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Background: Autophagy, a stress response in eukaryotic cells, is closely related to cardiogenic diseases.
Pyroptosis, a newly discovered way of programmed cell death, also plays an important role in cardiovascular
disease. However, the role and relationship of autophagy and pyroptosis in lipopolysaccharide (LPS)-induced
inflammatory response of cardiomyocytes were still unclear.

Methods: Western blot was performed to determine the expression of poly ADP-ribosepolmesera-1
(PARP-1), LC3B, NLRP3 and GSDMD in cardiomyocytes after the treatment of LPS. Transfection of
si-LC3B, western blot and immunofluorescence (IF) staining were performed to investigate the role of
autophagy in LPS-induced pyroptosis. Co-immunoprecipitation (Co-IP) assays and quantitative real-
time PCR (qQRT-PCR) were conducted to explore whether PARP-1 binding to LC3B and modulating its
expression. Transfections of si-PARP-1, western blot and IF were carried out to confirm the role of PARP-1
in the regulation of LPS-induced pyroptosis by autophagy.

Results: LPS induces autophagy and pyroptosis in cardiomyocytes, enhanced the level of autophagy
and inhibited the level of pyroptosis in the concentration of 4 pg/mL. We further proved that autophagy
inhibits LPS-induced pyroptosis in cardiomyocytes. In addition, PARP-1 binding to LC3B and regulate the
expression of LC3B. Finally, we proved that knockdown of PARP-1 rescued the inhibition of autophagy on
LPS-induced pyroptosis of cardiomyocytes.

Conclusions: LPS induces pyroptosis through regulation of autophagy via PARP-1 at a specific
concentration, above which it causes deposition of autophagy flow to promote pyroptosis. Inhibiting LPS-

induced pyroptosis could be a promising therapeutic target in treating cardiovascular diseases.
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Introduction organelles in cells (1-4). In the process of autophagy, cells
Autophagy, as a stress response in eukaryotic cells, involves degrade damaged organelles, incorrectly folded proteins and
various signaling pathways and the degradation and other substances in the cytoplasm into fatty acids, amino
circulation of biological macromolecules and damaged acids and other substances by using hydrolases in lysosomes,
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and then recycle and reuse these substances to maintain
the stability of substances and energy in the cells (5-8).
LC3B, Beclin-1 and p62 are the signature proteins of
autophagy (9-12). Cardiogenic diseases are considered
to be associated with autophagy (13-15). In the stress
response, activation of autophagy started the degradation
of various macromolecules and organelles, which promote
the survival of cardiomyocytes (16-18). However, the
autophagy mechanism caused by severe stress can lead to
self-destruction, eventually leading to heart failure (19).

Pyroptosis is a newly discovered way of programmed cell
death, which is different from cell apoptosis and cell death,
which is accompanied by inflammatory reaction. There
are two different pathways which causing pyroptosis: a
canonical pathway depending on the activation of caspase-1
(CASP1) and a non-canonical pathway depending on the
activation of caspase-4/5/11 (CASP4/5/11) (20-22). Recent
studies have found that pyroptosis plays an important role
in cardiovascular disease (22,23). Therefore, further study of
the role of pyroptosis in the occurrence and development of
cardiovascular diseases will be of great significance for the
prevention and treatment of diseases. In addition, pyroptosis
has been found to be associated with autophagy (24-28).
For instance, hypothermia has been reported to alleviate
cerebral ischemic injury by autophagy activation and
pyroptosis suppression (29). Prostatic hyperplasia has been
reported to resulted by protein peroxiredoxin 3 according
to inhibiting autophagy and activating pyroptosis (30).
Therefore, pyroptosis may be regulated via autophagy in
cardiovascular disease.

Poly ADP-ribosepolmesera-1 (PARP-1) is a post-
translational modification enzyme existed in most
eukaryotic cells (31). Under normal conditions, PARP-1
activity is very low, and PARP-1 activity is increased
during DNA damage, catalyzing poly ADP ribosylation
of receptor proteins and participating in DNA repair (32).
On the other hand, excessive activation of PARP-1
induced by oxidative stress leads to rapid consumption of
NAD + and further consumption of ATP, resulting in cell
dysfunction and necrosis (33,34). PARP-1 has the function
of keeping chromosome structure intact, participating in
DNA replication and transcription, and playing a role in
maintaining genomic stability and cell death (31,35,36).
Studies have shown that PARP-1 plays an important role in
neuronal apoptosis, cardiovascular disease, cerebral ischemia-
reperfusion injury, neurodegeneration and other diseases
(31,32,37,38). For instance, PARP-1 has been reported
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to promote autophagy in cardiomyocytes by regulating
Foxo3a (37). PARP-1 has also been found to inhibited
attenuates cardiac fibrosis resulted from myocardial infarction
via modulating autophagy (38). In addition, GCBI database
query results show that PARP-1 may be a transcript of LC3B.
Therefore, PARP-1 may participate in lipopolysaccharide
(LPS) induced inflammatory response of cardiomyocytes via
regulating autophagy.

Based on the above results, we hypothesized that LPS
induces pyroptosis by regulating cardiomyocyte autophagy.
According to our study, LPS induces autophagy and
pyroptosis in cardiomyocytes, enhanced the level of autophagy
and inhibited the level of pyroptosis in the concentration
of 4 pg/mL. Knockdown of LC3B, we proved that autophagy
inhibits LPS induced pyroptosis in cardiomyocytes. Further
experiments showed that PARP-1 binding to LC3B and
regulate the expression of LC3B. In addition, knockdown
of PARP-1 rescued the inhibition of autophagy on LPS-
induced pyroptosis of cardiomyocytes. To sum up, we draw
the conclusion that LPS induces pyroptosis through regulation
of autophagy via PARP-1 in cardiomyocytes. We clarified the
role of LPS and PARP-1 regulating autophagy and pyroptosis
in the occurrence and development of inflammatory process
of cardiomyocytes, which is of great significance for the
prevention and treatment of cardiovascular diseases.

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/cdt-21-293).

Methods
Cell isolation and culture

The myocardial tissues of newborn mice were purchased
from Hunan Fenghui Biotechnology Co., Ltd. (Changsha,
China). Myocardial tissues of newborn mice were first
digested by collagen II (CLS004176, Worthington, OH,
USA) and trypsin (E7885, Sigma, St. Louis, MO, USA).
Then the high purity cardiomyocytes were acquired by
utilizing a discontinuous Percoll gradient centrifugation
(P4937, Sigma, St. Louis, MO, USA). Cardiomyocytes were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS, GIBICO, 16000044,
Thermo Fisher Scientific, Waltham, MA, USA) under
the condition at 37 °C with 5% CO, in the humidified
incubators. LPS (L4391) was purchased from Sigma
Chemical Co (St. Louis, MO, USA).
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Cell transfection

si-LC3B, si-PARP-1, si-NC, ov-PARP-1 and ov-NC were
designed by GenePharma (Shanghai, China). Transfections
of cardiomyocytes were performed by Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA) following

the manufacturer’s instructions.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNAs of cardiomyocytes were first extracted by
using TRIzol reagent (Sigma, St. Louis, MO, USA)
according to the protocol of manufacturer. For qRT-PCR,
cDNAs were first synthesized by utilizing SuperScript 111
reverse transcriptase kit (Sigma, St. Louis, MO, USA).
Then, PCR were conducted by Taq-Man Universal PCR
master mix (Sigma, St. Louis, MO, USA). Experiments of
c¢DNAs synthesize and PCR were performed following the
manufacturer’s instructions. Relative expression of PARP-1
and LC3B mRNA were calculated by normalizing to -actin.
ABI 7500 real-time PCR system fluorescent dye method was
performed for qRT-PCR. The fold changes were calculated
with 27**“ method. Primer sequences were showed as
following: PARP-1, F: 5'-CTC TCC CAG AAC AAG GAC
GAA G-3',R: 5'-CCG CTT TCA CTT CCT CCA TCT
TC-3". LC3B, F: 5'-TTA TAG AGC GAT ACA AGG
GGG AG-3'; R: 5'-CGC CGT CTG ATT ATC TTG
ATG AG-3'. B-actin, F: 5'-CAT TGC TGA CAG GAT
GCA GAA GG-3', R: 5'-TGC TGG AAG GTG GAC
AGT GAG G-3'.

Western blot

Western blot was carried out to determine the protein
expression of PARP-1, LC3B-I/II, NLRP3 and GSDMD.
Samples were first prepared by utilizing ReadyPrepTM
Protein Extraction Kit (Bio-Rad, Shanghai, China)
following the instructions of manufacturer. Then, protein
samples were separated by SDS-PAGE and transferred
to PVDF membranes (Millipore, Germany). For
immunoblotting, blots contained target proteins were
treated with corresponding primary antibodies overnight at
4 °C and corresponding horseradish peroxidase-conjugated
anti-rabbit second antibodies (611-035-215, 1:5,000,
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at
37 °C. The primary antibodies (all from Abcam, Cambridge,
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UK) used in this study were as follows: anti-PARP-1
(ab110915, 1:1,000), anti-LC3B (ab51520, 1:3,000), anti-
NLRP3 (ab214185, 1:1,000), anti-GSDMD (ab219800,
1:1,000), anti-caspase-1 (ab138483, 1:1,000) and anti-B-actin
(ab6276, 1:5,000). Blots were viewed under the Odyssey
Infrared Imaging System (LI-COR, Lincoln, NE, USA)
and quantified by Image J software (National Institutes of
Health, Bethesda, MD, USA). The relative protein level

was normalized to B-actin.

Immunofluorescence (IF) staining

Cardiomyocytes were first placed on glass slides
at an appropriate density and then fixed with 4%
paraformaldehyde for 15 min. After that, cells were
permeabilized by 0.1% Triton (dissolved in PBS) at
room temperature for 30 min. Then cells were treated by
blocking solution, incubated by primary antibody overnight
and hybridized by corresponding secondary antibody. The
nucleus of cells was stained by DAPI. Finally, sections were
visualized by a fluorescence microscope (Olympus, Japan).

Co-immunoprecipitation (Co-IP) assay

Firstly, preparation of samples was conducted. The samples
were treated by IP lysis buffer. Protein samples were
quantified by using Pierce” BCA Protein Assay Kit (Cat#
23225, Thermo Fisher, Waltham, MA, USA) following
the instructions of manufacturer. For each sample, 1 mg
protein lysates were used for the experiment of IP. Secondly,
antibody capture was conducted. Samples were incubated
with IgG and anti-PARP-1. Next, lysates were incubated for
4 h at 4 °C. Then the lysates were added with 25 pL Protein
A/G agarose. After the mix of lysates and Protein A/G
agarose, the mixture was incubated for 2 h at 4 °C. Thirdly,
washing was conducted by IP wash buffer. Finally, western
blot was performed to immunoblot PARP-1 and LC3B.

Statistical analysis

All the data were analyzed by GraphPad Prism 7 (GraphPad
Software, Inc., San Diego, CA, USA). All the data were
shown as mean = standard deviation (SD). Differences were
confirmed by Student’s #-test or one-way ANOVA. P<0.05
was considered as a significant difference. All experiments
were repeated three times independently.
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Figure 1 LPS induces autophagy and pyroptosis of cardiomyocytes. Cardiomyocytes were treated with LPS of different concentrations
for 2 h. (A,B) PARP-1 expression was quantified by western blot. (C,D) Expression of LC3B-I and LC3B-II were determined by western
blot. (E,F) Expression of NLRP3 and GSDMD were determined by western blot. *, P<0.05; **, P<0.01; ***, P<0.001. PARP-1, poly ADP-

ribosepolmesera-1; LPS, lipopolysaccharide.

Results
LPS induces autophagy and pyroptosis of cardiomyocytes

"To determine the effect of LPS on autophagy and pyroptosis
of cardiomyocytes, expression of PARP-1, LC3B-1/11,
NLRP3 and GSDMD were determined by western blot
in cardiomyocytes after treated with LPS in different
concentrations. Cardiomyocytes were treated with LPS of
different concentrations for 2 h, and the results of western
blot show that higher concentration of LPS enhanced
the expression of PARP-1, indicating that LPS promotes
the PARP-1 expression in a dose dependent manner
(Figure 1A4,1B). Then western blots were performed to

© Cardiovascular Diagnosis and Therapy. All rights reserved.

quantify the expression of LC3B-I and LC3B-II, results
show that LPS enhanced the ratio of LC3B-II and LC3B-1I
within the concentration of 0 to 4 pg/mL, and decreased
the ratio within the concentration of 4 to 16 pg/mL,
indicating that LPS promotes the autophagy within a
certain concentration range, and decreases autophagy in
higher concentrations (Figure 1C,1D).

The expression of NLRP3, cleaved caspase-1 and
GSDMD were then quantify by performing western blot,
results showed that expression of NLRP3, cleaved caspase-1
and GSDMD treated with LPS in the concentration
of 4 pg/mL were lower than 2 and 8 pg/mL, indicating that
pyroptosis of cardiomyocytes were inhibited by LPS in the
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concentration of 4 pg/mL (Figure 1E,1F, Figure S1). To sum
up, the results of western blot indicated that LPS induces
autophagy and pyroptosis of cardiomyocytes. LPS enhanced
the level of autophagy and inhibited the level of pyroptosis
in the concentration of 4 pg/mL.

Autophagy inhibits LPS-induced pyroptosis of
cardiomyocytes

To explore the effect of autophagy on LPS-induced
pyroptosis, expression of NLRP3 and GSDMD was
determined by western blot and IF in cardiomyocytes
treated with LPS and si-LC3B. qRT-PCR was first
performed to measure the effect of transfection after
the transfection si-LC3B. Results show that LC3B-
IT mRNA expression was decreased by the transfection
of si-LC3B compared with si-NC (Figure 24). Western
blot was then conducted, and showed that LC3B-II
expression was decreased by the transfection of si-LC3B
(Figure 2B). Expressions of LC3B-II, NLRP3, cleaved
caspase-1 and GSDMD were determined by western blot
in cardiomyocytes after treated with LPS and si-LC3B.
Compared with control group, the treatment of 4 pg/
mL LPS enhanced the expression of LC3B-II, NLRP3,
cleaved caspase-1 and GSDMD. However, the treatment
of LPS and si-LC3B decreased the expression of LC3B-II
and continue enhanced the expression of NLRP3, cleaved
caspase-1 and GSDMD, indicating that inhibition of
autophagy promotes LPS-induced pyroptosis (Figure 2C,
Figure S2).

Expression of NLRP3 and GSDMD was further
determined by IF. Results showed that 4 pg/mL LPS
enhanced NLRP3 expression, and knockdown of LC3B
continue increased NLRP3 expression (Figure 2D,2FE).
Consistently, 4 pg/mL LPS enhanced GSDMD expression,
and knockdown of LC3B continue increased GSDMD
expression (Figure 2F}2@G). In conclusion, autophagy inhibits
LPS-induced pyroptosis in cardiomyocytes.

PARP-1 bind to LC3B and regulate the expression of
LC3B

To investigate whether PARP-1 binding to LC3B
and regulate the expression of LC3B, Co-IP was
first performed to confirm the interaction of PARP-
1 and LC3B, then qRT-PCR and western blot was
performed to quantify the expression of LC3B mRNA
and protein after the overexpression of PARP-1. As
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shown in Figure 34, PARP-1 and LC3B expressed in
both of the input group and anti-PARP-1 group of the
IP group, indicating that PARP-1 interact with LC3B.
qRT-PCR was then performed in cardiomyocytes
after transfected with ov-PARP-1, results showed that
overexpression of PARP-1 enhanced relative expression
of LC3B mRNA (Figure 3B). Consistently, western
blot showed that overexpression of PARP-1 enhanced
relative expression of LC3B protein (Figure 3C,3D).
To sum up, these findings indicated that PARP-1 binding to
LC3B and regulate the expression of LC3B.

Inbibiting PARP-1 rescued the inbibition of autopbagy on
LPS-induced pyroptosis of cardiomyocytes

To confirm the role of PARP-1 in the regulation of LPS-
induced pyroptosis, expression of NLRP3 and GSDMD
was determined by western blot and IF in cardiomyocytes
treated with LPS and si-PARP-1. qRT-PCR was first
performed to measure the effect of transfection after the
transfection si-PARP-1. Results show that PARP-1 mRNA
expression was decreased by the transfection of si-PARP-1
compared with si-NC (Figure 44). Western blot was
then conducted, and showed that PARP-1 expression was
decreased by the transfection of si-PARP-1 (Figure 4B).
Expression of LC3B-1I, NLRP3, cleaved caspase-1 and
GSDMD was determined by western blot in cardiomyocytes
after treated with LPS and si-PARP-1. Compared with
control group, the treatment of si-PARP-1 decreased the
expression of LC3B-II and enhanced the expression of
NLRP3, cleaved caspase-1 and GSDMD, indicating that
knockdown of PARP-1 rescued the inhibition of autophagy
on LPS-induced pyroptosis of cardiomyocytes (Figure 4C,
Figure S3).

We further determined the expression of NLRP3
and GSDMD by performing IF. Results showed that
knockdown of PARP-1 enhanced the percentage of NLRP3
positive cells (Figure 4D,4E). Consistently, knockdown of
PARP-1 enhanced the percentage of GSDMD positive cells
(Figure 4F,4G). In conclusion, knockdown of PARP-1
decreased the expression of LC3B-II, and enhanced the
expression of NLRP3 and GSDMD. These findings reveal
that knockdown of PARP-1 rescued the inhibition of
autophagy on LPS-induced pyroptosis of cardiomyocytes.

Discussion

Autophagy, involves the degradation and circulation of
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Figure 3 PARP-1 bind to LC3B and regulate the expression of LC3B. (A) The interaction of PARP-1 and LC3B was tested by Co-IP assays
in cardiomyocytes. (B) The expression of LC3B was detected by qRT-PCR. (C,D) The expression of PARP-1 and LC3B were detected by
western blot. *, P<0.05; **, P<0.01. PARP-1, poly ADP-ribosepolmesera-1; Co-IP, co-immunoprecipitation; QRT-PCR, quantitative real-

time PCR.

biological macromolecules and damaged organelles in
cells, is closely related to inflammation and cardiogenic
diseases, and changes in the level of autophagy affect the
degree of disease response (13-15). In the stress response,
activation of autophagy triggers the degradation of various
macromolecules and organelles, which promotes the
survival of cardiomyocytes (16-18). Minocycline has also
been reported to induce the autophagy of cardiomyocyte to
inhibit sepsis-induced cardiac dysfunction via Akt/mTOR
signaling pathway (16). However, the autophagy mechanism
caused by severe stress can lead to self-destruction,
eventually leading to heart failure (19). Therefore,
to investigate the role of autophagy in LPS-induced
inflammatory response of cardiomyocytes, we explored the
role of LPS in autophagy and pyroptosis. According to our
study, we found that LPS induces autophagy and pyroptosis
of cardiomyocytes, enhanced the level of autophagy and
inhibited the level of pyroptosis in the concentration
of 4 pg/mL. Furthermore, we found that autophagy inhibits
LPS-induced pyroptosis in cardiomyocytes. These results
were consistent with previous studied that autophagy
promote the survival of cardiomyocytes. Our results reveal

© Cardiovascular Diagnosis and Therapy. All rights reserved.

that autophagy involves in the inflammatory response of
cardiomyocytes and the progression of cardiac diseases by
inhibiting pyroptosis.

Pyroptosis, as one of the inflammatory response
pathways, is involved in LPS-induced inflammatory
response (20). Recent studies have found that pyroptosis
plays an important role in cardiovascular disease (23).
In addition, pyroptosis has been found to be associated
with autophagy (24-28). In our research, we further
investigated the role of pyroptosis in inflammatory response
of cardiomyocytes and the relationship of pyroptosis and
autophagy. By performing western blot and knockdown
of LC3B, we draw the conclusion that autophagy and
pyroptosis are negatively correlated in cardiomyocytes.
These results were consistent with previous studies. For
example, hypothermia has been reported to alleviate
cerebral ischemic injury by autophagy activation and
pyroptosis suppression (29). Prostatic hyperplasia has been
reported to resulted by protein peroxiredoxin 3 according
to inhibiting autophagy and activating pyroptosis (30).

PARP-1, as a damage repair enzyme, is widely involved
in apoptosis-related pathways and has been reported to
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blots were performed to quantify PARP-1 protein expression. (C) Western blots were performed to determine the expression of LC3B-II,
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in cardiomyocytes were detected by IF staining after transfected with si-PARP-1 and treated with LPS of 4 pg/mL. (F,G) Expression of
GSDMD in cardiomyocytes were detected by IF staining after transfected with si-PARP-1 and treated with LPS of 4 pg/mL. *, P<0.05;
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associated with structure and function of heart. Previous
studies have shown that PARP-1 plays an important role in
neuronal apoptosis and cardiovascular disease (31,32,37,38).
In our study, we confirmed that PARP-1 binding to LC3B
and regulate the expression of LC3B by performing Co-IP
and qRT-PCR. Furthermore, we proved that knockdown
of PARP-1 rescued the inhibition of autophagy on LPS-
induced pyroptosis of cardiomyocytes with the help of
western blot and IF. These results were consistent with
previous studies that PARP-1 promotes autophagy in
cardiomyocytes by regulating FoxO3a (37) and inhibition
attenuates cardiac fibrosis resulted from myocardial
infarction via modulating autophagy (38). To sum up, our
results revealed that LPS modulates pyroptosis through
regulating autophagy via PARP-1 in cardiomyocytes.

According to our study, LPS induces autophagy and
pyroptosis of cardiomyocytes and autophagy inhibits LPS
induced pyroptosis. We confirmed that PARP-1 binding
to LC3B and regulate the expression of LC3B. Finally, we
proved that knockdown of PARP-1 rescued the inhibition of
autophagy on LPS-induced pyroptosis of cardiomyocytes.
To sum up, we draw the conclusion that LPS regulates
autophagy via PARP-1 in cardiomyocytes, and PARP-1
plays roles by binding to LC3B. Furthermore, we clarified the
role of LPS and PARP-1 regulating autophagy and pyroptosis
in the occurrence and development of inflammatory process
in cardiomyocytes, which bring new insight for the prevention
and treatment of cardiovascular diseases.
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Figure S1 Expression of cleaved caspase-1 was the lowest in cardiomyocytes treated by LPS of 4 pg/mL. Expression of cleaved caspase-1 in
cardiomyocytes treated by different concentration of LPS. *, P<0.05; ***, P<0.001. LPS, lipopolysaccharide.
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Figure S2 Inhibition of autophagy enhanced the level of pyroptosis. Expression of cleaved caspase-1 in cardiomyocytes after treated with
LPS and transfected with si-LC3B. *, P<0.05; **, P<0.01. LPS, lipopolysaccharide.
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Figure S3 Knockdown of PARP-1 enhanced the expression of cleaved caspase-1. Expression of cleaved caspase-1 in cardiomyocytes after
treated with LPS and transfected with si-PARP-1. *, P<0.05. LPS, lipopolysaccharide; PARP-1, poly ADP-ribosepolmesera-1.
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