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Abstract

Introduction: Septic cardiomyopathy is a common complication of sepsis with high
morbidity and mortality, but lacks specific therapy. This study aimed to reveal the role
of circTLK1 and its potential mechanisms in septic cardiomyopathy.

Materials and Methods: The in vitro and in vivo models of septic cardiomyopathy
were established. Cell viability and apoptosis were detected by CCK8, TUNEL and
flow cytometry, respectively. LDH, CK, SOD, MDA, ATP, 8-OHdG, NAD+/NADH
ratio, ROS level, mitochondrial membrane potential and cytochrome C distribution
were evaluated using commercial kits. gRT-PCR and western blotting were performed
to detect RNA and protein levels. Mitochondrial DNA (mtDNA) copy number and
transcription were assessed by quantitative PCR. Dual-luciferase assay, RNA immu-
noprecipitation and co-immunoprecipitation were performed to verify the interaction
between circTLK1/PARP1 and miR-17-5p.

Results: CircTLK1, PARP1 and HMGB1 were up-regulated in the in vitro and in vivo
models of septic cardiomyopathy. CircTLK1 inhibition restrained LPS-induced up-
regulation of PARP1 and HMGB1. Moreover, circTLK1 knockdown repressed sepsis-
induced mtDNA oxidative damage, mitochondrial dysfunction and consequent
cardiomyocyte apoptosis by inhibiting PARP1/HMGB1 axis in vitro and in vivo. In
addition, circTLK1 enhanced PARP1 expression via sponging miR-17-5p. Inhibition of
miR-17-5p abolished the protective effects of circTLK1 silencing on oxidative mtDNA
damage and cardiomyocyte apoptosis.

Conclusion: CircTLK1 sponged miR-17-5p to aggravate mtDNA oxidative damage, mi-
tochondrial dysfunction and cardiomyocyte apoptosis via activating PARP1/HMGB1
axis during sepsis, indicating that circTLK1 may be a putative therapeutic target for

septic cardiomyopathy.
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1 | INTRODUCTION

Sepsis, a life-threatening systemic inflammatory reaction caused
by bacterial infection, is recognized as a major cause of death par-
ticularly in the older population.® Cardiomyopathy is one of the
most life-threatened complications of sepsis, which occurs in ap-
proximately 50% of septic patients and greatly increases the mor-
tality risk of those patients.?* At present, controlling infection and
non-specific supportive care are common treatment strategies for
septic cardiomyopathy.> However, there is still a lack of effective
therapy for septic cardiomyopathy due to its unclear pathogenesis.
Therefore, further exploration of the pathological mechanisms un-
derlying septic cardiomyopathy may contribute to identifying effec-
tive therapeutic targets.

Mitochondrial DNA (mtDNA) is a circular DNA molecule that
encodes multiple essential proteins participated in oxidative
phosphorylation.® Previous studies have suggested that mtDNA is
more vulnerable than nuclear DNA to free radicals, such as reac-
tive oxygen species (ROS), owing to its location near the respira-
tory chain and lack of histone protection.”® mtDNA damage may
decrease the expression of proteinsinvolved in electron transport,
which results in excessive ROS production and mitochondrial dys-
function that finally triggers apoptosis.” It has been documented
that the intact mtDNA content was significantly decreased in
septic animals and patients.’®!! In addition, mtDNA damage has
been observed in various heart diseases, such as sepsis-induced
cardiac dysfunction,12 doxorubicin-induced cardiomyopathy,13
heart failure'* and so on. Yao et al showed that the excessive ROS
release led to mtDNA damage, which aggravated inflammatory
response in sepsis-induced myocardial injury.12 Thus, attenuat-
ing mtDNA damage may be a promising approach to treat septic
cardiomyopathy.

Circular RNAs (circRNAs) are anovel class of non-coding RNAs,
expressed extensively in multiple tissues and cells. Dysregulation
of circRNAs takes part in the pathogenesis of various diseases, in-
cluding sepsis.’ circRNAs were found to be aberrantly expressed
in the heart tissues of septic rats with myocardial depression.*¢
However, the biological functions of circRNAs and the related po-
tential mechanisms in septic cardiomyopathy have not been elu-
cidated. Up-regulation of circTLK1, also known as circ_009932,
has been reported to favour the progression of myocardial isch-
aemia/reperfusion injury in mice.l” Given the above background,
we speculated that dysregulation of circTLK1 might also partici-
pate in septic cardiomyopathy. MicroRNAs (miRNAs) are another
kind of non-coding RNAs. CircRNAs have been reported to func-
tion as miRNA ‘sponges’ to repress the expression of miRNAs.!8
MiR-17-5p, as an inflammatory regulator, has been verified to be
a player in sepsis-induced acute lung injury.w More importantly,
miR-17-5p could inhibit norepinephrine-induced cardiomyo-
cyte apoptosis via targeting Apaf-1.2° As predicted by starBase
database, there is complementarity between miR-17-5p and

circTLK1 sequences. Therefore, we hypothesized that circTLK1

might contribute to the progression of septic cardiomyopathy via
sponging miR-17-5p.

Poly(ADP-ribose) polymerase 1 (PARP1), an important member
of the PARP family, is an enzyme responsible for DNA repair. Upon
DNA damage, PARP1 is recruited to the damaged sites and catal-
yses the synthesis of polymer termed poly(ADP-ribose) chains.?!
PARP1 also plays crucial roles in controlling inflammatory pro-
cesses via transcriptional regulation of inflammatory mediators.??
Moreover, PARP1 has been demonstrated to be involved in mito-
chondrial homeostasis and mtDNA maintenance due to its location
in the nucleus.?® High mobility group box 1 protein (HMGB1) is a
protein extensively expressed in eukaryotic cells. The release of
HMGB1 leads to injury of multiple organs during sepsis.?* A pre-
vious study showed that HMGB1 could cause inflammatory re-
sponse during the progression of hepatocellular carcinoma through
activating TLR9 signalling pathway via interaction with cytosol
mtDNA.2> Recent evidence has suggested that PARP1 facilitated
LPS-induced HMGB1 release via acetylation modification.?%?’
Besides, the interaction between PARP1 and HMGBJ1 proteins has
also been reported.?®??

CircRNAs have been demonstrated to compete with mRNAs
for miRNAs binding, which inhibit downstream gene expression.*°
The biological functions of circRNA/miRNA/mRNA axis in sepsis
have been revealed.®*3? More importantly, bioinformatics analysis
predicted the complementarity between miR-17-5p and circTLK1/
PARP1. Therefore, we speculated that circTLK1 might sponge
miR-17-5p to favour the pathological progression of septic cardio-
myopathy via regulating PARP1/HMGB1 axis-mediated mtDNA
oxidative damage.

In the present study, we investigated the biological functions of
circTLK1 in the in vitro and in vivo models of septic cardiomyopathy.
Here, we found that circTLK1 was up-regulated in LPS-stimulated
cardiomyocytes. CircTLK1 sponged miR-17-5p to facilitate oxidative
stress-mediated mtDNA damage, mitochondrial dysfunction and
subsequent apoptosis in sepsis-induced cardiomyopathy in vitro and
in vivo via activating PARP1/HMGB1 axis. Targeting circTLK1/miR-
17-5p/PARP1/HMGB1 axis may become a new strategy for septic

cardiomyopathy treatment.

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatment

Human cardiomyocytes (HCMs) were purchased from American Type
Culture Collection (Manassas, VA, USA). The cells were maintained in
Dulbecco's modified Eagle's medium (Sigma-Aldrich) supplemented
with 10% foetal bovine serum at 37°C under 5% CO,. HCM cells
were exposed to various concentrations of LPS (0.1, 1, 2, 5, 10 pg/
mL, Sigma-Aldrich) for 24 hours. To inhibit PARP1 expression, HCM
cells were pre-treated with PJ34 (PARP1 inhibitor, 30 umol/L; AdooQ
BioScience) for 1 hour before the stimulation with LPS.
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The short hairpin RNA targeting circTLK1 (sh-circTLK1), negative
control shRNA (sh-NC), miR-17-5p mimics, mimics negative control
(mimics NC), miR-17-5p inhibitor and inhibitor negative control (in-
hibitor NC) were purchased from GenePharma. HCM cells were
seeded into 96-well plates and cultured to 70% confluence. Then,
the cells were transfected with above oligonucleotides for 48 hours
using Lipofectamine 2000 (Thermo Fisher).

2.2 | Cell counting kit-8 assay

The viability of cardiomyocytes was examined by cell counting kit-8
(CCKB8) assay. Briefly, the HCM cells with various treatments were
inoculated in 96-well plates and added with 10 pL CCK8 solution
(Dojindo). After incubation for 1 hour at 37°C in the incubator, the
absorbance value was detected at 450 nm using a microplate reader
(ALLSHENG).

2.3 | RNA extraction and quantitative real-time
PCR (qRT-PCR)

Total RNA was extracted from HCM cells or myocardial tissues using
an EasyPure® RNA Kit (TransGen Biotech) following the manufactur-
er’s instructions. Complementary deoxyribose nucleic acid (cDNA)
was synthesized with a TransScript® One-Step RT-PCR SuperMix
(TransGen Biotech), followed by quantitative PCR using SYBR Green
Realtime PCR Master Mix (SinoBio). The relative expression levels
of genes normalized to p-actin or Ué were calculated using 222G
method.

2.4 | Western blotting

Total protein was extracted from cells or tissues using RIPA buffer
(Beyotime) and quantified with an Easy |l Protein Quantitative
Kit (TransGen Biotech). The protein samples were subjected
to SDS-PAGE and then transferred onto polyvinylidene dif-
luoride membranes. The membranes were blocked with 5% skim
milk for 1 hour and incubated with primary antibodies against
PARP1 (1:1000, PB9309, Boster Biological Technology), HMGB1
(1:1000, A0O0066-1, Boster Biological Technology), Bcl-2 (1:1000,
A00040-2, Boster Biological Technology), Bax (1:500, bs-0127R,
Bioss, Beijing, China), cleaved caspase-3 (c-Caspase3; 1:500,
BA3257, Boster Biological Technology), acetylated lysine (1:500,
MA1-2021, Thermo Fisher), cytochrome C (1:500, bs-0013R,
Bioss), COX IV (1:2000, bsm-52750R, Bioss) and GAPDH (1:1000,
BA2913, Boster Biological Technology) overnight at 4°C. Then,
HRP-conjugated AffiniPure Goat Anti-rabbit/mouse 1gG second-
ary antibody (1:5000, Boster Biological Technology) was incubated
for 1 hour. The EasySee® Western Blot Kit (TransGen Biotech) was
used to detect the protein bands.

2.5 | Measurement of oxidative stress

To determine the intracellular ROS level, the HCM cells were stained
with MitoSOX Red (2.5 pmol/L, Thermo Fisher) for 20 minutes.
Then, the cells were washed three times with PBS to remove the
residual MitoSOX Red. The ROS signals were captured under a fluo-
rescent microscope (Olympus). The activity of superoxide dismutase
(SOD) and level of malondialdehyde (MDA) were evaluated using the
commercial kits (Jiancheng Institute of Biotechnology) according to

the manufacturer’s instructions.

2.6 | Detection of myocardial markers
The lactate dehydrogenase (LDH) and creatine kinase (CK) levels in
the supernatant of cardiomyocytes were measured using the LDH
and CK detection kit (Jiancheng Institute of Biotechnology), respec-
tively, according to the manufacturer's instructions.

2.7 | Detection of ATP level

The ATP level in HCM cells was detected using an ATP Assay Kit
(Beyotime). In brief, HCM cells were lysed in lysis buffer and centri-
fuged at 12 000 g for 5 minutes at 4°C to collect the supernatants.
Subsequently, 20 pL of supernatants were incubated with 100 uL of
working solution for 5 minutes. The luminance was detected using a
microplate reader. The ATP level was calculated based on the stand-

ard curve.

2.8 | Detection of NAD+/NADH ratio

NAD+/NADH ratio in HCM cells was determined using a NAD+/
NADH Assay Kit with WST-8 (Beyotime) according to a previous
study.® Briefly, HCM cells were lysed in 200 L of cooled NAD+/
NADH extracting solution. After centrifugation at 12 000 g for
10 minutes at 4°C, the supernatants were collected and incubated
with working solution for 10 minutes at 37°C and then incubated
with 10 pL of colour reagent for 30 minutes at 37°C. The absorbance
at 450 nm was measured using a microplate reader. The concentra-
tions of NAD+ and NADH were calculated according to the standard
curves. Finally, the ratio of NAD+/NADH was calculated.

2.9 | Measurement of apoptosis

To evaluate apoptosis, the HCM cells with various treatments were
collected and stained with Annexin V for 15 minutes and then
stained with propidium iodide (Pl) for 30 minutes away from light.
Immediately after the staining, HCM cells were detected on a flow

cytometry.
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The apoptosis of HCM cells and myocardial tissues was also de-
tected using a TUNEL Apoptosis Assay Kit (Solarbio, Beijing, China)

following the manufacturer's instructions.

2.10 | Detection of mitochondrial membrane
potential (A¥m)

JC-1 dye (MedChemExpress) was used to detect the loss of A¥m.
Briefly, HCM cells received different treatments were stained with
1 pg/mL JC-1 for 15 minutes and then washed with PBS. The fluo-
rescence was observed under a fluorescence microscope. The fluo-
rescence change from red or red-orange to green indicates the loss
of AYm.

2.11 | Immunofluorescence staining

The distribution of cytochrome C in HCM cells was observed by
immunofluorescence staining. After fixation with 4% paraformal-
dehyde, the HCM cells were permeabilized with Triton X-100 and
blocked with normal goat serum. Then, HCM cells were incubated
with primary antibody cytochrome C (1:100, bs-0013R, Bioss)
at 4°C overnight. Next, Mouse Anti-Rabbit IgM/Cy3 (1:100, bs-
0369M-Cy3, Bioss) was incubated for 1 hour. After nuclear stain-
ing with DAPI and mitochondrion labelling with mito-Tracker Green
(Beyotime), the fluorescence was observed under a fluorescent

microscope.

2.12 | Co-immunoprecipitation

The HCM cells were lysed in RIPA buffer supplemented with pro-
tease inhibitor cocktail (Beyotime) and then incubated with Protein
A/G Magnetic Agarose Beads (Thermo Fisher) for 2 hours at 4°C.
Subsequently, the supernatants were collected after centrifugation
at 1000 g for 5 minutes, followed by incubation with non-specific
1gG (1 pg, A7016; Beyotime) or HMGB1 antibody (10 pg, H9539;
Sigma-Aldrich) overnight at 4°C. After washing with PBS for three
times, the protein A/G beads were detected by Western blotting as
described above.

2.13 | 8-hydroxydesoxyguanosine

The 8-hydroxydesoxyguanosine (8-OHdG) level in HCM cells and
myocardial tissues was detected using the 8-OHdG ELISA kit (R&D
Systems). Briefly, the mitochondria were isolated from HCM cells or
myocardial tissues using a cell mitochondria isolation kit (Beyotime)
or a tissue mitochondria isolation kit (Beyotime), respectively. Then,
the 8-OHdG level was detected according to the manufacturer’s

instructions.

2.14 | mtDNA copy number and transcription level
To detect the mtDNA copy number, an EasyPure® Genomic DNA Kit
(TransGen Biotech) was used to isolate total DNA from HCM cells
or myocardial tissues. Then, SYBR Green Realtime PCR Master Mix
(SinoBio) was used for quantitative PCR. The mtDNA copy number
was calculated as the relative contents of mtDNA (subunit Il of cy-
tochrome c oxidase, COII) to nuclear DNA (p-actin). To determine
mitochondrial DNA transcription level, the mRNA expression levels
of mtDNA-encoded ND1, CytB and ATP6 were determined using
RT-PCR as described above.

2.15 | Dual-luciferase reporter system

The wild-type (WT) or mutant type (MUT) fragments of circTLK1
or the 3'UTR of PARP1 containing complementarity with miR-17-5p
were inserted into the pGL3 luciferase reporter vector (Promega),
namely circTLK1-WT, circTLK1-MUT, PARP1-WT and PARP1-MUT
plasmids, respectively. Subsequently, HCM cells were co-transfected
with the above-constructed plasmid together with miRNA-17-5p
mimics or mimic NC using Lipofectamine 2000. After the transfec-
tion for 48 hours, the luciferase activity was detected using a Dual-
Lucy Assay Kit (Solarbio).

2.16 |
(RIP)

RNA-binding protein immunoprecipitation

As described previously,®*®° the interaction between circTLK1 and
miR-17-5p was assessed by RIP assay using the RNA-Binding Protein
Immunoprecipitation Kit (Millipore). Briefly, HCM cells transfected
with miR-17-5p mimic or mimic NC were lysed and incubated with
magnetic beads conjugated with Ago2 antibody (10686-1-AP,
Proteintech) or 1gG (Thermo Fisher) for 4 hours at 4°C. IgG was used
as the control. Then, the levels of circTLK1 in precipitated RNA was
detected by qRT-PCR.

2.17 | Ratmodel of sepsis

Adult male Sprague Dawley rats (bodyweight, 200-250 g) were
purchased from Slac Jingda Laboratory Animal Co., Ltd. These
animals were housed with free access to food and water. After ac-
climatization for 1 week, the rats were randomly divided into four
groups: sham, caecal ligation and puncture (CLP), CLP+sh-circTLK1
and CLP+sh-circTLK1+PJ34. CLP was performed to induce sepsis.
Briefly, after anaesthesia, a midline incision was made to expose
the caecum. A ligation was made below the ileocecal valve, the cae-
cum was transversely punctured using a 21-gauge needle. Then,
the bowel was returned to the abdominal cavity and the wound

was carefully stitched. The sham rats were subjected to the same
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abdominal incision but without ligation or punctures. The rats in
CLP+sh-circTLK1+PJ34 group were intraperitoneally injected with
PJ34 (30 mg/kg) immediately after the CLP once every 8 hours. The
rats in sh-circTLK1 group were injected with lentiviruses express-
ing sh-circTLK1 (Genechem, Shanghai, China) via the caudal vein. At
24 hours after CLP, all rats were killed and the myocardial tissues
were collected. All experiments performed were approved by the

Animal Care and Use Committee of Hunan Children’s Hospital.

2.18 | Statistical analysis

Data are shown as mean + standard deviation (SD). Student’s t-
test or one-way analysis of variance followed by Tukey's test using
GraphPad Prism 8 was used to evaluate the differences among two

or more groups. Statistically significance was set as P value <0.05.

3 | RESULTS

3.1 | LPS exposure leads to up-regulation of
PARP1, HMGB1 and circTLK1 oxidative stress
damage and apoptosis in HCM cells

To evaluate the viability of HCM cells stimulated with various con-
centrations of LPS, CCK8 was performed. As shown in Figure 1A,
LPS exposure significantly reduced the viability of HCM cells in a
dose-dependent manner. Based on this result, 5 pg/mL LPS was se-
lected in subsequent experiments. The mRNA (Figure 1B) and protein
(Figure 1C) expression levels of PARP1 and HMGB1 were remarkably
increased after LPS stimulation. Furthermore, LPS administration led
to up-regulation of circTLK1 in HCM cells (Figure 1D). In addition, LPS
stimulation increased the levels of ROS (Figure 1E), LDH (Figure 1F),
CK (Figure 1G), and MDA (Figure 1H), but decreased the activity of
SOD (Figure 11) in HCM cells. Moreover, the apoptotic rate in HCM
cells was evidently elevated after challenge with LPS (Figure 1J). The
above data indicated that the abnormal up-regulation of PARP1,
HMGB1 and circTLK1 might play a crucial role in LPS-induced cardio-

myocyte injury.

3.2 | CircTLK1 or PARP1 inhibition restrains LPS-
induced apoptosis in HCM cells

Since PARP1 was demonstrated to affect LPS-induced HMGB1 se-
cretion in macrophages via direct interaction with HMGB1,%” we
further investigated whether PARP1 could affect LPS-mediated
HMGB1 expression in HCM cells. Administration with PJ34, an inhibi-
tor of PARP1, strikingly reduced the mRNA (Figure 2A) and protein
(Figure 2B) levels of PARP1 and HMGB1 in LPS-stimulated HCM cells.
Moreover, co-immunoprecipitation assay indicated that the acety-
lation of HMGB1 was enhanced after LPS administration. However,
PARP1 inhibition attenuated the acetylation of HMGB1 in HCM cell

exposure to LPS (Figure 2C). We next sought to investigate the effect
of circTLK1 or PARP1 on the viability of HCM cells in response to LPS.
Knockdown of circTLK1 significantly inhibited PARP1 and HMGB1
expression in HCM cells (Figure S1). As presented in Figure 2D, the
viability of LPS-exposed HCM cells was significantly enhanced by in-
hibition of circTLK1 or PARP1. Figure S2A shows the control of the
experiment. Additionally, LPS-induced apoptosis of HCM cells was in-
hibited by PARP1 or circTLK1 knockdown as detected by flow cytome-
try (Figure 2E) and TUNEL (Figure 2F). Figure S2B presents the control
of apoptosis assay. Furthermore, PARP1 or circTLK1 suppression re-
markably reversed LPS-induced up-regulation of Bax and cleaved cas-
pase-3, but down-regulation of Bcl-2 in HCM cells (Figure 2G). These
findings suggested that circTLK1 or PARP1 silencing inhibited apopto-
sis of LPS-stimulated HCM cells.

3.3 | CircTLK1 or PARP1 suppression represses
LPS-induced oxidative stress damage and
mitochondrial dysfunction

Next, we investigated the role of circTLK1 or PARP1 silencing in
LPS-induced oxidative stress in HCM cells. As shown in Figure 3A,
the enhanced ROS production in LPS-stimulated HCM cells was
weakened by PARP1 or circTLK1 depletion. In addition, LPS en-
hanced MDA level (Figure 3B) and reduced SOD activity (Figure 3C)
in HCM cells, which were significantly counteracted by PARP1 or
circTLK1 inhibition. Figure S2C serves as the control of MDA ex-
periment, and Figure S2D acts as the control of SOD experiment.
To further explore the effect of PARP1 or circTLK1 suppression on
mitochondrial dysfunction, A¥m was detected by JC-1 staining. The
HCM cells presented decreased A¥Ym as compared with control cells
after challenge with LPS, whereas pre-treatment with PJ34 or sh-
circTLK1 reversed LPS-induced loss of AYm (Figure 3D). Besides, the
NAD+/NADH ratio was increased in HCM cells after LPS exposure,
which was inhibited by PARP1 or circTLK1 inhibition (Figure 3E).
Next, we examined the effect of PARP1 or circTLK1 on distribution
of cytochrome C. As assessed by Western blotting (Figure 3F) and
immunofluorescence staining (Figure 3G), LPS promoted the release
of cytochrome C from mitochondria into cytoplasm; however, inhibi-
tion of PARP1 or circTLK1 partly repressed LPS-induced cytochrome
Crelease. These findings indicated that LPS-induced oxidative stress
damage and mitochondrial dysfunction were attenuated by inhibi-
tion of PARP1 or circTLK1.

3.4 | Inhibition of PARP1 or circTLK1 attenuates
mtDNA damage in HCM cells after exposure to LPS

Based on the above results, we further investigated the role of
PARP1 or circTLK1 in mtDNA damage. As presented in Figure 4A,
the mtDNA copy number was strikingly decreased in LPS-stimulated
HCM cells, as compared with control group, whereas PJ34 or sh-
circTLK1 could abolish this change. Accordantly, inhibition of PARP1
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FIGURE 1 Effect of LPS challenge on expression of PARP1, HMGB1 and circTLK1 oxidative stress and apoptosis in HCM cells. A, The
viability of HCM cells after exposure to various concentrations of LPS. B, The mRNA expression of PARP1 and HMGB1 in LPS-stimulated
HCM cells was shown. C, Western blotting for PARP1 and HMGB1 protein levels in HCM cells induced by LPS. D, The expression of
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or circTLK1 significantly increased mtDNA transcript levels (ND1,
CytB and ATPé) after exposure to LPS (Figure 4B). The control assay is
shown in Figure S2F. Moreover, we determined the level of 8-OHdG,
an indicator for DNA oxidative damage. As shown in Figure 4C, LPS
stimulation led to an increase in 8-OHdG level in isolated mitochon-
dria of HCM cells, which was abrogated by PARP1 inhibition or sh-
circTLK1. Figure S2E serves as the control. Importantly, the ATP level
was significantly enhanced by PARP1 or circTLK1 inhibition in LPS-
stimulated cells (Figure 4D). These observations showed that inhibi-
tion of PARP1 or circTLK1 alleviated LPS-induced mtDNA damage.

3.5 | Silencing of circTLK1 restrains oxidative
mtDNA damage and apoptosis in LPS-induced HCM
cells via inhibiting PARP1 expression

To further investigate whether circTLK1 affected LPS-induced
myocardial injury via regulating PARP1, the cells were treated with
a combination of PARP1 inhibitor and sh-circTLK1. As illustrated
in Figure 5A, combination with PARP1 inhibitor and sh-circTLK1
reduced apoptotic rate in HCM cells induced by LPS, as com-
pared with knockdown of circTLK1 alone. In addition, inhibition of
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FIGURE 3 Effect of circTLK1 silencing or PARP1 suppression on LPS-induced oxidative stress and mitochondrial dysfunction. A, ROS
production in HCM cells. The MDA level (B) and SOD activity (C) in HCM cells were determined. D, Mitochondrial membrane potential
(A¥m) of HCM cells was detected. E, The NAD+/NADH ratio was detected. The distribution of cytochrome C in HCM cells was determined
by Western blotting (F) and immunofluorescence staining (G). All results from three independent experiments were expressed as

mean + SD. *P < .05; **P < .01; ***P < .001 vs the indicated group
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FIGURE 4 Effect of PARP1 or circTLK1 suppression on mtDNA damage after exposure to LPS. A, The copy number of mtDNA. B, To
assess mMtDNA transcript levels, mtDNA-encoded ND1, CytB and ATPé expression was detected. C, The 8-OHdG level in HCM cells was
determined. D, The ATP level in HCM cells was assessed. All results from three independent experiments were expressed as mean + SD.

*P < .05; **P < .01; ***P < .001 vs the indicated group

circTLK1 decreased MDA level (Figure 5B) and enhanced SOD ac-
tivity (Figure 5C) in LPS-exposed HCM cells, which was reinforced
when combination with PARP1 inhibition. Furthermore, suppression
of circTLK1 increased the mtDNA copy number in LPS-stimulated
HCM cells, and this change was more obvious in sh-circTLK1+PJ34
group (Figure 5D). We observed the same tendency in mtDNA tran-
script levels (ND1, CytB and ATPé) (Figure 5E). Therefore, circTLK1
silencing attenuated LPS-induced mtDNA damage and apoptosis
of myocardial cells, which was strengthened by combination with
PARP1 inhibitor.

3.6 | CircTLK1/PARP1 axis participates in oxidative
mtDNA damage and cardiomyocyte apoptosis in
septic rats

Finally, we carried out in vivo experiments to confirm the regulation
of circTLK1/PARP1 axis in oxidative mtDNA damage and cardiomyo-
cyte apoptosis in septic rats. Depletion of circTLK1 significantly re-
duced the mRNA (Figure 6A) and protein (Figure 6B) levels of PARP1

and HMGB1 in the myocardial tissues of septic rats, which was re-
inforced by co-inhibition of PARP1 and circTLK1. As detected by
TUNEL, sepsis-induced apoptosis in myocardial tissues was attenu-
ated by circTLK1 down-regulation, which was further inhibited in
the co-treatment with PARP1 inhibitor and sh-circTLK1 (Figure 6C).
In addition, circTLK1 silencing enhanced Bcl-2 expression, while
reduced Bax and cleaved caspase-3 expression in the myocardial
tissues of septic rats. These changes were more obvious in combi-
nation with PJ34 and sh-circTLK1 group (Figure 6D). Moreover, as
compared with sham group, significant increased MDA and 8-OHdG
levels were observed in septic rats. Co-suppression of circTLK1 and
PARP1 further reduced MDA (Figure 6E) and 8-OHdG (Figure 6F)
levels. Figure S3A is the control of MDA measurement, and
Figure S3B is the control of 8-OHdG examination. Sepsis decreased
mtDNA copy number (Figure 6G) and transcript levels (Figure 6H) in
the myocardial tissues, which were partly counteracted by circTLK1
knockdown. More importantly, combination with PARP1 inhibitor
and sh-circTLK1 exhibited higher mtDNA copy number and tran-
script levels than monotherapy. Figure S3C acts as the control of
mtDNA copy number detection. Collectively, circTLK1 contributed



QIU ET AL

A 30_
= 1 - *kk
Control LPS LPS+sh-circ-TLK1 LPSHStEle-TLE . - -
, ‘ , +PJ34 g
TT05% | 285%| 11317% [ 977%|  1774% | 655%|  1616% 225% Y
ER e 8
e % a
<"1 <" 9
w & w Q
u‘g.j g “eg 2
24 ool 2y iE (@]
LI7860% | 7A1%| . 18795% | 360%
FITC-A FITC-A
B (o] D
604 80~
* ok % *k
o . I < _
£ - : z 53
£ = * =) EE
= i a 25
< e o) 2
g i 2 s 8
] . M =
> & N
N A /\\;l-
.\;\O .\g'
9 S
2 y
g g
v %
E
1.59 1.5 s
= ) ©
0 = [T
2z 23 25
5= 5= 10 8
o
s & e S 2 8
25 = = > o
(7] (7] [72]
o § ['4 E © §
0.0- -

FIGURE 5 Effect of circTLK1/PARP1 axis inhibition on oxidative mtDNA damage-mediated apoptosis in LPS-induced HCM cells. A, The
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mtDNA was detected. E, The mtDNA transcript levels (ND1, CytB and ATP6) were assessed. All results from three independent experiments
were expressed as mean + SD. *P < .05; **P <.01; ***P < .001 vs the indicated group

to oxidative mtDNA damage and cardiomyocyte apoptosis in septic
rats via regulating PARP1/HMGB1 axis.

3.7 | CircTLK1 promotes PARP1 expression via
sponging miR-17-5p

To investigate the mechanism of circTLK1 in regulating PARP1 ex-
pression, the complementarity between miR-17-5p and circTLK1 was
predicted by starBase database (Figure 7A). Further dual-luciferase
reporter system (Figure 7B) and RIP assay (Figure 7C) confirmed the
direct interaction between circTLK1 and miR-17-5p. Moreover, miR-
17-5p expression was remarkably increased in circTLK1-silenced HCM
cells (Figure 7D). Additionally, gqRT-PCR analysis showed that the mRNA
levels of PARP1 (Figure 7E) and HMGB1 (Figure S4) in HCM cells were

increased by miR-17-5p inhibitor, but decreased by miR-17-5p mimics.
By bioinformatics analysis, there is complementarity between miR-
17-5p and PARP1 (Figure 7F). Further dual-luciferase reporter system
demonstrated that miR-17-5p mimics significantly decreased the lucif-
erase activity transfected with PARP1-WT, but did not affect that trans-
fected with PARP1-MUT (Figure 7G). These observations indicated that
circTLK1 increased PARP1 expression via sponging miR-17-5p.

3.8 | CircTLK1 knockdown attenuates oxidative
mtDNA damage and apoptosis via regulating miR-17-
5p

As shown in Figure 8A, miR-17-5p inhibitor promoted apopto-
sis in HCM cells transfected with sh-circTLK1. As determined by
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commercial kits, miR-17-5p inhibitor enhanced ROS (Figure 8B) and enhanced 8-OHdG level after the transfection with sh-circTLK1
MDA (Figure 8C) levels, while reduced SOD activity (Figure 8D) in (Figure 8E). miR-17-5p inhibitor reduced the mtDNA copy number
circTLK1-silenced HCM cells. In addition, inhibition of miR-17-5p (Figure 8F) and transcript levels (Figure 8G) in circTLK1-depleted
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mean + SD. **P <.01; ***P < .001 vs the indicated group

HCM cells. Thus, circTLK1 affected oxidative mtDNA damage and
apoptosis via regulating miR-17-5p.

4 | DISCUSSION
This study for the first time revealed that silencing of circTLK1 could
inhibit PARP1 and HMGB1 expression in septic cardiomyopathy.
Moreover, the in vitro and in vivo data showed that inhibition of
circTLK1 suppressed oxidative mtDNA damage, mitochondrial dys-
function and subsequent apoptosis during septic cardiomyopathy
via inhibiting PARP1/HMGB1 axis by modulating miR-17-5p. Our
findings identify circTLK1/miR-17-5p/PARP1/HMGB1 axis as a po-
tential therapeutic target for septic cardiomyopathy. The schematic
of this study is summarized in Figure 9.

Dysregulation of gene expressions takes part in the develop-
ment of septic cardiomyopathy. The latest evidence has showed

that circRNAs are regarded as key regulators of sepsis.3® To compre-
hensively understand the pathogenesis of septic cardiomyopathy,
we focused on circTLK1. Our results showed that circTLK1 was up-
regulated in LPS-exposed cardiomyocytes, indicating that circTLK1
might be involved in septic cardiomyopathy progression. PARP1 has
been shown to participate in sepsis development, and knockdown
of PARP1 could protect against sepsis-induced acute lung injury®’
and cardiac dysfunction.3® Several observations have indicated that
enhance expression of HMGB1 contributed to cardiac dysfunction
during sepsis.>*° Interestingly, PARP1 has been demonstrated
to promote the secretion of HMGB1 in sepsis.?’ Consistent with
these studies, we observed a significant increase in PARP1 and
HMGB1 expression in the in vitro and in vivo models of sepsis, sug-
gesting that PARP1/HMGB1 axis might play pivotal roles in septic
cardiomyopathy.

It has been recognized that the production of ATP by mito-
chondria maintains the metabolism and function of myocardial
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cells. Mitochondrial dysfunction leads to energy depletion and cardiomyopathy. Previous studies showed that the excessive gen-

consequent myocardial injury during sepsis.*? Oxidative stress eration of ROS may cause oxidative stress damage to the mito-

has been considered as another player in the progression of septic chondria of cardiomyocytes during septic cardiomyopathy.?4?
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FIGURE 9 A schematic overview of
the role of circTLK1/miR-17-5p/PARP1/
HMGB1 axis in LPS-induced mtDNA
oxidative damage and subsequent
cardiomyocyte apoptosis
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Multiple antioxidant enzymes (eg SOD) are crucial to protect
against mitochondrial oxidative stress. Mounting evidence has
proved that sepsis-induced myocardial injury could be attenuated
by inhibiting oxidative stress and mitochondrial dysfunction.*3*4
A recent research showed that inhibition of PARP1 delayed the
progression of Chagasic cardiomyopathy through improving mito-
chondria function and maintaining oxidant/antioxidant balance.*
Dong et al suggested that the release of HMGB1 caused mitochon-
drial oxidative damage in ventilator-induced lung injury.46 Besides,
silencing of circTLK1 protected against cardiomyocyte apoptosis
during myocardial ischaemia/reperfusion injury.17 Consistent with
these observations, we demonstrated that circTLK1 knockdown
decreased PARP1 and HMGB1 expression in cardiomyocytes.
Moreover, circTLK1 or PARP1 depletion reduced the production
of ROS and MDA, increased SOD activity and improved mito-
chondrial dysfunction as evidenced by enhancing A¥m, lowering
NAD+/NADH ratio and inhibiting cytochrome C release into the
cytosol during septic cardiomyopathy. Co-inhibition of circTLK1
and PARP1 enforced these beneficial effects. Thus, circTLK1 inhi-
bition improved sepsis-induced oxidative stress damage and mito-
chondrial dysfunction by inhibiting PARP1/HMGB1 axis.

mtDNA integrity is essential for the maintenance of mitochon-
drial function. MtDNA is especially vulnerable because of its loca-
tion nearing the place where excessive ROS are produced, as well
as the lack of protective histones.® More importantly, the repair
of damaged mtDNA is less efficient than nuclear DNA due to the
missing of nucleotide excision repair.47 The implication of mtDNA
damage in the progression of septic cardiomyopathy has been well

documented.*®

Vitamin E could protect against sepsis-induced car-
diac injury via suppression of oxidative mtDNA damage.12 In the
present study, sepsis led to decrease in mtDNA copy number and
transcript levels. Silencing of circTLK1/PARP1 axis could effectively
relieve myocardial mtDNA damage during sepsis. Subsequently, the
intrinsic apoptosis pathways can be activated by mtDNA damage-

mediated mitochondrial dysfunction.* Loss of A¥m may result in

Damage

@y .

Cardiomyocyte apoptosis

|

cytochrome C release into the cytoplasm and then induce caspase-3
activation-mediated apoptosis.’® The balance between pro-
apoptosis protein Bax and anti-apoptosis protein Bcl-2 determines
apoptosis.®® According to our results, sepsis-induced myocardial
apoptosis was significantly repressed by inhibition of circTLK1 or
PARP1. Collectively, circTLK1 led to mtDNA oxidative damage and
subsequent cardiomyocyte apoptosis during septic cardiomyopathy
through activating PARP1/HMGB1 axis.

Sponging miRNAs have been recognized as one of functional
mechanisms of circRNAs.'® For example, circTLK1 facilitated renal
cell carcinoma cell proliferation, migration and invasion via spong-
ing miR-136-5p.>? Silencing of circTLK1 attenuated myocardial isch-
aemia/reperfusion injury by sponging miR-214.Y Up-regulation of
miR-17-5p suppressed inflammation in sepsis, which was suggested
as a therapeutic target for sepsis.53 In the current study, the comple-
mentarity between circTLK1 and miR-17-5p was predicted by bio-
informatics analysis. Further dual-luciferase reporter assay and RIP
assay verified the direct binding between circTLK1 and miR-17-5p.
circTLK1-mediated negative regulation of miR-17-5p expression was
confirmed in HCM cells. Interestingly, we also observed the region
of complementarity between miR-17-5p and PARP1, which was fur-
ther validated by dual-luciferase reporter assay. Inhibition of miR-
17-5p abolished the beneficial effect of sh-circTLK1 on oxidative
mtDNA damage. Our findings revealed that circTLK1 sponged miR-
17-5p to induce oxidative mtDNA damage in septic cardiomyopathy
via targeting PARP1.

We are aware of the fact that this study has some limitations.
First, the expression of PARP1 and HMGB1 was inhibited only using
chemical inhibitors. However, the effect of genetical inhibition
of PARP1 and HMGB1 remains unclear. Second, the downstream
mechanisms of PARP1/HMGB1 axis in septic cardiomyopathy have
not been explained. In our future research, these issues will be spe-
cially focused on.

Taken together, our data indicated that circTLK1 sponged miR-
17-5p to promote PARP1/HMGB1 axis-mediated oxidative mtDNA
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damage, mitochondrial dysfunction and consequent myocardial
apoptosis, which uncover the pathological mechanisms of sep-
tic cardiomyopathy. Our findings provide evidence that targeting
circTLK1/miR-17-5p/PARP1/HMGB1 axis confers an effective pro-
tection against sepsis-induced myocardial injury.

ACKNOWLEDGEMENTS

This work was supported by the grants from the National Natural
Sciences Foundation of China (81671969) and from the Key
Laboratory of Emergency Medicine for Children, and Ministry of
Science and Technology of Hunan Province (2018TP1028).

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
Yu Qiu: Conceptualization (equal); Funding acquisition (equal);
draft

Yu: Data curation (equal); Formal analysis (equal); Validation

Methodology (equal); Writing-original (equal). Ying
(equal). Xiao-Mei Qin: Data curation (equal); Formal analysis
(equal); Investigation (equal). Tao Jiang: Formal analysis (equal);
Investigation (equal); Validation (equal); Visualization (equal). Yan-
Fang Tan: Investigation (equal); Methodology (equal); Resources
(equal); Writing-original draft (equal). Wen-Xian Ouyang: Formal
analysis (equal); Software (equal); Visualization (equal); Writing-
original draft (equal). Zheng-Hui Xiao: Conceptualization (equal);
Methodology (equal); Project administration (equal); Resources
(equal); Supervision (equal); Writing-review & editing (equal).
Shuang-Jie Li: Conceptualization (equal); Methodology (equal);
Project administration (equal); Supervision (equal); Writing-review

& editing (equal).

ETHICS APPROVAL
All experiments performed were approved by the Animal Care and
Use Committee of Hunan Children’s Hospital.

DATA AVAILABILITY STATEMENT
All data generated or analysed during this study are included in this

published article.

ORCID
Shuang-Jie Li ' https://orcid.org/0000-0003-0641-9251
REFERENCES

1. Nasa P, Juneja D, Singh O. Severe sepsis and septic shock in the el-
derly: an overview. World J Crit Care Med. 2012;1(1):23-30. https://
doi.org/10.5492/wjccm.v1.i1.23

2. Blanco J, Muriel-Bombin A, Sagredo V, et al. Incidence, organ
dysfunction and mortality in severe sepsis: a Spanish multicentre
study. Crit Care. 2008;12(6):R158. https://doi.org/10.1186/cc7157

3. Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in European inten-
sive care units: results of the SOAP study. Crit Care Medicine.
2006;34(2):344-353. https://doi.org/10.1097/01.CCM.00001
94725.48928.3A

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ehrman RR, Sullivan AN, Favot MJ, et al. Pathophysiology, echocar-
diographic evaluation, biomarker findings, and prognostic implica-
tions of septic cardiomyopathy: a review of the literature. Crit Care.
2018;22(1):112. https://doi.org/10.1186/s13054-018-2043-8
Kakihana Y, Ito T, Nakahara M, Yamaguchi K, Yasuda T. Sepsis-
induced myocardial dysfunction: pathophysiology and manage-
ment. J Intensive Care. 2016;4:22. https://doi.org/10.1186/s4056
0-016-0148-1

Nunnari J, Suomalainen A. Mitochondria: in sickness and in
health. Cell. 2012;148(6):1145-1159. https://doi.org/10.1016/j.
cell.2012.02.035

Kujoth GC, Hiona A, Pugh TD, et al. Mitochondrial DNA mu-
tations, oxidative stress, and apoptosis in mammalian aging.
Science. 2005;309(5733):481-484. https://doi.org/10.1126/scien
ce.1112125

Bohr VA. Repair of oxidative DNA damage in nuclear and mito-
chondrial DNA, and some changes with aging in mammalian cells.
Free Radic Biol Med. 2002;32(9):804-812. https://doi.org/10.1016/
s0891-5849(02)00787-6

Van Houten B, Woshner V, Santos JH. Role of mitochondrial DNA in
toxic responses to oxidative stress. DNA Repair. 2006;5(2):145-152.
https://doi.org/10.1016/j.dnarep.2005.03.002

Pyle A, Burn DJ, Gordon C, Swan C, Chinnery PF, Baudouin SV.
Fall in circulating mononuclear cell mitochondrial DNA content in
human sepsis. Intensive Care Med. 2010;36(6):956-962. https://doi.
org/10.1007/s00134-010-1823-7

Suliman HB, Welty-Wolf KE, Carraway MS, Schwartz DA,
Hollingsworth JW, Piantadosi CA. Toll-like receptor 4 mediates
mitochondrial DNA damage and biogenic responses after heat-
inactivated E coli. FASEB J. 2005;19(11):1531-1533. https://doi.
org/10.1096/fj.04-3500fje

Yao X, Carlson D, Sun'Y, et al. Mitochondrial ROS induces cardiac in-
flammation via a pathway through mtDNA damage in a pneumonia-
related sepsis model. PLoS One. 2015;10(10):e0139416. https://doi.
org/10.1371/journal.pone.0139416

Pillai VB, Bindu S, Sharp W, et al. Sirt3 protects mitochondrial DNA
damage and blocks the development of doxorubicin-induced car-
diomyopathy in mice. Am J Physiol Heart Circ Physiol. 2016;310(8):H9
62-H972. https://doi.org/10.1152/ajpheart.00832.2015

Lombardi AA, Elrod JW. mtDNA damage in the development of
heart failure. Am J Physiol Heart Circ Physiol. 2015;309(3):H393
-H395. https://doi.org/10.1152/ajpheart.00475.2015

Bao X, Zhang Q, Liu N, et al. Characteristics of circular RNA ex-
pression of pulmonary macrophages in mice with sepsis-induced
acute lung injury. J Cell Mol Med. 2019;23(10):7111-7115. https://
doi.org/10.1111/jcmm.14577

Zhang TN, Yang N, Goodwin JE, et al. Characterization of circu-
lar RNA and microRNA profiles in septic myocardial depression: a
lipopolysaccharide-induced rat septic shock model. Inflammation.
2019;42(6):1990-2002. https://doi.org/10.1007/s10753-019-
01060-8

Song YF, Zhao L, Wang BC, et al. The circular RNA TLK1 exac-
erbates myocardial ischemia/reperfusion injury via targeting
miR-214/RIPK1 through TNF signaling pathway. Free Radic Biol
Med. 2020;5849(20):69-80. https://doi.org/10.1016/j.freeradbio
med.2020.05.013

Panda AC. Circular RNAs act as miRNA sponges. Adv Exp Med Biol.
2018;1087:67-79. https://doi.org/10.1007/978-981-13-1426-1_6
Acosta-Herrera M, Lorenzo-Diaz F, Pino-Yanes M, et al. Lung tran-
scriptomics during protective ventilatory support in sepsis-induced
acute lung injury. PLoS One. 2015;10(7):e0132296. https://doi.
org/10.1371/journal.pone.0132296

Song S, Seo HH, Lee SY, et al. MicroRNA-17-mediated down-
regulation of apoptotic protease activating factor 1 atten-
uates apoptosome formation and subsequent apoptosis of


https://orcid.org/0000-0003-0641-9251
https://orcid.org/0000-0003-0641-9251
https://doi.org/10.5492/wjccm.v1.i1.23
https://doi.org/10.5492/wjccm.v1.i1.23
https://doi.org/10.1186/cc7157
https://doi.org/10.1097/01.CCM.0000194725.48928.3A
https://doi.org/10.1097/01.CCM.0000194725.48928.3A
https://doi.org/10.1186/s13054-018-2043-8
https://doi.org/10.1186/s40560-016-0148-1
https://doi.org/10.1186/s40560-016-0148-1
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1126/science.1112125
https://doi.org/10.1126/science.1112125
https://doi.org/10.1016/s0891-5849(02)00787-6
https://doi.org/10.1016/s0891-5849(02)00787-6
https://doi.org/10.1016/j.dnarep.2005.03.002
https://doi.org/10.1007/s00134-010-1823-7
https://doi.org/10.1007/s00134-010-1823-7
https://doi.org/10.1096/fj.04-3500fje
https://doi.org/10.1096/fj.04-3500fje
https://doi.org/10.1371/journal.pone.0139416
https://doi.org/10.1371/journal.pone.0139416
https://doi.org/10.1152/ajpheart.00832.2015
https://doi.org/10.1152/ajpheart.00475.2015
https://doi.org/10.1111/jcmm.14577
https://doi.org/10.1111/jcmm.14577
https://doi.org/10.1007/s10753-019-01060-8
https://doi.org/10.1007/s10753-019-01060-8
https://doi.org/10.1016/j.freeradbiomed.2020.05.013
https://doi.org/10.1016/j.freeradbiomed.2020.05.013
https://doi.org/10.1007/978-981-13-1426-1_6
https://doi.org/10.1371/journal.pone.0132296
https://doi.org/10.1371/journal.pone.0132296

QIU ET AL.

WiLEY-LZ¥

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

cardiomyocytes. Biochem Biophys Res Commun. 2015;465(2):299-
304. https://doi.org/10.1016/j.bbrc.2015.08.028

Ray Chaudhuri A, Nussenzweig A. The multifaceted roles of PARP1
in DNA repair and chromatin remodelling. Nat Rev Mol Cell Biol.
2017;18(10):610-621. https://doi.org/10.1038/nrm.2017.53
Aprile-Garcia F, Antunica-Noguerol M, Budzinski ML, Liberman AC,
Arzt E. Novel insights into the neuroendocrine control of inflamma-
tion: the role of GR and PARP1. Endocr Connect. 2014;3(1):R1-R12.
https://doi.org/10.1530/EC-13-0079

Kadam A, Jubin T, Roychowdhury R, Begum R. Role of
PARP-1 in mitochondrial homeostasis. Biochim Biophy Acta
Gen Subj. 2020;1864(10):129669. https://doi.org/10.1016/j.
bbagen.2020.129669

Abdulmahdi W, Patel D, Rabadi MM, et al. HMGB1 redox during sep-
sis. Redox Biol. 2017;2317(17):600-607. https://doi.org/10.1016/j.
redox.2017.08.001

Liu Y, Yan W, Tohme S, et al. Hypoxia induced HMGB1 and mito-
chondrial DNA interactions mediate tumor growth in hepatocellular
carcinoma through Toll-like receptor 9. J Hepatol. 2015;63(1):114-
121. https://doi.org/10.1016/j.jhep.2015.02.009

Yang Z, Li L, Chen L, et al. PARP-1 mediates LPS-induced HMGB1
release by macrophages through regulation of HMGB1 acetyla-
tion. J Immunol. 2014;193(12):6114-6123. https://doi.org/10.4049/
jimmunol.1400359

Walko TD 3rd, Di Caro V, Piganelli J, Billiar TR, Clark RS, Aneja RK.
Poly(ADP-ribose) polymerase 1-sirtuin 1 functional interplay regu-
lates LPS-mediated high mobility group box 1 secretion. Mol Med.
2015;20:612-624. https://doi.org/10.2119/molmed.2014.00156
Pazzaglia S, Pioli C. Multifaceted role of PARP-1 in DNA repair
and inflammation: pathological and therapeutic implications in
cancer and non-cancer diseases. Cells. 2020;9(1):41. https://doi.
org/10.3390/cells9010041

Li Q, Li ZM, Sun SY, et al. PARP1 interacts with HMGB1 and pro-
motes its nuclear export in pathological myocardial hypertrophy.
Acta Pharmacol Sin. 2019;40(5):589-598. https://doi.org/10.1038/
s41401-018-0044-4

Jeck WR, Sorrentino JA, Wang K, et al. Circular RNAs are abundant,
conserved, and associated with ALU repeats. RNA. 2013;19(2):141-
157. https://doi.org/10.1261/rna.035667.112

Li H, Zhang X, Wang P, Zhou X, Liang H, Li C. Knockdown of circ-
FANCA alleviates LPS-induced HK2 cell injury via targeting miR-
93-5p/OXSR1 axis in septic acute kidney injury. Diabetol Metab
Synd. 2021;13(1):7. https://doi.org/10.1186/s13098-021-00625-8
Nie MW, Han YC, Shen ZJ, Xie HZ. Identification of circRNA and
mRNA expression profiles and functional networks of vascu-
lar tissue in lipopolysaccharide-induced sepsis. J Cell Mol Med.
2020;24(14):7915-7927. https://doi.org/10.1111/jcmm.15424
Chamchoy K, Pakotiprapha D, Pumirat P, Leartsakulpanich U,
Boonyuen U. Application of WST-8 based colorimetric NAD(P)H
detection for quantitative dehydrogenase assays. BMC Biochem.
2019;20(1):4. https://doi.org/10.1186/s12858-019-0108-1

Yang J, Cheng M, Gu B, Wang J, Yan S, Xu D. CircRNA_09505 ag-
gravates inflammation and joint damage in collagen-induced ar-
thritis mice via miR-6089/AKT1/NF-kappaB axis. Cell Death Dis.
2020;11(10):833. https://doi.org/10.1038/s41419-020-03038-z
Dong Y, Qiu T, Xuan Y, et al. circFBXW?7 attenuates malignant pro-
gression in lung adenocarcinoma by sponging miR-942-5p. Transl|
Lung Cancer Res. 2021;10(3):1457-1473. https://doi.org/10.21037/
tlcr-21-230

Zhang TN, Li D, Xia J, et al. Non-coding RNA: a potential biomarker
and therapeutic target for sepsis. Oncotarget. 2017;8(53):91765-
91778. https://doi.org/10.18632/oncotarget.21766

Wang G, Huang X, Li Y, Guo K, Ning P, Zhang Y. PARP-1 inhib-
itor, DPQ, attenuates LPS-induced acute lung injury through

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

inhibiting NF-kappaB-mediated inflammatory response. PLoS One.
2013;8(11):e79757. https://doi.org/10.1371/journal.pone.0079757
Koentges C, Cimolai MC, Pfeil K, et al. Impaired SIRT3 activity me-
diates cardiac dysfunction in endotoxemia by calpain-dependent
disruption of ATP synthesis. J Mol Cell Cardiol. 2019;133:138-147.
https://doi.org/10.1016/j.yjmcc.2019.06.008

Xu H, Su Z, Wu J, et al. The alarmin cytokine, high mobility
group box 1, is produced by viable cardiomyocytes and me-
diates the lipopolysaccharide-induced myocardial dysfunc-
tion via a TLR4/phosphatidylinositol 3-kinase gamma pathway.
JImmunol. 2010;184(3):1492-1498. https://doi.org/10.4049/jimmu
nol.0902660

Hagiwara S, lwasaka H, Uchino T, Noguchi T. High mobility group
box 1 induces a negative inotropic effect on the left ventricle in
an isolated rat heart model of septic shock: a pilot study. Circ J.
2008;72(6):1012-1017. https://doi.org/10.1253/circj.72.1012

Tan Y, Chen S, Zhong J, Ren J, Dong M. Mitochondrial injury and
targeted intervention in septic cardiomyopathy. Curr Pharm Des.
2019;25(18):2060-2070. https://doi.org/10.2174/1381612825
666190708155400

Joseph LC, Reyes MV, Lakkadi KR, et al. PKCdelta causes sepsis-
induced cardiomyopathy by inducing mitochondrial dysfunction.
Am J Physiol Heart Circ Physiol. 2020;318(4):H778-H786. https://
doi.org/10.1152/ajpheart.00749.2019

Ouyang H, Li Q, Zhong J, et al. Combination of melatonin and
irisin ameliorates lipopolysaccharide-induced cardiac dysfunc-
tion through suppressing the Mst1-JNK pathways. J Cell Physiol.
2020;235(10):6647-6659. https://doi.org/10.1002/jcp.29561

Wu B, Song H, Fan M, et al. Luteolin attenuates sepsisinduced
myocardial injury by enhancing autophagy in mice. Int J Mol Med.
2020;45(5):1477-1487. https://doi.org/10.3892/ijmm.2020.4536
Wen JJ, Yin YW, Garg NJ. PARP1 depletion improves mitochondrial
and heart function in Chagas disease: effects on POLG dependent
mtDNA maintenance. PLoS Pathog. 2018;14(5):e1007065. https://
doi.org/10.1371/journal.ppat.1007065

Dong WW, Liu YJ, Lv Z, et al. Lung endothelial barrier protection
by resveratrol involves inhibition of HMGB1 release and HMGB1-
induced mitochondrial oxidative damage via an Nrf2-dependent
mechanism. Free Radic Biol Med. 2015;5849(15):404-416. https://
doi.org/10.1016/j.freeradbiomed.2015.05.004

Kazak L, Reyes A, Holt 1J. Minimizing the damage: repair path-
ways keep mitochondrial DNA intact. Nat Rev Mol Cell Biol.
2012;13(10):659-671. https://doi.org/10.1038/nrm3439

Pan P,Wang X, Liu D. The potential mechanism of mitochondrial dys-
function in septic cardiomyopathy. J Int Med Res. 2018;46(6):2157-
2169. https://doi.org/10.1177/0300060518765896

Wang L, Wu Q, Fan Z, Xie R, Wang Z, Lu Y. Platelet mitochondrial
dysfunction and the correlation with human diseases. Biochem
Soc Trans. 2017;45(6):1213-1223. https://doi.org/10.1042/BST20
170291

Sola-Riera C, Garcia M, Ljunggren HG, Klingstrom J. Hantavirus
inhibits apoptosis by preventing mitochondrial membrane poten-
tial loss through up-regulation of the pro-survival factor BCL-2.
PLoS Pathog. 2020;16(2):e1008297. https://doi.org/10.1371/journ
al.ppat.1008297

Mohamed MS, Abdelhamid AO, Almutairi FM, Ali AG, Bishr MK.
Induction of apoptosis by pyrazolo[3,4-d]pyridazine derivative in
lung cancer cells via disruption of Bcl-2/Bax expression balance.
Bioorg Med Chem. 2018;26(3):623-629. https://doi.org/10.1016/j.
bmc.2017.12.026

Li J, Huang C, Zou Y, Ye J, Yu J, Gui Y. CircTLK1 promotes the
proliferation and metastasis of renal cell carcinoma by sponging
miR-136-5p. Mol Cancer. 2020;19(1):103. https://doi.org/10.1186/
$12943-020-01225-2


https://doi.org/10.1016/j.bbrc.2015.08.028
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1530/EC-13-0079
https://doi.org/10.1016/j.bbagen.2020.129669
https://doi.org/10.1016/j.bbagen.2020.129669
https://doi.org/10.1016/j.redox.2017.08.001
https://doi.org/10.1016/j.redox.2017.08.001
https://doi.org/10.1016/j.jhep.2015.02.009
https://doi.org/10.4049/jimmunol.1400359
https://doi.org/10.4049/jimmunol.1400359
https://doi.org/10.2119/molmed.2014.00156
https://doi.org/10.3390/cells9010041
https://doi.org/10.3390/cells9010041
https://doi.org/10.1038/s41401-018-0044-4
https://doi.org/10.1038/s41401-018-0044-4
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1186/s13098-021-00625-8
https://doi.org/10.1111/jcmm.15424
https://doi.org/10.1186/s12858-019-0108-1
https://doi.org/10.1038/s41419-020-03038-z
https://doi.org/10.21037/tlcr-21-230
https://doi.org/10.21037/tlcr-21-230
https://doi.org/10.18632/oncotarget.21766
https://doi.org/10.1371/journal.pone.0079757
https://doi.org/10.1016/j.yjmcc.2019.06.008
https://doi.org/10.4049/jimmunol.0902660
https://doi.org/10.4049/jimmunol.0902660
https://doi.org/10.1253/circj.72.1012
https://doi.org/10.2174/1381612825666190708155400
https://doi.org/10.2174/1381612825666190708155400
https://doi.org/10.1152/ajpheart.00749.2019
https://doi.org/10.1152/ajpheart.00749.2019
https://doi.org/10.1002/jcp.29561
https://doi.org/10.3892/ijmm.2020.4536
https://doi.org/10.1371/journal.ppat.1007065
https://doi.org/10.1371/journal.ppat.1007065
https://doi.org/10.1016/j.freeradbiomed.2015.05.004
https://doi.org/10.1016/j.freeradbiomed.2015.05.004
https://doi.org/10.1038/nrm3439
https://doi.org/10.1177/0300060518765896
https://doi.org/10.1042/BST20170291
https://doi.org/10.1042/BST20170291
https://doi.org/10.1371/journal.ppat.1008297
https://doi.org/10.1371/journal.ppat.1008297
https://doi.org/10.1016/j.bmc.2017.12.026
https://doi.org/10.1016/j.bmc.2017.12.026
https://doi.org/10.1186/s12943-020-01225-2
https://doi.org/10.1186/s12943-020-01225-2

8260
—I—WI LEY

QIU ET AL.

53. LiY, Guo W, Cai Y. NEAT1 promotes LPS-induced inflammatory
injury in macrophages by regulating MiR-17-5p/TLR4. Open Med
(Wars). 2020;15:38-49. https://doi.org/10.1515/med-2020-0007

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Qiu Y, Yu Y, Qin X-M, et al. CircTLK1
modulates sepsis-induced cardiomyocyte apoptosis via
enhancing PARP1/HMGB1 axis-mediated mitochondrial
DNA damage by sponging miR-17-5p. J Cell Mol Med.
2021;25:8244-8260. https://doi.org/10.1111/jcmm.16738



https://doi.org/10.1515/med-2020-0007
https://doi.org/10.1111/jcmm.16738

