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Abstract
Sepsis remains a worldwide public health problem. This study aims to explore 
the role and mechanism of transcriptional factors (TFs) in sepsis-induced myo-
cardial injury. Firstly, TF KLF13 was selected to explore its role in sepsis-induced 
myocardial injury. The caecal ligation and puncture (CLP) -induced sepsis mouse 
model was established and the septic mice were examined using standard histo-
pathological methods. KLF13 expression was detected in the septic mouse heart 
and was also seen in a lipoploysaccharide (LPS) -induced cellular inflammation 
model. To explore this further both pro-apoptotic cleaved-caspase3/caspase3 and 
Bax levels and anti-apoptotic Bcl2 levels were examined, also in both models, In 
addition inflammatory cytokine (IL-1β, TNF-α, IL-8 and MCP-1) production and 
IκB-α protein level and p65 phosphorylation were examined in both septic mice 
and LPS-induced cells. Thus three parameters - cardiomyocyte apoptosis, inflam-
matory response and NF-κB pathway activation were evaluated under similar 
conditions. The septic mice showed significant oedema, disordered myofilament 
arrangement and degradation and necrosis to varying degrees in the myocardial 
cells. KLF13 was downregulated in both the septic mouse heart and the LPS-
induced cellular inflammation model. Furthermore, both models showed abnor-
mally increased cardiomyocyte apoptosis (increased cleaved-caspase3/caspase 
and Bax protein levels and decreased Bcl2 level), elevated inflammation (in-
creased production of inflammatory cytokines) and the activated NF-κB pathway 
(increased p65 phosphorylation and decreased IκB-α protein level). KLF13 over-
expression notably ameliorated sepsis-induced myocardial injury in vivo and in 
vitro. KLF13 overexpression protected against sepsis-induced myocardial injury 
and LPS-induced cellular inflammation and apoptosis via inhibiting the inflam-
matory pathways (especially NF-κB signalling) and cardiomyocyte apoptosis.
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1   |   INTRODUCTION

Sepsis, validated as a worldwide public health care prob-
lem, is frequently caused by infection, with a mortality 
rate of more than 25%.1,2 Sepsis is characterized by the 
maladjusted response of the host to infection and a 
sustained systemic inflammatory state, causing severe 
dysfunction of multiple organs and even death.3,4 Early 
identification of sepsis is still the main goal of sepsis 
treatment. Nevertheless, conventional sepsis diagnostic 
tools (such as cultures) take a long time and are often 
accompanied by false-negative results.5 Therefore, an 
effective system is urgently needed for sepsis therapy. 
It has been pointed out that cardiac involvement fre-
quently occurs during sepsis, and a set of changes are in-
duced, leading to the malfunction of the myocardium.6 
Myocardial injury, validated as a serious complication 
of sepsis, makes substantial contributions to the death 
of sepsis patients.7 However, despite multiple studies on 
sepsis, there is still a lack of appropriate markers for as-
sessing sepsis severity.8

An increasing number of studies have proposed that 
multiple mechanisms, such as inflammatory responses 
and cardiomyocyte apoptosis, are tightly implicated in 
sepsis-induced myocardial dysfunction.9–11 Moreover, as 
has been documented, NF-κB plays a critical role in di-
verse sepsis-related organ failure and systemic inflam-
mation.12 Hence, it would be of great value to investigate 
and analyse underlying molecular mechanisms of sepsis-
induced cardiac dysfunction involving inflammatory re-
sponses and cardiomyocyte apoptosis.

It is well-established that transcriptional factors 
(TFs) are critical regulators of gene expression and bi-
ological processes, which can activate or inhibit the 
transcription process via binding to specific sequences 
in DNA.13 A previous study has shown that multiple 
TFs, such as NF-κB, play crucial roles in the pathophys-
iology of sepsis.14 TFs also show close involvement in 
complex morphogenesis events for heart development.15 
It has been proposed that TF activation is tightly asso-
ciated with early cardiomyocyte apoptosis, exhibiting 
a mechanistic role in septic myocardial dysfunction.16 
Aberrant TFs have been evidenced as key drivers of in-
flammatory conditions and various diseases.17 However, 
little is known about the role of TFs in sepsis and sepsis-
induced myocardial injury involving inflammatory re-
sponse and cardiomyocyte apoptosis.

Therefore, it was reasonable to hypothesize that dereg-
ulated TFs in sepsis and sepsis-induced myocardial injury 
may exert an effect on inflammatory pathways (especially 
the NF-κB signalling) and cardiomyocytes, thereby affect-
ing disease progression. Consequently, we performed a se-
ries of histological and molecular experiments to identify 

the regulatory mechanism of TFs in sepsis-induced myo-
cardial injury, with the purpose of providing novel pre-
ventive and therapeutic targets for the treatment of 
sepsis-induced myocardial injury.

2   |   MATERIALS AND METHODS

2.1  |  Animals

All the animal experimental procedures were performed 
with the approval of the Ethics Committee of the Second 
Xiangya Hospital and followed the NIH guidelines 
(Guide for the Care and Use of Laboratory Animals). 
Twenty-four male C57BL/6 mice were purchased at ages 
6–7 weeks from Hunan SJA Laboratory Animal Co., Ltd. 
All animals were housed at a 12:12 h light–dark cycle 
in a pathogen-free environment set with the following 
conditions: temperature at 23 ± 3°C, relative humidity at 
55 ± 10%.

2.2  |  Cecal ligation and puncture (CLP)-
induced sepsis model in mice

The CLP-induced sepsis model was established follow-
ing the methods described before.18 Briefly, animals 
were anaesthetised using isoflurane inhalation and a 
1-cm midline abdominal incision was made. The cecum 
was then exposed and ligated. Next, the cecum was 
punctured once with a 23-Gauge needle to induce CLP. 
Simple running sutures and metallic clips were used to 
close the abdominal musculature and skin respectively. 
Sham-operated mice underwent the same surgical pro-
cedure, without CLP. Forty-eight hours later, the car-
diac tissues were collected.

2.3  |  Lentivirus transduction

In vivo injection of Lv-KLF13 (OBIO Biotech) by tail vein 
at a dose of 1 × 107 TU in 100 μl volumes. The injection was 
performed 5 days before CLP.

2.4  |  Histopathological analyses and 
immunohistochemistry (IHC) staining

The mice were euthanized under anaesthesia and cardiac 
tissues were collected. Tissue samples were incubated 
overnight in 10% buffered formaldehyde, embedded in 
paraffin and cut into slices of around 4 μm in thickness. 
Following deparaffinization, the tissue slides were stained 
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using haematoxylin and eosin (H&E) staining by standard 
methods.

IHC examination was carried out as previously men-
tioned.19,20 Once the tissue sections had been rehy-
drated, 3% hydrogen peroxide was used to quench the 
endogenous peroxidase activity. Next, sections were 
treated overnight at 4°C with primary antibodies against 
KLF13 (18352-1-AP, Proteintech). Sections were rinsed 
in PBS and treated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody (Beyotime) for 
30 min at room temperature. Thereafter, sections were 
stained using a DAB kit (Sigma) and examined under a 
microscope (Olympus).

2.5  |  Immunoblotting

Protein samples were obtained from target tissue or cell 
samples and the concentration was evaluated by a BCA 
Protein Assay Kit (Nacalai Tesque). After electrophoresis 
with 10%–14% SDS-PAGE, the separated proteins were 
transferred onto the PVDF membrane. The membrane 
was blocked using Odyssey blocking buffer (LI-COR 
Bioscience) for 1 h at room temperature and incubated in 
primary antibody solution overnight at 4°C. The primary 
antibodies were against IκB-α, p-p65, p65, Bax and Bcl2. 
Primary antibody detection was performed with a horse-
radish peroxidase-linked goat anti-rabbit immunoglobulin 
G (IgG) (SC 1004, Santa Cruz Biotechnology) or goat anti-
mouse or rabbit IgG (SA00001-1, SA00001-2, Proteintech), 
visualized using the Enhanced Chemiluminescence (ECL) 
detection system (Promega).

2.6  |  qRT-PCR

An RNeasy Mini Kit (Qiagen) and TRIzol (Invitrogen Life 
Technologies) were employed to isolate total RNA from 
target tissue or cell samples, and qRT-PCR was carried out 
to examine the expression levels of target factors.

2.7  |  Enzyme-linked immunosorbent 
assay (ELISA)

The cell culture supernatant and cardiac tissues were col-
lected for measuring the secretion of cytokines. ELISA 
kits (Abcam) were employed to detect the levels of tumour 
necrosis factor-alpha (TNF-α), interleukin 1-beta (IL-1β), 
interleukin-8 (IL-8) and monocyte chemoattractant pro-
tein-1 (MCP-1) according to the protocol. A microplate 
reader was used to measure the absorbance at 450 nm 
(OD450).

2.8  |  Cell lineage, cell 
transfection and treatment

Mouse cardiomyocyte cell line HL-1 was procured from 
Sigma-Aldrich and grown in Claycomb Medium (Sigma-
Aldrich) containing 10% FBS (Invitrogen) in a 95% air 
5% CO2 environment at 37°C. Using Lipofectamine 
3000 Reagent (Thermo Fisher Scientific), the KLF13-
overexpressing vector (KLF13) was transfected to achieve 
KLF13 overexpression in HL-1 cells. After 24 h, the trans-
fected cells were further exposed to LPS (10 μg/ml, Sigma) 
for 48 h.

2.9  |  CCK-8 assay detecting cell viability

Cell Counting Kit-8 (CCK-8, MedChemExpress, 
Monmouth Junction, NJ, USA) was used to detect cell 
viability. Cells were seeded into a 96-well plate and then 
exposed to LPS for 48 h. Next, 10 μl CCK-8 solution was 
added to each well, followed by incubation for 3 hours at 
37°C. A microplate reader (Bio-Rad, Hercules, USA) was 
used to detect the absorbance at 450 nm (OD450).

2.10  |  Flow cytometry detecting 
cell apoptosis

Following transfection and/or treatment, HL-1 cells were 
digested and collected using trypsin (trypsin) without 
ethylenediaminetetraacetic acid at room temperature 
for 1 min. The digestion was stopped by the addition of 
DMEM (Corning) added with 10% FBS. Cells were har-
vested by centrifugation at 1000 × g for 3  min at room 
temperature which was followed by removing of the su-
pernatant. Cells were rinsed twice with pre-cooled PBS, 
and 1 × binding buffer was added to resuspended cells. 
Next, 5 μl Annexin V-FITC and 5 μl propidium iodide (PI) 
were added to the buffer and incubated for 10 min at dark. 
Following the protocols of the Annexin V-FITC cell ap-
optosis detection kit (cat. no. K201-100, BioVision), flow 
cytometry (Novocyte, Agilent) was used to measure the 
cell apoptosis rate.

2.11  |  Statistical analysis

Data are expressed as mean ± standard deviations (SD). 
To deal with data that were not normally distributed, an 
ANOVA with a Tukey's post-test or a Kruskal–Wallis test 
was used to analyse data among more than two groups. 
Data between the two groups were analysed using a 
Student's t test. All statistical analyses were carried out 
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using GraphPad Prism 7 software. If p value was less 
than  .05, the null hypothesis was rejected.

3   |   RESULTS

3.1  |  Selecting TF correlated to sepsis-
induced myocardial injury

Given the key role of TFs in gene regulation21,22 and sep-
sis aetiology,23,24 the transcription factor list (GO:0003700, 
transcription factor activity) was firstly extracted from 
Ensembl (http://asia.ensem​bl.org/), and 1351 TF genes 
were obtained. The expression of these TFs was analysed 
in normal and septic hearts based on GSE171546. Among 
these TFs, 19 were downregulated and 24 were upregu-
lated (thresholds: logFC >0.56 or <−0.56, adjusted p 
value <0.05). The top 10 most significantly differentially 
expressed TFs were shown in the volcano plots and hi-
erarchical clustering (Figure  1A,B). Among the top 10 
deregulated TFs, KLF13 has been found to play an im-
portant role in cardiac development25 and is necessary for 
cardiomyocyte proliferation.26 Downregulation of KLF13 
in cardiomyocytes inhibits cell activity and accelerates ap-
optosis.26 Moreover, based on online data sets GSE171546 
and GSE79962, KLF13 expression is significantly down-
regulated in septic hearts compared with that in normal 
hearts (Figure  1C), suggesting that KLF13 downregula-
tion in septic hearts might affect cardiomyocytes prolif-
eration and apoptosis. For confirming the involvement 
of KLF13 in sepsis-induced myocardial injury, genes cor-
related with KLF13 were analysed based on GSE171546 
using Pearson correlation coefficient analysis; a total 
of 419 genes were found to correlate to KLF13 and fur-
ther Pathway & Process Enrichment (Min Enrichment 
=1.5, p value cut-off: 0.01, Min Overlap: 3) in metascape 
(https://metas​cape.org/) indicated that these genes were 
significantly enriched in signalling in interleukins, posi-
tive regulation of cytokine production and regulation of 
hemopoiesis (Figure 1D), which reflects the pathological 
state of cardiac tissue after sepsis. Thus, KLF13 was se-
lected for further experiments.

3.2  |  KLF13 is downregulated in septic 
mouse heart

For the investigation of KLF13 function on sepsis-induced 
myocardial injury, the CLP-induced sepsis model was 
established in mice and confirmed for histopathological 
changes by H&E staining; in the sepsis group, myocardial 
cells showed significant oedema, disordered myofilament 
arrangement and degradation and necrosis to varying 

degrees (Figure 2A). In septic hearts, the levels of KLF13 
were decreased compared with those in normal hearts, 
as revealed by IHC staining (Figure  2B). Consistently, 
KLF13 mRNA was downregulated in septic heart tissues 
compared with that in normal heart tissues (Figure 2C). 
Moreover, the ratio of pro-apoptotic cleaved-caspase3/
caspase3 and Bax protein levels were significantly in-
creased in septic hearts and anti-apoptotic Bcl2 was de-
creased (Figure  2D), indicating an increase in apoptotic 
cardiomyocytes.

3.3  |  In vivo effects of KLF13 on septic 
mouse heart

Since KLF13 is downregulated in septic heart tissues, 
mice were injected with lentivirus overexpressing KLF13 
(Lv-KLF13) and then received CLP 5 days later. The over-
expression of KLF13 in heart tissues was confirmed by 
qRT-PCR and Immunoblotting (Figure  3A,B). The spe-
cific effects of KLF13 overexpression on sepsis-induced 
myocardial injury were subsequently investigated. Mice 
were assigned to four groups: sham, sepsis model, sham 
injected with Lv-KLF13 and sepsis model injected with 
Lv-KLF13. In the sepsis group, cleaved-caspase3/cas-
pase3 and Bax levels were increased and Bcl2 was de-
creased compared with those in the sham group, whereas 
KLF13 overexpression exerted opposite effects on these 
factors. In septic mice injected with Lv-KLF13, sepsis-
induced changes in these factors were partially eliminated 
(Figure 3C). Sepsis increased, whereas KLF13 overexpres-
sion decreased the production of cytokines including IL-
1β, TNF-α, IL-8 and MCP-1; in septic mice injected with 
Lv-KLF13, sepsis-induced production of IL-1β, TNF-α, 
IL-8 and MCP-1 was partially attenuated by KLF13 over-
expression (Figure 3D). Lastly, sepsis decreased the pro-
tein levels of IκB-α but increased p65 phosphorylation, 
whereas KLF13 overexpression exerted opposite effects 
on them; in septic mice injected with Lv-KLF13, KLF13 
overexpression partially reversed sepsis effects on IκB-α 
level and p65 phosphorylation (Figure  3 E). These data 
indicate that KLF13 overexpression ameliorates sepsis-
induced myocardial injury.

3.4  |  In vitro effects of KLF13 on the LPS-
induced cellular inflammation model

Considering the key role of KLF13 in cardiomyocyte 
proliferation,26 the effects of KLF13 overexpression on 
the LPS-induced cellular inflammation model were 
investigated. HL-1 mouse cardiomyocytes were trans-
fected or non-transfected with KLF13-overexpressing 

http://asia.ensembl.org/
https://metascape.org/
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vector, treated or non-treated with 10  μg/mL LPS for 
48 h and examined for KLF13 mRNA expression and 
protein levels. Figure 4A,B showed that LPS stimulation 

significantly downregulated KLF13 expression and de-
creased KLF13 protein levels, whereas KLF13 trans-
fection partially rescued KLF13 mRNA expression 

F I G U R E  1   Selecting transcriptional factor (TF) correlated to sepsis-induced myocardial injury. (A-B) The TF list (GO:0003700, TF 
activity) was extracted from Ensembl (http://asia.ensem​bl.org/), and 1351 TF genes were obtained. Expression of these TFs was analysed in 
normal and septic hearts based on GSE171546. The top 10 most significantly differentially expressed TFs were shown in the volcano plots 
and hierarchical clustering. (C) The expression of KLF13 in normal and septic hearts is based on data from GSE171546 and GSE79962. (D) A 
total of 419 genes correlated to KLF13 were applied for Gene Ontology (GO) functional enrichment annotation in metascape (https://metas​
cape.org/)

http://asia.ensembl.org/
https://metascape.org/
https://metascape.org/
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and protein levels. Regarding cellular functions, LPS 
stimulation inhibited cell viability and promoted cell 
apoptosis, whereas KLF13 transfection exerted oppo-
site effects (Figure  4C,D); LPS-induced alterations in 
cell phenotypes were partially reversed by KLF13 over-
expression (Figure  4C,D). Consistent with in vivo re-
sults, LPS stimulation significantly increased, whereas 
KLF13 overexpression decreased the levels of cytokines 
including IL-1β, TNF-α, IL-8 and MCP-1; LPS-induced 
increases in these cytokines were partially attenuated 
by KLF13 overexpression (Figure  4 E). Regarding the 
inflammatory and apoptotic pathways, LPS stimulation 
increased p65 phosphorylation and Bax protein level but 
decreased IκB-α and Bcl2 protein levels, whereas KLF13 
overexpression exerted opposite effects on these factors; 

similarly, LPS-induced alteration in these factors was 
partially abolished by KLF13 overexpression (Figure 4F). 
Thus, KLF13 overexpression could protect LPS-induced 
apoptosis and inflammation in cardiomyocytes.

4   |   DISCUSSION

Sepsis is a highly fatal condition during which the heart is 
one of the most sensitive organs.27 TFs have been shown 
to play crucial roles in governing cardiac development.28 
This study documented that TF KLF13 overexpression 
protected against sepsis-induced myocardial injury by in-
hibiting the inflammatory pathways (especially the NF-κB 
signalling) and cardiomyocyte apoptosis.

F I G U R E  2   KLF13 is downregulated in septic mouse hearts. Cecal ligation and puncture (CLP)-induced sepsis model was established 
in mice and examined for histopathological changes of normal and septic mouse hearts by H&E staining (A); the levels and distribution of 
KLF13 in normal and septic mouse hearts by immunohistochemical (IHC) staining (B); (C); mRNA expression levels of KLF13 in normal 
and septic mouse heart by qRT-PCR (D); the protein levels of cleaved-caspase3, caspase3, Bax and Bcl2 in normal and septic mouse heart by 
Immunoblotting
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Previous work has indicated that about 50% of patients 
with severe sepsis suffer from cardiac dysfunction, and the 
recovery of cardiac function is considered to be crucial for 
the survival of sepsis patients.29 To investigate this further 
in this study the first step was to establish the CLP-induced 
sepsis mouse model. H&E staining revealed severe cardiac 

injury in the septic mice, as evidenced by significant oe-
dema, disordered myofilaments, and degradation and 
necrosis in the cardiomyocytes. Similarly, as has been pro-
posed previously, cardiac dysfunction was present in CLP-
induced sepsis.30 Taken together, it was clear that sepsis 
contributed to the induction of cardiac injury.

F I G U R E  3   In vivo effects of KLF13 on septic mouse heart. (A-B) Mice were injected with lentivirus overexpressing KLF13 (Lv-KLF13) 
and then received CLP 5 days later. KLF13 overexpression in cardiac tissues was confirmed by qRT-PCR and immunoblotting. Mice were 
assigned to four groups: sham, sepsis model, sham injected with Lv-KLF13 and sepsis model injected with Lv-KLF13. Mice in each group 
received the injection, underwent surgery accordingly and examined for the protein levels of cleaved-caspase3, caspase3, Bax and Bcl2 in 
normal and septic mouse heart by immunoblotting (C); levels of cytokines including IL-1β, TNF-α, IL-8 and MCP-1 in normal and septic 
mouse heart by ELISA (D); protein levels of IκB-α, p-p65 and p65 by Immunoblotting (E)
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Several current studies have provided evidence about 
the pathogenesis of sepsis-induced multi-faceted myo-
cardial injuries.31–33 Activation of inflammatory cells 
and inflammatory factors are critical events in sepsis-
induced myocardial injury.34–36 It is well established that 

IL-1β, IL-8, IL-10, TNF-α and MCP-1 are typical pro-
inflammatory cytokines.28 In the present study, increased 
IL-1β, TNF-α, IL-8 and MCP-1 levels were observed in 
the septic mouse heart, suggesting activated inflamma-
tory responses. Moreover, the NF-κB pathway has been 

F I G U R E  4   In vitro effects of KLF13 on LPS-induced cellular inflammation model. HL-1 mouse cardiomyocytes were transfected or 
non-transfected with KLF13-overexpressing vector, treated or non-treated with 10 μg/mL LPS for 48 h and examined for KLF13 mRNA 
expression by qRT-PCR and protein levels by Immunoblotting (A,B); cell viability by CCK-8 assay (C); cell apoptosis by flow cytometry (D); 
levels of cytokines including IL-1β, TNF-α, IL-8 and MCP-1 in normal and septic mouse heart by ELISA (E); protein levels of IκB-α, p-p65, 
p65, Bax and Bcl2 by immunoblotting (F)
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proposed to participate in modulating the production of 
pro-inflammatory cytokines during sepsis.37 In this study, 
septic mice exhibited decreased IκB-α protein levels and 
increased p65 phosphorylation, suggesting NF-κB sig-
nalling activation. In support of these results, a previous 
study has shown that NF-κB, as a crucial mediator of in-
flammation, exerts an essential effect on the progression 
of sepsis.37 Furthermore, in this study, increased cleaved-
caspase3/caspase3 and Bax levels and decreased Bcl2 lev-
els were observed in septic mouse hearts, which indicated 
an increase in cardiomyocyte apoptosis. This is consistent 
with the previous findings that excessive cardiomyocyte 
apoptosis is closely associated with depressed cardiac 
function in the CLP-induced sepsis model.38 Thus three 
key components - cytokines, the NF-κB pathway, and 
cardiomyocyte apoptosis - are - implicated in the sepsis-
induced myocardial injury model.

Therefore in subsequent experiments we shifted to ex-
plore the underlying mechanism of sepsis-induced myocar-
dial injury. Previous work has pointed out that multiple TFs 
are implicated in the pathophysiology of sepsis.14 KLF13, 
belonging to the KLF family, has been validated as a car-
diac TF that can activate cardiac transcription via binding 
to regulatory elements on the cardiac promoter.26,39 Also 
KLF13 has been recognized as a novel regulator of cardiac 
development, showing tight involvement in cardiomyocyte 
proliferation.25 In the current study, KLF13 expression was 
identified as downregulated abnormally in septic mouse 
hearts. Next, KLF13 was overexpressed in septic mice to 
explore its potential in vivo effect on sepsis-induced myo-
cardial dysfunction. The results demonstrated that KLF13 
overexpression protected against sepsis-induced myocardial 
injury, as manifested by the reduced levels of inflammatory 
factors (IL-1β, TNF-α, IL-8 and MCP-1), the inhibited NF-
κB pathway (increased IκB-α protein level and decreased 
p65 phosphorylation) and ameliorated apoptosis (decreased 
cleaved-caspase3/caspase3 and Bax levels and increased 
Bcl2 level). Furthermore, the in vitro effect of KLF13 over-
expression on an LPS-induced cellular inflammation model 
of H9C2 rat cardiomyocytes was confirmed. The results 
showed that KLF13 overexpression protected against LPS-
induced cardiomyocyte injury, as shown by the enhanced 
cell viability and proliferation, inhibited cell apoptosis, de-
crease levels of pro-inflammatory cytokines, and inhibited 
NF-κB pathway. This is an original finding as there appear 
to have been no previous reports about an effect of KFL13 
on sepsis-induced myocardial injury.

Thus in summary this study suggest that overexpres-
sion of KFL13 could protect from sepsis-induced car-
diac injury and LPS-induced cellular inflammation and 
apoptosis. These findings imply that novel KLF13-based 
therapy might be possible for septic patients with cardiac 
injury. Certainly further experiments are necessary before 

clinical applications, but taken in conjunction with previ-
ous observations they justify further serious consideration.
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