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Abstract

Toll-like receptors (TLRs) are essential immunoreceptors involved in host defence against invading microbes. Recent studies indicate that cer-
tain TLRs activate immunological autophagy to eliminate microbes. It remains unknown whether TLRs regulate autophagy to play a role in the
heart. This study examined this question. The activation of TLR3 in cultured cardiomyocytes was observed to increase protein levels of autopha-
gic components, including LC3-II, a specific marker for autophagy induction, and p62/SQSTM1, an autophagy receptor normally degraded in
the final step of autophagy. The results of transfection with a tandem mRFP-GFP-LC3 adenovirus and use of an autophagic flux inhibitor chloro-
quine both suggested that TLR3 in cardiomyocytes promotes autophagy induction without affecting autophagic flux. Gene-knockdown experi-
ments showed that the TRIF-dependent pathway mediated the autophagic effect of TLR3. In the mouse model of chronic myocardial infarction,
persistent autophagy was observed, concomitant with up-regulated TLR3 expression and increased TLR3-Trif signalling. Germline knockout
(KO) of TLR3 inhibited autophagy, reduced infarct size, attenuated heart failure and improved survival. These protective effects were abolished
by in vivo administration of an autophagy inducer rapamycin. Similar to the results obtained in cultured cardiomyocytes, TLR3-KO did not pre-
vent autophagic flux in mouse heart. Additionally, this study failed to detect the involvement of inflammation in TLR3-KO-derived protection, as
wild-type and TLR3-KO hearts were comparable in inflammatory activity. It is concluded that up-regulated TLR3 expression and signalling con-
tributes to persistent autophagy following MI, which promotes heart failure and lethality.
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Introduction

The family of toll-like receptors (TLRs) serves as a critical component
of the immune system [1]. Ten functional TLRs have been identified
in humans. Among them, TLR 1/2/4/5/6/10 are expressed on cell sur-
face, whereas TLR3/7/8/9 are localized in intracellular vesicles such
as endoplasmic reticulum and endosomes [2]. Through recognizing
and binding with invading microbes and endogenous danger mole-
cules released from stressed cells, known as pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular

patterns (DAMPs) respectively, TLRs can trigger efficient immune
responses against microbial pathogens and cellular injury [3].

All TLRs are type I transmembrane proteins, composed of a leu-
cine-rich repeat (LRR) ectodomain associated with PAMP recogni-
tion, a single transmembrane domain, and a cytoplasmic Toll/IL-1
receptor (TIR) domain involved in signal transduction. TLR signalling
can be largely divided into two pathways, dependent on myeloid dif-
ferentiation factor 88 (MyD88) and TIR-domain-containing adaptor
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inducing interferon-b (Trif), respectively. The MyD88-dependent path-
way is universally used by all TLRs except TLR3, which activates
nuclear factor-jB (NF-jB), a major inflammatory transcription factor,
and induces inflammatory cytokine production. The Trif-dependent
pathway can be activated by TLR3 and TLR4, which activates inter-
feron regulatory factor (IRF) 3 and NF-jB, and consequently induces
the production of type I interferon and inflammatory cytokines [2].

In addition to the MyD88- and Trif-dependent immune pathways,
autophagy has emerged as an effector mechanism downstream of
TLRs. Autophagy is a conserved lysosomal degradation pathway
responsible for eliminating protein aggregates and damaged
organelles. In mammalian cells, autophagy comprises at least three
distinct pathways, macroautophagy, microautophagy and chaperone-
mediated autophagy. The term ‘autophagy’ generally refers to
macroautophagy unless otherwise specified. We hereafter refer to
macroautophagy as autophagy. Autophagy occurs at basal levels and
can be up-regulated by multiple stresses such as nutrient starvation
and ischaemia. There is much controversy over the role of autophagy
in cell survival and cell death under stresses [4].

Several TLR subtypes have been described to induce autophagy in
immune cells such as macrophages and dendritic cells, which facilitates
elimination of invading pathogens [5–8]. However, little is known about
the relation of TLRs to autophagy in other cell types. It is notable that
non-immune cells, such as cardiomyocytes, express multiple TLR sub-
types [9]. Although autophagy serves as an essential component for
physiological and pathological processes in the heart [10], it remains
unknown whether TLRs regulate autophagy in cardiomyocytes. Our
interest was directed to TLR3, an intracellular subtype predominantly
expressed by cardiomyocytes [11]. In a preliminary study, we observed
that the activation of TLR3 enhanced autophagic activity in cultured car-
diomyocytes. This study was designed to examine the effect of TLR3 on
cardiac autophagy under conditions of ischaemic stress.

Materials and methods

Primary culture of neonatal rat ventricular
myocytes (NRVMs)

The neonatal Sprague-Dawley rats were sacrificed by decapitation and

used for the preparation of the primary culture of ventricular myocytes,
as we described previously [12]. Briefly, the ventricles were removed,

rinsed, minced and digested with 0.2% trypsin (GbicoTM Cat. 27250-

018: Thermo Fisher Scientific Inc., Shanghai, China) in Ca2+- and Mg2+-

free Hanks solution for repeated short time periods. Collected cells were
filtered through a nylon mesh, centrifuged, resuspended in Dulbecco’s

modified Eagle’s medium supplemented with foetal bovine serum, pre-

plated, then cultured in a humidified atmosphere of 5% CO2 at 37°C.
In the gene-knockdown experiments, NRVMs were transfected with

small interference RNA (siRNA) duplexes. The siRNA against TLR3 fol-

lowed the literature [13], and the other siRNAs were designed and synthe-

sized by Shanghai GenePharma Co., Ltd, Shanghai, China. Pilot
experiments were preformed to test their efficacy. All siRNAs were admin-

istered at the final concentration of 50 nM, with the aid of Lipofectamine�

RNAiMAX transfection reagent (Thermo Fisher Scientific Inc., Shanghai,

China), following the manufacturer’s instructions. The sequences of siR-
NAs are as follows: negative control, 50-TTCTCCGAACGTGTCACGT-30;
TLR3, 50-GGTGTCTTCCACAAACCAA-30; MyD88, 50-GCCAGAAATACA-
TACGCAA-30; Trif, 50-GCCTGGGATCGGTGTAGTT-30.

Use of tandem mRFP-GFP-LC3 to assess
autophagic flux

To assess autophagic flux in response to TLR3 activation, a tandem

mRFP-GFP-LC3 adenovirus (Hanheng Biotechnology Co Ltd., Shanghai,

China) was transfected into cultured NRVMs for 24 hrs at a MOI of 50.
The tandem mRFP-GFP-LC3 protein shows both red (mRFP) and green

(GFP) fluorescence in neutral pH. It can form yellow (red+green) puncta
that represent autophagosome formation. When an autophagosome

fuses with a lysosome, the GFP moiety is degraded as it is pH-labile,
but mRFP–LC3 maintains the puncta, which then tracks the autolyso-

somes [14]. The relative ratio of red-only versus yellow puncta is an

index of autophagic flux.

Mice model of myocardial infarction

TLR3-/- mice in the background of C57BL/6 were purchased from the
Jackson Laboratory (Stock No: 009675), and wild-type (WT) C57BL/6

mice were purchased from SIPPR-BK Laboratory Animal Co. Ltd., Shang-

hai, China. A mice model of myocardial infarction (MI) was prepared as
described previously [15]. Mice (8–10 weeks of age) were anaesthetized

with 2% isoflurane mixed with oxygen (1.5 l/min.). The adequacy of

anaesthesia was checked by the lack of corneal reflex and withdrawal

reflex to toe pinch. The chest was depilated, a skin cut was made on the
left side and a small hole was made under the fourth rib using a mosquito

clamp. The clamp was slightly open to allow the heart to ‘pop out’ through

the hole. Then, the left anterior descending coronary artery (LAD) was

sutured and ligated with a 6/0 braided silk suture, at the site approxi-
mately 2 mm from its origin. MI was confirmed by visual cyanosis of the

heart. After ligation, the heart was immediately placed back into

the intrathoracic space, and the chest was closed. Sham mice received

the same procedure except that LAD was not ligated.
At the end of the 4-week observation period and after echocardiogra-

phy, the mice were euthanized by placing into a chamber filled with

vapour of isoflurane until respiration ceased, and heart tissue was then
collected for examination. In a subgroup of mice, the autophagy inducer

rapamycin (2 mg/kg/day) or autophagic flux inhibitor chloroquine

(50 mg/kg/day) was daily intraperitoneally injected, starting from 24 hrs

after surgery and lasting through the observation period of 2 weeks.
All animal procedures were approved by the Animal Experiment Com-

mittee of Ningxia Medical University, in accordance with the Guide for

the Care and Use of Laboratory Animals published by the US National

Institutes of Health (8th Edition, 2011).

Haematoxylin and eosin (HE) staining and
Masson’s trichrome staining

HE staining and Masson’s trichrome staining were performed for
histopathological observation. After euthanasia, the heart was isolated,

perfused with normal saline followed by 4% paraformaldehyde for
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fixation, dehydrated with ethanol, coronally sectioned into halves along
the long axis, embedded in paraffin blocks, consecutively sectioned into

5-lm-thick slices, and then stained with commercial reagents for HE or

Masson’s trichrome. In HE staining, nuclei are stained blue-purple by

haematoxylin, whereas cytoplasm and extracellular matrix have varying
degrees of pink staining. In Masson’s staining, muscle fibres are stained

purple-red, while collagen fibres are stained green-blue.

Infarct size measurement

The infarct size was determined with a length-based approach described

previously [16]. Coronal slices of the heart were prepared and stained
with Masson’s trichrome as described above. Using Masson’s images

of the whole pieces of coronal slices, myocardial midline was drawn at

the centre between the epicardial and endocardial surfaces of left ventri-

cle (LV), and the total length of LV midline was recorded as midline cir-
cumference. Meanwhile, midline infarct length was taken as the midline

of the length of infarct that included >50% of the whole thickness of

the myocardial wall. Infarct size was calculated as the percentage of
midline infarct length relative to LV circumference.

Echocardiographic examination

Transthoracic echocardiography was performed at the end of the observa-

tion period to determine heart function, using an ultrasonic apparatus (Volu-

son E8; GE Healthcare, General Electric Co., Farmingdale, NY, USA. 15-MHz

probe) [17]. Under the anaesthesia of isoflurane, the short-axis view of
mouse heart was acquired at the papillary muscle level through two-dimen-

sional mode, and consecutive M-mode images in the short-axis view were

recorded. Left ventricular end-diastolic diameter (LVEDD) and end-systolic
diameter (LVESD) were measured from M-mode tracings, and fractional

shortening (FS) was calculated as (LVEDD-LVESD)/LVEDD 9 100%.

Real-time reverse transcription-polymerase
chain reaction (RT-PCR)

The mRNA levels of target genes in mouse heart were measured using the

method of real-time RT-PCR [18]. Briefly, total RNA was extracted with Tri-

zol (Invitrogen, Shanghai, China) following the manufacturer’s instructions,

reversely transcribed into cDNA using oligo-dT primers and then performed
with real-time quantitative PCR using SYBR Green (Qiagen, Shanghai,

China) as the reporter dye. All cDNA samples were analysed in duplicate.

The relative level of target mRNA was calculated by the method of 2�ΔΔCt,

and 18S ribosomal RNA was used as the loading control. The primer sets
for real-time PCR are as follows: TLR3, 50-CCTATGGATTCTTCTGGTGTC-30

and 50-TCTTCTGAGTTGGTTGTGAGT-30; TNFa, 50-GCCTCCCTCTCATCAG
TTCT-30 and 50-ACTTGGTGGTTTGCTACGAC-30; IL-6, 50-CCAATGCT
CTCCTAACAGAT-30 and 50-TGTCCACAAACTGATATGCT-30; 18S RNA, 50-
CGTCTGCCCTATCAACTTTC-30 and 50-GGATGTGGTAGCCGTTTCT-30.

Western blot and co-immunoprecipitation (co-IP)
analysis

Western blot and co-IP experiments were performed as we described
previously [18]. RIPA buffer containing protease inhibitors was used to

extract total proteins from heart tissue and cultured cardiomyocytes,
and protein concentration was determined using a bicinchoninic acid

kit. For Western blot, 20 lg of total proteins was electrophoresed on a

10% SDS-PAGE gel and transferred onto a nitrocellulose membrane.

The membrane was then blocked with 5% non-fat dried milk, probed
with specific primary antibodies (1:500–1000) followed by peroxidase-

conjugated secondary antibodies (1:1000) and visualized using chemi-

luminescence reagents. Western blotting signal was quantified by
densitometry. The primary antibodies against TLR3 (Cat. NB100-56571),

MyD88 (Cat. NBP1-19785) and Trif (Cat. NB120-13810) were purchased

from Novus Biologicals, LLC, Littleton, CO, USA; the anti-LC3 antibody

(Cat. AL221) was from Beyotime Institute of Biotechnology, Jiangsu,
China; the anti-beclin-1 antibody (Cat. 11306-1-AP) was from Protein-

tech Group, Inc., Rosemont, IL, USA; and the anti-p62 antibody (Cat.

5114) was from Cell Signalling Technology, Inc., Danvers, MA, USA.

Co-IP experiments were performed to examine the interaction
between TLR3 and MyD88/Trif, and between TLR3 and LC3/beclin-1.

For co-IP, the tissue lysates (300 lg of total proteins) were pre-incu-

bated with 2 lg IgG of the same isotype as the primary antibody to
block non-specific combination, followed by incubation with 6 lg anti-

TLR3 antibody (Cat. sc-8691, Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA) overnight at 4°C. Protein G-agarose beads were then

added to precipitate the antibody complexes. The precipitates were then
subjected to regular Western blot analysis as described above.

Immunohistochemical staining

Immunohistochemical staining was carried out to examine the expres-

sion of TLR3 in the heart. Paraffin-embedded heart slices were used for

the staining. Briefly, the slices were dewaxed, microwaved to retrieve
antigen, blocked with 5% BSA, incubated overnight at 4°C with an iso-

type IgG control antibody, or with a primary antibody against TLR3 (di-

luted 1:50, Cat. sc-8691, Santa Cruz Biotechnology, Inc.), and then

hybridized with horseradish peroxidase (HRP)-labelled second antibod-
ies followed by 3,30-diaminobenzidine (DAB) chromogenic reaction. The

brown DAB deposits were observed under a microscope.

Transmission electron microscopy

Transmission electron microscopy was used to observe autophagic vac-

uoles. Heart tissue was quickly cut into1 mm cubes, fixed with 2.5%
glutaraldehyde overnight at 4°C, immersed in 1% osmium tetroxide for

2 hrs, dehydrated in graded ethanol, embedded in epoxy resin and

incised into ultrathin sections (60–70 nm). The sections were then dou-

ble stained with uranylacetate and lead citrate and examined under a
Hitachi H-7650 transmission electron microscope (JEOL, Peabody, MA,

USA).

Statistics and data analysis

All the data are expressed as means � S.D. Differences between multi-

ple groups were analysed by the one-way analysis of variance (ANOVA)
followed by Fisher’s least significant difference (LSD) test, using SAS

9.0 statistical software (SAS Institute Inc., Cary, NC, USA). Differences

between two groups were analysed by unpaired t-test. A P < 0.05 (two-

tailed) was considered statistically significant.
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Results

TLR3 agonist induced autophagy in cultured
cardiomyocytes through a TRIF-dependent
pathway

To examine the effect of TLR3 on cardiac autophagy, we used a
synthetic ligand for TLR3 (polyinosinic-polycytidylic acid, poly
(I:C)) to treat cultured cardiac myocytes, and examined autop-
hagy markers including microtubule-associated protein 1 light
chain 3 (LC3), beclin-1 and p62/SQSTM1. LC3 is a specific mar-
ker for autophagy initiation. It exists as an 18-kD cytosolic LC3-I
form in resting cells and is lipidated upon autophagy induction
to produce autophagosome-associated LC3-II, which migrates in
SDS-PAGE as a 16-kDa protein [19, 20]. The quantification of
LC3-II protein level normalized to a loading control is essential
for autophagy measurements [21]. P62/SQSTM1 is an ubiquitin-
binding adaptor protein that is removed in the final digestion
step of autophagy. It acts as an autophagy receptor, binding
directly to LC3 to facilitate degradation of ubiquitinated protein
aggregates [22, 23]. Using the method of Western blot, we
observed that treatment with poly(I:C) in myocytes induced a
large increase in LC3-II proteins, accompanied by relatively smal-
ler increases in LC3-I, beclin-1 and p62/SQSTM1 proteins
(Fig. 1A). These results suggested that poly(I:C) up-regulated
autophagic activity in cardiac myocytes.

As the increase in LC3-II may result from either induction of
autophagy or reduction in autophagic flux (the rate of transit of
autophagosome cargo through lysosomal degradation), we subse-
quently examined whether TLR3 affects autophagic flux. A tandem
mRFP-GFP-LC3 adenovirus was transfected into NRVMs for 24 hrs,
followed by treatment with poly(I:C) (100 lg/ml, 4 hrs). Significant
increases in the numbers of autophagosomes (yellow puncta) and
autolysosomes (red-only puncta) were observed after poly(I:C) treat-
ment (Fig. 1B). However, the relative ratio of red-only to yellow
puncta was unchanged, suggesting no change in autophagic flux. Fur-
thermore, we determined LC3-II and p62/SQSTM1 protein levels in
the absence and presence of chloroquine (CQ), an autophagic flux
inhibitor that prevents autophagosome-lysosome fusion and lysoso-
mal degradation [24]. As shown in Fig. 1C, CQ led to similar accumu-
lations of LC3-II and p62/SQSTM1 proteins, despite the presence or

absence of poly(I:C), suggesting that TLR3 activation did not affect
autophagic flux. Taken together, it is suggested that autophagy induc-
tion was enhanced by TLR3 activation in cardiac myocytes, whereas
autophagic flux remained intact.

To further dissect the signalling mechanism of TLR3-mediated
autophagy, MyD88 and Trif were individually knocked-down by siR-
NAs in NRVMs. The results showed that Trif siRNA attenuated
increases of LC3-II and p62/SQSTM1 caused by poly(I:C) (Fig. 1D).
In contrast, neither negative control (NC) nor MyD88 siRNA showed
significant effects. The above data suggest that TLR3 stimulation pro-
motes autophagy induction in cardiac myocytes through a TRIF-
dependent pathway.

TLR3-knockout inhibited MI-induced persistent
autophagy in mouse heart

To investigate the potential autophagic effect of cardiomyocyte TLR3
in vivo, we employed the model of MI, which has been described to
drive autophagy in the heart [10, 25]. The function of TLR3 in MI-
induced autophagy was examined here using TLR3-knockout (TLR3-
KO) mice.

Firstly, to examine autophagy, we monitored the dynamic
changes of LC3 and p62/SQSTM1 in infarct myocardium after MI.
The results (Fig. 2) showed that LC3-II accumulated in a time-
dependent manner. A mild increase of LC3-II was detected on day
4 after MI, which was dramatically enhanced by 2 weeks and
remained significantly up-regulated at 4 weeks. The level of p62/
SQSTM1 increased in a similar pattern to LC3-II. Theoretically,
p62/SQSTM1 increase can result from enhanced autophagy induc-
tion and/or decelerated autophagic flux. An autophagic stimulus
typically induces an early increase in p62/SQSTM1, followed by
clearance of p62/SQSTM1 associated with autophagosome cargo.
Consequently, when flux is intact, p62/SQSTM1 barely changes at
equilibrium up-regulated autophagy, whereas when flux is impaired,
p62/SQSTM1 will rise dramatically [21]. Here we detected increases
of p62/SQSTM1 after MI, which was likely attributable to persistent
activation of autophagy. A proof is that while p62/SQSTM1 dropped
by day 28, compared to day 4 and day 14, LC3-II consistently
remained at a high level (Fig. 2). Furthermore, the autophagic flux
inhibitor CQ increased LC3-II and p62/SQSTM1 in infarcted hearts
of wild-type mice as shown afterwards (Fig. 6A). It is suggested

Fig. 1 A TLR3 agonist polyinosinic-polycytidylic acid (poly(I:C)) induced autophagy in cultured cardiomyocytes through a TRIF-dependent pathway.

(A) Poly(I:C) increased autophagy markers in cultured H9c2 rat ventricular cells. (B) Poly(I:C) stimulated autophagosome formation but did not

affect autophagic flux. Primary cultured neonatal rat ventricular myocytes (NRVMs) were transfected with a tandem mRFP-GFP-LC3 adenovirus for
24 hrs, followed by treatment with poly(I:C) (100 lg/ml, 4 hrs). Autophagosomes and autolysosomes were, respectively, visualized as yellow- and

red-only punctas under a confocal microscope. (C) An autophagic flux inhibitor chloroquine (CQ) induced accumulations of LC3-II and p62/SQSTM1

proteins in H9c2 myocytes receiving poly(I:C) (100 lg/ml, 4 hrs). CQ was applied at 10 lM, immediately prior to poly(I:C). (D) Effects of indicated

siRNA on poly(I:C)-induced changes in autophagy markers in NRVMs. All the siRNAs were transfected at 50 nM for 48 hrs, and poly(I:C) was added
at 100 lg/ml for 4 hrs before cell harvest. Negative control (NC) siRNA served as control. RNAiMAX transfection reagent was used in all the siRNA

experiments. The upper panel shows the knockdown effects of siRNAs, and the lower panel shows representative Western blot images (presented

from four independent experiments) and densitometry quantitative data (normalized into ‘fold of vehicle group’). All quantitative data are expressed

as means � S.D. aP < 0.05, AP < 0.01 versus vehicle; bP < 0.05, BP < 0.01 versus poly(I:C).
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that autophagy was persistently induced in the heart after MI,
whereas autophagic flux was barely affected.

Secondly, to examine the endogenous TLR3 activity after MI, we
determined the expression of TLR3 and its binding activity with Trif in
infarct hearts. As shown in Fig. 3, both the mRNA and protein levels
of TLR3 were significantly increased in the hearts of WT mice after
4 weeks of MI. Compared to the sham-operated hearts, TLR3 mRNA
levels were increased by 3.4- and 2.7-folds (Fig. 3A), and TLR3 pro-
tein levels were increased by 5.9- and 4.4-folds (Fig. 3B), respec-
tively, in the infarct and remote zones of MI hearts. The
immunohistochemical staining showed remarkably strong reactivity
for TLR3 in cardiomyocytes of both the infarct and non-infarct zones,
while much less reactivity was shown for myocytes of sham-operated
hearts. Also, TLR3-positive immunoreactivity was observed for part
of the infiltrating cells in the infarct and border zones (Fig. 3C). Col-
lectively, TLR3 expression in cardiomyocytes was enhanced after MI.
In parallel to increased expression, the co-IP assay revealed increased
binding between TLR3 and Trif in infarct hearts (Fig. 3D), suggesting

the activation of TLR3-Trif signalling. Considering the pro-autophagic
effect of TLR3 in cultured cardiomyocytes (Fig. 1), the up-regulated
expression and signalling activity of TLR3 in MI indicate that TLR3
may potentially contribute to MI-induced autophagy.

Thirdly, to determine whether TLR3 contributes to MI-induced
autophagy, we examined cardiac autophagic activity under both nor-
mal and ischemic conditions in TLR3-KO hearts. For sham-operated
hearts, no differences in autophagic markers were observed between
WT and TLR3-KO groups. In WT hearts subjected to 4 weeks of LAD
ligation, significantly increased protein levels of LC3-I, LC3-II, beclin-
1 and p62/SQSTM1 were observed in the infarct area, and relatively
small increases were observed in the remote area. TLR3-KO hearts
had uniformly decreased levels of LC3-I, LC3-II, beclin-1 and p62/
SQSTM1, typically in the infarct area (Fig. 4A). Also, morphological
data obtained by electron microscopy showed that autophagic vac-
uoles, which were abundant in infarcted WT hearts (Fig. 4B),
decreased in number by 67% in infarcted TLR3-KO hearts (WT:
5.5 � 1.9, TLR3-KO: 1.8 � 1.5 per 100 mm2, P < 0.01). It is shown
here that autophagic activity was decreased in TLR3-KO hearts, sug-
gesting that endogenous TLR3 promotes cardiac autophagy after MI.

Fourthly, we further examined the physical association between
TLR3 and two proteins essential for autophagy initiation, LC3 and
beclin-1. The co-IP assay (Fig. 4C) showed a detectable binding
between TLR3 and LC3-I in sham hearts of WT mice, which became
more evident in infarct hearts. In contrast, no visible binding was
observed between TLR3 and beclin-1. These data support that TLR3
is involved in MI-induced autophagy.

TLR3-knockout attenuated heart failure and
improved survival in mice subjected to MI

To uncover the functional role of TLR3-mediated autophagy in MI, we
compared cardiac morphology, function and survival rate between
WT and TLR3-KO mice. The mice died within the observation period
(4 weeks) were only counted for the calculation of survival rate, but
exclusively excluded from the other analyses.

The histological staining for HE and Masson’s trichrome revealed
no morphological difference between WT and TLR3-KO hearts receiv-
ing sham operation. However, the cardiac injury induced by MI was
morphologically improved in the absence of TLR3. In Masson’s stain-
ing, significant fibrosis manifested by large blue areas was observed
for the infarct area, while mild fibrosis was observed for the remote
area in both WT and TLR3-KO hearts (Fig. 5A). The collagen volume
fraction calculated from microscopic Masson’s images was compara-
ble in the infarct area between WT and TLR3-KO groups, whereas
smaller in the remote area of TLR3-KO hearts than that of WT hearts
(Fig. 5B). The infarct size of WT mice was 50.2 � 3.6 %, which was
significantly decreased to 36.6 � 6.2 % in TLR3-KO mice (Fig. 5C).

In the M-mode ultrasound images taken at the midpapillary level,
sham-operated WT and TLR3-KO mice showed similar parameters.
After 4 weeks of MI, significant increases in left ventricular end-sys-
tolic and end-diastolic diameters, with a large decrease in fractional
shortening, were seen for WT mice. In contrast, the above changes

Fig. 2 Autophagy is persistently induced in myocardium after MI. Autop-

hagy markers in infarct myocardium were determined by Western blot-
ting on days 4, 14 and 28 after the surgery of myocardial infarction

(MI). (A) Representative Western blot images. (B) Quantitative analyses.

n = 4/group. Data are means � S.D. AP < 0.01 versus sham.
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were consistently attenuated in TLR3-KO mice (Fig. 5D). These data
suggest that TLR3-KO attenuated congestive heart failure derived
from MI.

The survival rates after MI were compared up to 4 weeks between
WT and TLR3-KO mice. The rate of death during surgery was approxi-
mately 10%, with no difference between WT and TLR3-KO mice. After
the surgery, all the sham-operated mice, either WT (n = 20) or TLR3-
KO (n = 18), survived through the observation period of 4 weeks.
However, only 50% of the infarcted WT mice survived by 4 weeks.
The knockout of TLR3 significantly increased survival rate to 81.4%
(Fig. 5E).

Autophagy induction abolished the protection of
TLR3-knockout against MI

To further examine whether reduced autophagy in TLR3-KO mice
contributes to improved survival and heart protection against MI, we
applied an autophagy inducer rapamycin daily for 2 weeks, starting
from 24 hrs after LAD ligation. The results showed that rapamycin
effectively increased autophagic activity in both sham and LAD-ligated
mice (Fig. 6A). Coinciding with the induction of autophagy, the infarct
size was enlarged (Fig. 6B), and the post-infarct heart function was
deteriorated in TLR3-KO mice (Fig. 6C). These results demonstrate

Fig. 3Myocardial infarction (MI) increased TLR3 expression and its physical association with Trif in mouse myocardium. Heart samples were taken

from infarct area at 4 weeks after MI. (A) and (B) show mRNA and protein levels of TLR3 in sham and MI hearts. n = 4 mice/group. Data are
means � S.D. AP < 0.01 versus sham. (C) Representative immunohistochemistry images of heart sections stained for TLR3 (brown colour). An iso-

type IgG control was performed to verify the specificity of TLR3 reactivity. (D) Lysates of heart tissue were immunoprecipitated with anti-TLR3 anti-

bodies (IP: TLR3), followed by SDS–PAGE and immunoblotting (IB) with indicated antibodies. IP with isotype IgG (IP: IgG) was performed as a

control to exclude the non-specific binding of antibodies to cellular proteins. Green arrows indicate non-specific bands. The association between
TLR3 and Trif, but not MyD88, was detectable in sham myocardium and was increased in infarct myocardium.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

401

J. Cell. Mol. Med. Vol 22, No 1, 2018



that inhibition of autophagy in the absence of TLR3 is protective
against MI-induced heart failure and lethality.

To verify whether TLR3 affect autophagic flux in vivo, we
intraperitoneally injected CQ for 2 weeks, and observed similar
accumulations of LC3-II and p62 in WT and TLR3-KO myocardium
(Fig. 6A). This result, in accordance with that in cultured myocytes

(Fig. 1C), suggests that autophagy flux is not affected by
TLR3-KO.

TLR3 is known to regulate cellular inflammation via the transcrip-
tion factors NF-kB and IRF3 [2, 26] and play an essential role in virus-
induced cardiac inflammation [27, 28]. To discriminate the potential
role of TLR3-mediated inflammation in MI, we determined cardiac

Fig. 4 TLR3-knockout (TLR3-KO) attenu-
ated cardiac autophagy induced by MI.

The infarct and remote tissues were sepa-

rately sampled from the left ventricle after

4 weeks of MI. Accordingly, anterior and
posterior tissues of the left ventricle were

sampled from sham hearts as controls.

(A) Representative Western blot images

and quantitative analyses of autophagy
markers. n = 4–8/group. Quantitative data

are fold changes of WT-sham. aP < 0.05,
AP < 0.01 versus respective WT-sham;
bP < 0.05, BP < 0.01 versus respective

WT-MI. (B) Representative electron

microphotographs of ultrathin sections of

resin-embedded heart biopsies. Arrows
indicate autophagic vacuoles. (C) Lysates

of infarct tissue were immunoprecipitated

(IP), followed by SDS–PAGE and

immunoblotting (IB) with indicated anti-
bodies. IP with isotype IgG served as a

control. Green arrows indicate non-speci-

fic bands. Representative images were
taken from four independent experiments.

Fig. 5 TLR3-KO attenuated heart failure and improved survival in mice subjected to MI. All measurements were performed after 4 weeks of MI, and

quantitative data are expressed as means � S.D. (A) Representative microscopic images of haematoxylin and eosin (HE) and Masson’s trichrome

staining for heart sections. Images were taken from 3–6 mice/group. (B) Collagen volume fraction calculated from Masson’s trichrome staining
images, expressed as a percentage of the total left ventricular myocardial volume. n = 6 mice/group. aP < 0.05 versus WT. (C) The upper panel

shows representative gross view images of mouse heart coronally sectioned in halves, presenting the infarct area in whitish colour. The lower panel

shows infarct size of post-infarct hearts, determined with a length-based approach as described in the methods. n = 6 mice/group. AP < 0.01 versus

WT. (D) Representative M-mode ultrasound tracings of sham and MI hearts taken at the midpapillary level, and quantitative analysis of echocardio-
graphic parameters including left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD) and fractional shortening

(FS, %) of the left ventricle. n = 13–15 mice/group. AP < 0.01 versus WT-sham, BP < 0.01 versus WT-MI. (E) Kaplan–Meier survival curves after

coronary-ligation surgery in WT and TLR3-KO mice.

402 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

403

J. Cell. Mol. Med. Vol 22, No 1, 2018



expression of inflammatory cytokines in the presence or absence of
TLR3. As shown in Fig. 7, the basal level of cardiac cytokine expres-
sion is comparable between WT and TLR3-KO mice, and MI induced
similar increases in both groups. In line with this result, while robust
inflammatory cell infiltration was present in the infarct and border
areas of WT hearts, there was no visible difference in TLR3-KO
hearts, as shown by the HE and Masson’s staining (Fig. 5A). These
data indicate that myocardial inflammation is not affected by TLR3-
KO. Therefore, the involvement of inflammation in TLR3-KO-mediated
autophagy inhibition and cardiac protection can be excluded.

Discussion

TLRs are a family of innate immune receptors that are essential for
recognizing PAMP and DAMP molecules. They are expressed by a
variety of immune and non-immune cells including cardiomyocytes
[9]. Although autophagy has been linked to TLR signalling, most of
the knowledge was obtained from immune cells [5–8]. The action of
TLRs on autophagy in cardiomyocytes remains unknown. This study
treated cultured cardiomyocytes with a TLR3 agonist, either alone or
in the presence of a lysosomal inhibitor, and observed that autophagy
induction was stimulated by TLR3, whereas autophagic flux remained
intact. Pathway dissection using siRNA knockdown techniques
showed that TLR3 induced autophagy through the Trif-dependent
pathway, which was verified by the co-IP analysis showing physical
association between TLR3 and Trif but not MyD88. To identify the
potential autophagy-inductive role of TLR3 in vivo, the present study
employed the mouse model of MI, a condition that has been
described to induce autophagy [10, 25]. We observed that over
4 weeks of MI, cardiac autophagy was persistently enhanced, accom-
panied with increased expression of TLR3 and its association with
Trif. The knockout of TLR3 significantly attenuated autophagy, pre-
vented heart failure and improved survival, which was abolished by
an autophagy inducer. Taken together, this study shows that TLR3
plays a role in persistent autophagy after MI, which contributes to
heart failure and lethality.

Autophagy is an essential process for cells to maintain
homoeostasis. It enables cells to clean their interiors by forming dou-
ble-membraned organelles called autophagosomes, which deliver
excessive or aberrant organelles and protein aggregates to the lyso-
somes for degradation [29]. During cell starvation or stress, autop-
hagy is required for organelle turnover, protein degradation and
recycling of cytoplasmic components. As a common process, autop-
hagy has been widely characterized in various cell types including car-
diomyocytes [30]. It is notable that proper autophagic activity is

critical for normal maintenance of cardiac homeostasis. Either exces-
sive or insufficient levels of autophagic flux can contribute to cardiac
pathogenesis [10]. A variety of cardiac stresses, including ischemia-
reperfusion, pressure overload and heart failure, have been shown to
be related to autophagy. Evidence of autophagy in human heart dis-
eases was first reported in patients with dilated cardiomyopathy [31],
and later in patients with other cardiac disorders [32–34].

Autophagy is a highly dynamic process that needs to be carefully
assessed. Commonly used measurements for autophagy include
Western blot for LC3 and detection of autophagic puncta. The conver-
sion of LC3-I to LC3-II through lipidation is a recognized hallmark of
autophagy induction, which can be monitored by Western blot that
identifies the electrophoretic mobility shift from the slower-migrating
non-lipidated LC3-I to faster-moving lapidated LC3-II [19, 20]. The
formation of autophagosomes is essential in autophagy detection,
which can be measured by electron microscopy and puncta formation
of fluorescent-tagged LC3 proteins in cytoplasm under fluorescence
microscopy. However, snapshot measurements of LC3 and
autophagosomes without measuring autophagic flux are incomplete.
A recent review by Gottlieb et al. elaborated on autophagy measure-
ments and emphasized the need to assess autophagic flux, which can
be assessed by a tandem RFP-GFP-LC3 construct and be inferred
directly through lysosomal blockade or indirectly from the level of
p62/SQSTM1 [21, 35].

The activation of TLR3 was previously observed to induce autop-
hagy in immune cells such as macrophages [8, 36, 37], while little is
known in non-immune cells. This study for the first time described a
role of TLR3 in cardiac autophagy and examined the effect of TLR3
on autophagic flux. The induction of autophagy by TLR3 in immune
cells was judged based on the evidence of LC3-II formation and
autophagosome accumulation [6–8]. This study observed similar
results in cardiomyocytes (Fig. 1). However, previous observations
were limited to snapshot measurements of LC3 and autophago-
somes. Given that enhanced autophagy initiation or decelerated
autophagic flux each may cause increases in LC3-II and autophago-
somes [21], it is necessary to examine whether TLR3 affects autop-
hagic flux. We herein addressed this question. Using a tandem
mRFP-GFP-LC3 adenovirus, we detected no change in autophagic flux
(Fig. 1B). Also, using CQ to block autophagic flux, we observed fur-
ther increases of p62 in response to TLR3 activation (Fig. 1C), sug-
gesting that autophagic flux remains intact upon TLR3 activation.

As to the signalling cascade leading to autophagy induction after
TLR activation, previous studies in immune cells have shown the
requirement for MyD88 and TRIF in immunological autophagy medi-
ated by different TLR subtypes [7, 8, 36]. Shi et al. showed that TLR3
signalling uses Trif, but not MyD88, to trigger autophagosome

Fig. 6 Autophagy induction abolished the protection of TLR3-KO against MI. An autophagy inducer rapamycin (Rapa, 2 mg/kg/day) or an autophagic

flux inhibitor chloroquine (CQ, 50 mg/kg/day) was daily intraperitoneally injected for 2 weeks, starting from day 1 after surgery. Normal saline (NS)

was injected as control. Measurements were taken at 2 weeks. (A) Representative Western blot images and quantitative data of LC3 and p62 pro-
teins in infarct tissue. Rapamycin increased LC3-II in all the groups, suggesting successful induction of autophagy. CQ (blue bars) induced similar

accumulations of LC3-II and p62 in WT and TLR3-KO myocardium, suggesting that autophagy flux was comparable between the two groups.

(B) Representative coronal-sectional images of Masson’s trichrome staining and infarct size of post-infarct hearts. (C) Fractional shortening (FS, %)

of the left ventricle. All data are means � S.D. n = 4–6 mice/group. AP < 0.01 versus respective ‘sham+NS’; bP < 0.05, BP < 0.01 versus respective
‘MI+NS’.
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formation in macrophages [36]. In accordance with this, we observed
physical association between TLR3 and Trif, but not MyD88, in sham
heart tissue, which was increased in infarct hearts (Fig. 3C). In cul-
tured cardiomyocytes exposed to TLR3 agonists, the ablation of Trif,
rather than MyD88, remarkably prevented autophagy induction
(Fig. 1D). Collectively, it is indicated that cardiac TLR3 signalling is
dependent on Trif rather than MyD88, and Trif links cardiac TLR3 to
autophagy induction.

Multiple studies have demonstrated that cardiomyocyte autop-
hagy is activated during myocardial ischaemia [10]. However,
whether the up-regulated autophagy is adaptive or maladaptive is not
well defined. While some studies show cardioprotective effects of
autophagy under ischaemic stress [38–40], analysis of hearts from
patients with end-stage heart failure suggests autophagic death as
the most prominent mechanism for the death of cardiomyocytes [41,
42]. Minatoguchi’s group observed persistent increases in LC3-II and
p62 in infarct hearts over the observation period of 3 weeks, and the
most active formation of autophagosomes in remote areas at
3 weeks, as shown by LC3-positive dots in immunofluorescence
staining [25]. The present study observed similar up-regulation of
LC3-II and p62 following MI (Fig. 2), except that relatively high levels
of LC3-II and p62 were observed for infarct areas, compared to
remote areas (Fig. 4A). This discrepancy might be the result of differ-
ent assay methods. Besides, Minatoguchi’s group reported that food
restriction (FR) prevented post-infarction heart failure by ‘enhancing
autophagy’ [43], whereas we claim here that TLR3-KO generated sim-
ilar protection by ‘inhibiting autophagy’. These results appear para-
doxical, but may be explained from different aspects of autophagy
dynamics. In the FR study, increased ratio of LC3-II/LC3-I was used
as an indicator of enhanced autophagic activity [43]. Although this

ratio has been used by many studies, it is actually fickle and unreli-
able, as pointed out by a recent review [21]. Instead, the level of
LC3-II normalized to a protein loading control is proper for flux mea-
surements. When just looking at LC3-II shown by the Western blot
images in the FR study (Fig. 3B in reference [43]), we see that FR
abolished the increase of LC3-II induced by MI, as well as the
increase of p62. Furthermore, LC3-II and p62 in the FR group were
both greatly increased after blockade with CQ. In our opinion, these
data suggest that FR accelerates autophagic flux and reduced autop-
hagic cargo accumulation, rather than ‘enhancing autophagy’. Differ-
ently, we herein observed that TLR3 stimulated autophagy induction
without affecting autophagic flux. In addition, our results on rapamy-
cin are in conflict with several previous reports [25, 44, 45]. Kanamori
et al., started daily injection of rapamycin after 2 weeks of MI, and
detected protective effects after 1 more week [25]. Buss et al.
reported that everolimus, a drug similar to rapamycin, attenuated ven-
tricular remodelling and dysfunction in rats subjected to MI [44]. Wu
et al. observed that rapamycin prevented MI-induced NFjB activation
and attenuated cardiac remodelling and dysfunction [45]. We, on the
contrary, observed damage of rapamycin. These discrepancies may
result from differences in species, severity of MI and the timing and
regimen of drug administration. More strikingly, the highly dynamic
nature of autophagy may produce fickle results. Either over- or
under-activated autophagy and/or autophagic flux could be harmful.
This likely renders great difficulties to intervene with autophagy-asso-
ciated diseases.

A remarkable effect downstream of TLR activation is the innate
immune response, manifested as the production of inflammatory
cytokines. TLR2 and TLR4 have been demonstrated to mediate car-
diac inflammatory responses under ischaemic stress [9, 46]. To
examine whether TLR3 contributes to MI-induced inflammation, we
herein determined inflammatory cytokine expression in WT and
TLR3-KO hearts. The results showed comparable levels under both
basal and MI conditions (Fig. 7). Inflammatory cell infiltration was
also similar within WT and TLR3-KO hearts subjected to MI (Fig. 5A).
These data suggest that TLR3 is not involved in myocardial inflamma-
tion after MI. Previous studies testing TLR3-KO mice in the model of
myocardial ischemia/reperfusion (I/R) have reported conflict results.
Chen et al. reported that TLR3-Trif signalling had no impact on
myocardial cytokines or neutrophil recruitment after I/R [47], but Lu
et al. reported reductions of cytokine production as well as inflamma-
tory cell infiltration in TLR3-KO hearts subjected to I/R [48]. We previ-
ously observed that TLR4 played a role in MI-induced inflammation
[49]. However, the present study failed to detect a role for TLR3. An
underlying reason might be that TLR3 is minor in cardiac inflamma-
tion, whereas TLR2 and TLR4 are predominant. Despite that, this
study demonstrates the induction of cardiac autophagy upon TLR3
activation, which contributes to the persistently activated autophagy,
heart failure and lethality following MI.

In summary, the present study first observed that TLR3 stimu-
lated autophagy induction in cardiomyocytes, without affecting autop-
hagic flux. In the mice subjected to MI-induced persistent autophagy,
TLR3-KO attenuated autophagy, reduced infarct size and improved
heart failure and survival. It is highlighted that immunoreceptors may
play an important role in post-MI heart failure and lethality through

Fig. 7 Cardiac cytokine expression in mice was unaffected by TLR3-KO.

The mRNA levels of inflammatory cytokine markers tumour necrosis

factor a (TNFa) and interleukin-6 (IL-6) in heart tissue after 4 weeks of

myocardial infarction were determined by real-time RT-PCR and normal-
ized to 18S ribosome RNA transcript levels. Data are means � S.D.

n = 4–5 mice/group.
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regulating autophagy, while the underlying molecular signals need
more investigation.

Acknowledgements

Funding source: This work was supported by the National Natural Science

Foundation of China (81670295, 81370348, 81270880), and the Fundamental

Research Funds for the Central Universities of China (Tongji University
1507219041).

Conflicts of interest

The authors confirm that there are no conflicts of interest.

References

1. Medzhitov R. Recognition of microorgan-

isms and activation of the immune response.

Nature. 2007; 449: 819–26.
2. Kawai T, Akira S. The role of pattern-recog-

nition receptors in innate immunity: update

on Toll-like receptors. Nat Immunol. 2010;

11: 373–84.
3. Feng Y, Chao W. Toll-like receptors and

myocardial inflammation. Int J Inflam. 2011;

2011: 170352. http://dx.doi.org/10.4061/

2011/170352

4. Levine B, Kroemer G. Autophagy in the
pathogenesis of disease. Cell. 2008; 132:

27–42.
5. Sanjuan MA, Dillon CP, Tait SW, et al. Toll-

like receptor signalling in macrophages links

the autophagy pathway to phagocytosis.

Nature. 2007; 450: 1253–7.
6. Lee HK, Lund JM, Ramanathan B, et al.

Autophagy-dependent viral recognition by

plasmacytoid dendritic cells. Science. 2007;

315: 1398–401.
7. Xu Y, Jagannath C, Liu XD, et al. Toll-like

receptor 4 is a sensor for autophagy associ-

ated with innate immunity. Immunity. 2007;

27: 135–44.
8. Delgado MA, Elmaoued RA, Davis AS,

et al. Toll-like receptors control autophagy.

EMBO J. 2008; 27: 1110–21.
9. Lin L, Knowlton AA. Innate immunity and

cardiomyocytes in ischemic heart disease.

Life Sci. 2014; 100: 1–8.
10. Lavandero S, Chiong M, Rothermel BA,

et al. Autophagy in cardiovascular biology.
J Clin Invest. 2015; 125: 55–64.

11. Nishimura M, Naito S. Tissue-specific

mRNA expression profiles of human toll-like
receptors and related genes. Biol Pharm

Bull. 2005; 28: 886–92.
12. Li DF, Tian J, Guo X, et al. Induction of

microRNA-24 by HIF-1 protects against
ischemic injury in rat cardiomyocytes. Phys-

iol Res. 2012; 61: 555–65.
13. Qiao J, Li A, Jin X. TSLP from RSV-stimu-

lated rat airway epithelial cells activates
myeloid dendritic cells. Immunol Cell Biol.

2011; 89: 231–8.

14. Kimura S, Noda T, Yoshimori T. Dissection
of the autophagosome maturation process

by a novel reporter protein, tandem fluores-

cent-tagged LC3. Autophagy. 2007; 3: 452–
60.

15. Gao E, Lei YH, Shang X, et al. A novel and

efficient model of coronary artery ligation

and myocardial infarction in the mouse. Circ
Res. 2010; 107: 1445–53.

16. Takagawa J, Zhang Y, Wong ML, et al.
Myocardial infarct size measurement in the

mouse chronic infarction model: comparison
of area- and length-based approaches. J

Appl Physiol. 1985; 2007: 2104–11.
17. Lin L, Kim SC, Wang Y, et al. HSP60 in

heart failure: abnormal distribution and

role in cardiac myocyte apoptosis. Am J

Physiol Heart Circ Physiol. 2007; 293:

H2238–47.
18. Tian J, Guo X, Liu XM, et al. Extracellular

HSP60 induces inflammation through acti-

vating and up-regulating TLRs in cardiomy-

ocytes. Cardiovasc Res. 2013; 98: 391–401.
19. Kabeya Y, Mizushima N, Ueno T, et al.

LC3, a mammalian homologue of yeast

Apg8p, is localized in autophagosome mem-
branes after processing. EMBO J. 2000; 19:

5720–8.
20. Kimura S, Fujita N, Noda T, et al. Monitor-

ing autophagy in mammalian cultured cells
through the dynamics of LC3. Methods

Enzymol. 2009; 452: 1–12.
21. Gottlieb RA, Andres AM, Sin J, et al. Untan-

gling autophagy measurements: all fluxed
up. Circ Res. 2015; 116: 504–14.

22. Komatsu M, Waguri S, Koike M, et al.
Homeostatic levels of p62 control cytoplas-
mic inclusion body formation in autophagy-

deficient mice. Cell. 2007; 131: 1149–63.
23. Pankiv S, Clausen TH, Lamark T, et al.

p62/SQSTM1 binds directly to Atg8/LC3 to
facilitate degradation of ubiquitinated protein

aggregates by autophagy. J Biol Chem.

2007; 282: 24131–45.
24. Shintani T, Klionsky DJ. Autophagy in

health and disease: a double-edged sword.

Science. 2004; 306: 990–5.

25. Kanamori H, Takemura G, Goto K, et al.
The role of autophagy emerging in postin-

farction cardiac remodelling. Cardiovasc

Res. 2011; 91: 330–9.
26. Alexopoulou L, Holt AC, Medzhitov R, et al.

Recognition of double-stranded RNA and

activation of NF-kappaB by Toll-like receptor

3. Nature. 2001; 413: 732–8.
27. Hardarson HS, Baker JS, Yang Z, et al.

Toll-like receptor 3 is an essential compo-

nent of the innate stress response in virus-

induced cardiac injury. Am J Physiol Heart
Circ Physiol. 2007; 292: H251–8.

28. Negishi H, Osawa T, Ogami K, et al. A criti-

cal link between Toll-like receptor 3 and type
II interferon signaling pathways in antiviral

innate immunity. Proc Natl Acad Sci USA.

2008; 105: 20446–51.
29. Mizushima N, Levine B, Cuervo AM,

et al. Autophagy fights disease through

cellular self-digestion. Nature. 2008; 451:

1069–75.
30. Nakai A, Yamaguchi O, Takeda T, et al. The

role of autophagy in cardiomyocytes in the

basal state and in response to hemodynamic

stress. Nat Med. 2007; 13: 619–24.
31. Shimomura H, Terasaki F, Hayashi T, et al.

Autophagic degeneration as a possible

mechanism of myocardial cell death in

dilated cardiomyopathy. Jpn Circ J. 2001;
65: 965–8.

32. Saijo M, Takemura G, Koda M, et al. Car-
diomyopathy with prominent autophagic

degeneration, accompanied by an elevated
plasma brain natriuretic peptide level despite

the lack of overt heart failure. Intern Med.

2004; 43: 700–3.
33. Kassiotis C, Ballal K, Wellnitz K, et al.

Markers of autophagy are downregulated in

failing human heart after mechanical unload-

ing. Circulation. 2009; 120: S191–7.
34. Singh KK, Yanagawa B, Quan A, et al.

Autophagy gene fingerprint in human ische-

mia and reperfusion. J Thorac Cardiovasc

Surg. 2014; 147: 1065–72.
35. Klionsky DJ, Abdelmohsen K, Abe A, et al.,

et al. Guidelines for the use and

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

407

J. Cell. Mol. Med. Vol 22, No 1, 2018

http://dx.doi.org/10.4061/2011/170352
http://dx.doi.org/10.4061/2011/170352


interpretation of assays for monitoring
autophagy (3rd edition). Autophagy. 2016;

12: 1–222.
36. Shi CS, Kehrl JH. MyD88 and Trif target

Beclin 1 to trigger autophagy in macro-
phages. J Biol Chem. 2008; 283: 33175–82.

37. Xu C, Liu J, Hsu LC, et al. Functional inter-
action of heat shock protein 90 and Beclin 1
modulates Toll-like receptor-mediated

autophagy. FASEB J. 2011; 25: 2700–10.
38. Zhang H, Bosch-Marce M, Shimoda LA,

et al. Mitochondrial autophagy is an HIF-1-
dependent adaptive metabolic response to

hypoxia. J Biol Chem. 2008; 283: 10892–
903.

39. Matsui Y, Takagi H, Qu X, et al. Distinct
roles of autophagy in the heart during ische-

mia and reperfusion: roles of AMP-activated

protein kinase and Beclin 1 in mediating
autophagy. Circ Res. 2007; 100: 914–22.

40. Yan L, Vatner DE, Kim SJ, et al. Autophagy
in chronically ischemic myocardium. Proc

Natl Acad Sci USA. 2005; 102: 13807–12.
41. Knaapen MW, Davies MJ, De Bie M, et al.

Apoptotic versus autophagic cell death in
heart failure. Cardiovasc Res. 2001; 51:

304–12.
42. Kostin S, Pool L, Elsasser A, et al. Myo-

cytes die by multiple mechanisms in failing

human hearts. Circ Res. 2003; 92: 715–24.
43. Watanabe T, Takemura G, Kanamori H,

et al. Restriction of food intake prevents
postinfarction heart failure by enhancing

autophagy in the surviving cardiomyocytes.

Am J Pathol. 2014; 184: 1384–94.
44. Buss SJ, Muenz S, Riffel JH, et al. Benefi-

cial effects of Mammalian target of rapamy-

cin inhibition on left ventricular remodeling

after myocardial infarction. J Am Coll Car-
diol. 2009; 54: 2435–46.

45. Wu X, He L, Chen F, et al. Impaired autop-
hagy contributes to adverse cardiac remod-

eling in acute myocardial infarction. PLoS

One. 2014; 9: e112891.

46. Chao W. Toll-like receptor signaling: a criti-
cal modulator of cell survival and ischemic

injury in the heart. Am J Physiol Heart Circ

Physiol. 2009; 296: H1–12.
47. Chen C, Feng Y, Zou L, et al. Role of extra-

cellular RNA and TLR3-Trif signaling in

myocardial ischemia-reperfusion injury. J

Am Heart Assoc. 2014; 3: e000683.
48. Lu C, Ren D, Wang X, et al. Toll-like recep-

tor 3 plays a role in myocardial infarction

and ischemia/reperfusion injury. Biochim

Biophys Acta. 2014; 1842: 22–31.
49. Liu L, Wang Y, Cao ZY, et al. Up-regulated

TLR4 in cardiomyocytes exacerbates heart

failure after long-term myocardial infarction.
J Cell Mol Med. 2015; 19: 2728–40.

408 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.


