig. 5D). Endoplasmic reticulum-like structures which formed
around portions of the cytosol and mitochondria were sporadically
seen in CLP mice, suggesting the initiation of the vacuolization
(Fig. 5E).

Effects of Rapamycin and Bafilomycin A1 on LC3-II,
Beclin 1, Rab7, and LAMP-1

The effects of rapamaycin and bafilomycin A1 on the au-
tophagic process in septic mice were examined. LV tissues were
harvested from mice 24 hours after CLP. As shown in Figure 6A,
LC3-II was significantly increased in CLP mice receiving vehicle,
rapamycin, or bafilomycin A1 compared with sham-operated mice.
Administration of rapamycin or bafilomycin A1 after CLP showed
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FIGURE 4. Defective autophagosome-lysosome fusion in the
left ventricle harvested 24 hours after CLP. (A) Heart sections
were stained with LC3 (autophagosome, green) and LAMP-1
(lysosome, red) antibodies, respectively. Colocalization of LC3
and LAMP-1 was determined. Arrows indicate colocalization
of 2 stainings. Magnification: ×1000. Bar, 10 μm. (B)
Quantification of the colocalization of LC3 with LAMP-1. Ten
fields were randomly selected and approximately 60 cells
were taken in each sample. Quantitative results pooled from 4
independent experiments in each group are shown as ratio of
LAMP-1/LC3 ± SEM in the bar graph. Data are compared by
2-tailed Student’s t-test. ∗P < 0.05 vs. Sham-operated mice.

a further increase in LC3-II compared with vehicle-treated mice. In
Figure 6B, Beclin 1 was significantly decreased in CLP mice receiving
vehicle or bafilomycin A1 compared with the sham-operated group.
Administration of rapamycin after CLP significantly upregulated
Beclin 1 compared with vehicle-treated mice. In contrast, Rab7 and
LAMP-1 were significantly decreased in CLP mice receiving vehi-
cle or bafilomycin A1 compared with sham-operated mice (Figs. 6C
and D). Administration of rapamycin after CLP significantly up-
regulated Rab7 and LAMP-1 compared with vehicle-treated mice
(Figs. 6C and D). It should be noted that no significant difference was
found in LC3-II, Beclin 1, Rab7, and LAMP-1 among sham groups
with or without the treatment with rapamycin or bafiomycin A1 (data
not shown).

Effects of Rapamycin and Bafilomycin A1 on Cardiac
Function

LV systolic performance was assessed by LV ejection fraction
and fraction shortening using echocardiography. LV ejection frac-
tion and fraction shortening were examined at 24 hours after CLP.
The result showed that CLP led to significantly depressed LV ejec-
tion fraction (Fig. 7A) and fraction shortening (Fig. 7B) compared
with the sham-operated group. Administration of rapamycin after
CLP restored the above parameters to levels similar to those of the
sham-operated group. In contrast, bafilomycin A1 did not have such
cardioprotective effects, as bafilomycin A1 treated CLP mice had sim-
ilar levels of LV ejection fraction and fraction shortening compared
with those of the vehicle treated CLP group (Figs. 7A and B).

Effects of Rapamycin and Bafilomycin A1 on ATP
Levels

LV tissues were harvested from mice 24 hours after CLP. ATP
levels were significantly decreased in CLP mice receiving vehicle
or bafilomycin A1 compared with sham-operated animals (Fig. 8).
Administration of rapamycin after CLP significantly increased ATP
levels compared with the vehicle treated CLP group (Fig. 8).

Effects of Rapamycin and Bafilomycin A1 on
HMGB1, MCP-1, IL-6, and HIF-1α

LV tissues were harvested from mice 24 hours after CLP.
HMGB1 was significantly increased in CLP mice receiving vehicle
or bafilomycin A1 compared with sham-operated mice (Fig. 9A).
Administration of rapamycin after CLP significantly decreased
HMGB1 compared with vehicle-treated mice (Fig. 9A). MCP-1 (Fig.
9B), IL-6 (Fig. 9C), and HIF-1α (Fig. 9D) levels were significantly
increased in CLP mice receiving vehicle or bafilomycin A1 com-
pared with sham-operated mice. Administration of rapamycin after
CLP significantly decreased MCP-1 and IL-6 levels compared with
vehicle-treated mice.

Effects of Rapamycin and Bafilomycin A1 on
Apoptosis and Necrosis

Samples were harvested from mice 24 hours after CLP. LV
tissues were analyzed for apoptosis proteins, Bax and caspase 3
cleavage. Plasma samples were analyzed for a myocardial specific
necrotic marker, Troponin I. Bax (Fig. 10A) and caspase 3 cleavage
(Fig. 10B) were significantly increased in CLP mice receiving vehicle
compared with sham-operated mice. Administrations of rapamycin
or bafilomycin A1 after CLP significantly decreased Bax and caspase
3 cleavage compared with vehicle-treated mice. Cardiac Troponin I
(Fig. 10C) was significantly increased in CLP mice receiving vehicle
or bafilomycin A1 compared with sham-operated mice. Adminis-
tration of rapamycin after CLP significantly decreased Troponin I
compared with vehicle-treated mice.

DISCUSSION
The role of autophagy in the heart has been controversial,

and whether it is protective or harmful in the heart during sepsis
is not known. As autophagy is a dynamic process, the investiga-
tion into the entire process helps us clear out the controversial role
of autophagy. In this study, we investigated the autophagic process
including formation and degradation of autophagosomes in the left
ventricle in CLP-induced septic mice, and the functional significance
of autophagy by using pharmacological agents. We found that the
formation of autophagosomes was increased whereas the degrada-
tion of autophagosomes was decreased in the left ventricle at 24
hours after CLP. Observation on transmission electron microscopy
also showed increased autophagosomes but few autolysosomes in
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FIGURE 5. Ultrastructural features of autophagic vacuoles by transmission electron microscopy in the left ventricle harvested
24 hours after CLP. (A) cardiomyocytes are normal in appearance with proper mitochondria distribution in sham-operated mice
(arrowheads); magnification: ×15,000. (B) Cellular disorganization, myofibrillar disarray, and autophagic vacuolization were
seen in CLP mice. Larger autophagosomes with double-membrane structures contain engulfed mitochondria and cytoplasm
materials (arrows); magnification: ×15,000. (C) Partial digestion of autophagosomal contents with integrated double
membrane were seen in CLP mice (arrows); magnification: ×15,000. (D) A representative cell in CLP mice showed few cells with
single-membrane autolysosomes containing digested components (arrow); magnification: ×25,000. (E) Endoplasmic
reticulum-like structures surrounding mitochondria (arrow) were sporadically seen in CLP mice, suggesting the early vacuole
formation; magnification: ×40,000.

CLP mice, indicating incompletion of the autophagic process. Ra-
pamycin, which induced a complete process of autophagy, restored
CLP-induced depressed LV ejection fraction and fraction shortening.
Moreover, this protective effect of rapamycin was also seen in in-
creased ATP levels, and decreased inflammatory responses, as well
as decreased cardiomyocyte death in the left ventricle. Bafiomycin
A1, a lysosomal inhibitor which resulted in incompletion of the au-
tophagic process, did not show any above beneficial effects in CLP
mice. These findings suggest that impairment of the autophagic pro-
cess contributes to cardiac dysfunction during sepsis. Rapamycin,

which results in completion of the autophagic process, may serve a
cardioprotective role in sepsis.

The autophagic process requires completion of all steps of the
process, to result in digestion of dysfunctional proteins or organelles.
LC3 is widely used to monitor autophagosomal formation or an
indication of the number of autophagosomes. There are 2 forms
of LC3, including LC3-I and LC3-II. LC3-II/β-actin ratio is sug-
gested to be more reliable than the LC3-II/LC3-I ratio, as LC3-I
expression can be transcriptionally regulated and there is variability
in how well LC3-I is recognized by different antibodies.22 Beclin
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FIGURE 6. Effects of rapamycin or bafilomycin A1 on LC3-II, Beclin 1, Rab7, and Lamp-1 in the left ventricle harvested 24 hours
after CLP. CLP mice were treated with vehicle (Veh), rapamycin (Rap), or bafilomycin A1 (Baf). Heart tissues were harvested and
tissue extracts were analyzed for (A) LC3-II, (B) Beclin 1, (C) Rab7, and (D) Lamp-1. Actin was used as a loading control. Blots
obtained from several experiments were analyzed using densitometry, and the densitometric values pooled from 6 to 8 animals
in each group are shown as mean ± SEM in the bar graph. Data are compared by 1-way ANOVA and Student–Newman Keul’s
test. CLP: cecal ligation and puncture. ∗P < 0.05 vs. Sham-operated mice. #P< 0.05 vs. Veh-treated CLP mice. LC3-II:
microtubule-associated protein 1 light chain 3 (LC-3) type II.

1 has a key role in the autophagosome formation but has recently
been found to improve autophagosome-lysosomal fusion.32 Rab7 is
required for the maturation of late autophagosomes and the fusion of
autophagosomes with lysosomes.33 LAMP-1 is a lysosome marker
and its deficiency is associated with an increased accumulation of
autophagic vacuoles.34 An important concept is that the steady-state
levels of LC3-II do not always reflect an alteration in the execution of

the autophagic pathway.16,21,22,35 Indeed, earlier studies which upreg-
ulation of autophgy was reported according to the increased LC3-II
levels but without showing the clearance of autophagosomes need
to reevaluate. Therefore, the entire process of autophagy should be
taken into consideration.

In this study, septic mice exhibited increased LC3-II levels
and cell numbers of punctuate LC3 staining. However, it is not clear
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FIGURE 7. Effects of rapamycin and
bafilomycin A1 on cardiac function 24
hours after CLP. Septic mice were treated
with vehicle (Veh), rapamycin (Rap), or
bafilomycin A1 (Baf). Cardiac function was
examined by echocardiography. Left
ventricle ejection fraction and fraction
shortening were measured. Data pooled
from 4 animals in each group are shown as
mean ± SEM in the bar graph. ∗P < 0.05
vs. Sham-operated mice. #P < 0.05 vs.
Veh-treated CLP mice.

FIGURE 8. Effects of rapamycin and bafilomycin A1 on ATP
levels in the left ventricle harvested 24 hours after CLP. Septic
mice were treated with vehicle (Veh), rapamycin (Rap), or
bafilomycin A1 (Baf). Heart tissues were analyzed for ATP
contents. Values are means ± SEM of 6 animals in each
group. Data are compared by 1-way ANOVA and
Student–Newman Keul’s test. ∗P < 0.05 vs. Sham-operated
mice. #P < 0.05 vs. Veh-treated CLP mice.

whether this finding represents increased autophagosome formation
or decreased clearance. We further found that Beclin 1, Rab7, and
LAMP-1 were decreased in CLP mice except that Beclin 1 was in-
creased at 8 hours after CLP. Moreover, impaired autophagosome-
lysosome fusion was seen in CLP mice as evidenced by decreased
colocalization of LAMP-1 and LC3. This was further confirmed by
the finding on electron microscopy in which CLP mice revealed
increased numbers of autophagic vacuoles, correlating with an in-
creased frequency of larger autophagosomes containing mitochon-
dria, whereas it showed few autolysosomes. These results indicate
that clearance of autophagosomes is impaired in the septic heart,
resulting in autophagosomal accumulation. Studies have indicated
that loss of autophagy in the heart triggers LV hypertrophy, car-
diac dysfunction, and eventually heart failure.36 Accumulation of
autophagosomes has also been found in cardiac biopsies in patients
with cardiac disorders and experimental cardiomyocytes subjected
to ischemia/reperfusion.17,18,37 Moreover, a new concept has recently
been raised that when autophagosomes or engulf targets cannot fuse
with lysosomes and clear their contents, the cell may respond by
ejecting the autophagosomes from the cell, thereby eliciting an acute

and significant inflammatory response.10 Thus, the consequence of
accumulated autophagosomes or impaired autophagosome-lysosome
fusion may contribute to sepsis induced myocardial inflammation and
dysfunction.

Rapamycin is best-known to stimulate autophagy. It has been
widely used to experimentally induce autophagy through its ability
to block the inhibitory action of mTOR on Atg1 (autophagy-related
gene 1) and autophagy.23 An in vitro study showed that activation of
autophagy by rapamycin suppressed LPS-mediated reactive oxygen
species production and protected cells against LPS toxicity in HL-1
cardiomyocytes.38 In clinical settings rapamycin has shown promise
as a potential agent to inhibit restenosis after stenting of de novo
coronary lesions and slow down the progression of coronary artery
disease in heart transplant recipients.39,40 In septic rats, rapamycin
pretreatment decreased activation of JAK2/STAT3, HMGB1 protein,
myeloperoxidase activity, and alanine aminotransferase levels, as well
as improved survival.41 Additionally, rapamycin has also been re-
ported to reduce infarct size in a Langendorff isolated perfused rat
heart model.42 However, the protective mechanism of rapamycin and
its roles in the regulation of the autophagic process in sepsis are still
unknown. To test the hypothesis that autophagy might serve as a pro-
tective mechanism in the septic heart, in which the complete activation
of autophagy was essential, we induced autophagy with rapamycin in
CLP mice. We found that CLP mice treated with rapamycin induced
completion of the process of autophagy. Moreover, treatment with ra-
pamycin restored LV ejection fraction and fraction shortening in CLP
mice. This cardioprotective effect was also found in increased ATP
levels, as well as decreased HMGB1, MCP-1, IL-6, and HIF-1α levels
in CLP mice. Furthermore, we tested lysosomal inhibitor bafilomycin
A1 (inhibiting fusion of autophagosomes with lysosomes) in septic
mice. We found that treatment with bafilomycin A1 after CLP, which
showed impairment of the autophagic process, did not have any of the
above cardioprotective effects. Moreover, we also measured cell apop-
tosis and necrosis. The results indicated that treatment with rapamycin
protected against CLP-induced cardiomyocyte apoptosis and necro-
sis. Treatment of CLP mice with bafilomycin A1 increased necrosis
but not apoptosis. These findings further support that autophagy is
a protective response to sepsis-induced cardiac dysfunction and that
the clearance of autophagosomes is an important step of autophagy in
the septic heart. Administration of rapamycin may serve a protective
mechanism in cardiomyocyte apoptosis and necrosis during sepsis,
possibly through the effect of complete induction of autophagy. The
reduced levels of cardiomyocyte apoptosis seen in bafilomycin A1
in comparison to vehicle treatment may be attributable to cell death
necrosis occurring before apoptosis.
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FIGURE 9. Effects of rapamycin or bafilomycin A1 on HMGB1,
MCP-1, IL-6, and HIF-1α in the left ventricle harvested 24
hours after CLP. Septic mice were treated with vehicle (Veh),
rapamycin (Rap), or bafilomycin A1 (Baf). Heart tissues were
harvested and tissue extracts were analyzed for (A) HMGB1,
(B) MCP-1, (C) IL-6, and (D) HIF-1α. Data are shown as mean
± SEM of 6 to 8 animals in each group and compared by
1-way ANOVA and Student–Newman Keul’s test. ∗P < 0.05
vs. Sham-operated mice. #P < 0.05 vs. Veh-treated CLP mice.

FIGURE 10. Effects of rapamycin or bafilomycin A1 on
apoptosis and necrosis in the left ventricle harvested 24 hours
after CLP. Septic mice were treated with vehicle (Veh),
rapamycin (Rap), or bafilomycin A1 (Baf). Heart tissue extracts
were analyzed for apoptotic proteins, (A) Bax and (B) caspase
3 cleavage. Plasma samples were analyzed for a necrotic
marker, (C) cardiac Troponin I. Data are shown as mean ±
SEM of 6 to 7 animals in each group and compared by 1-way
ANOVA and Student–Newman Keul’s test. ∗P < 0.05 vs.
Sham-operated mice. #P < 0.05 vs. Veh-treated CLP mice.

Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

C© 2011 Lippincott Williams & Wilkins www.annalsofsurgery.com | 9



Hsieh et al Annals of Surgery � Volume 00, Number 0, 2011

The relationship between autophagy and cytokines is bi-
directional. Interferon (IFN)-γ and TNF-α have been shown to pos-
itively regulate autophagy in macrophages and cancer cells.43,44 In
contrast, autophagy Atg16L-deficiency causes the releases of proin-
flammatory cytokine IL-1 from macrophages in response to endo-
toxin, suggesting that the increased cytokine production may reflect
failure of an autophagic stress response.45 Moreover, inhibition of
mTOR by rapamycin can regulate pro- and antiinflammatory cy-
tokine releases in immune cells, possibly via induction of autophagy.46

In our unpublished data, we have found that upregulation of au-
tophagy by rapamycin was accompanied by inhibiting plasma MCP-1,
IL-10, and TNF-α in CLP mice. However, these effects were abol-
ished when wortmannin (an autophagy inhibitor) was administered
along with rapamycin. Thus, the effects of rapamycin on autophagy
may have a role in regulating the inflammatory response in the septic
heart. Nonetheless, further studies are required to fully elucidate the
exact role of autophagy in the septic heart.

In summary, these findings suggest that incomplete activation
of autophagy may contribute to cardiac dysfunction during sepsis.
Treatment with rapamycin may serve a cardioprotective role in sep-
sis, possibly through the effect of complete induction of autophagy.
Rapamycin may thus provide a potentially effective therapy for the
prevention or treatment of sepsis related cardiac dysfunction.
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