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Abstract. Sepsis is an emergency systemic illness caused 
by pathogen infection and the combined result of the under-
activity and overactivity of a patient's own immune system. 
However, the molecular mechanism of this illness remains 
largely unknown. Lipopolysaccharide (LPS) was injected 
to establish a sepsis model, and heart tissue was used to 
analyze transcriptome changes in mice. LPS injection was 
used to develop a sepsis model, which resulted in cardiac 
tissue rearrangement and inflammatory response activa-
tion. An RNA‑sequencing‑based transcriptome assay using 
mouse heart tissue with or without LPS injection showed that 
3,326 and 1,769 genes were upregulated and downregulated, 
respectively (>2‑fold changes; P<0.05). Furthermore, these 
differentially expressed genes were classified into 20 path-
ways, including ‘Wnt signaling pathway’, ‘VEGF signaling 
pathway’ and ‘TGF‑β signaling pathway’, and these altered 
genes were enriched in 41 Gene Ontology terms. The appli-
cation of Wnt3a inhibited the activation of the LPS‑induced 
inflammatory response and activated Wnt signaling, as well 
as protecting against LPS‑mediated cardiac tissue damage in 
mice. In contrast, inhibition of Wnt signaling by injection of 
its inhibitor IWR induced plasminogen activator inhibitor‑1 
expression and resulted in cardiac structure derangement, 
which was similar to the symptoms caused by injection of 
LPS, suggesting that LPS‑induced damage to heart tissue 
may be via inhibition of Wnt signaling. The present analyses 
showed that Wnt signaling serves a pivotal role in sepsis 
development and may improve our understanding of the 
molecular basis underlying sepsis.

Introduction

Sepsis is an emergency systemic illness that is due to the 
combined effects of the under‑ and overactivity of the immune 
systems of patients. Initial symptoms of sepsis include multiple 
organ impairment and can possibly result in severe secondary 
infections. The immune systems of patients react to infection 
as a response to high febricity, decreased blood pressure and 
organ dysfunction, which was defined in the 1970s‑1980s (1). 
In the mid‑last century, a previous study on microbiology 
and immunology showed that several hallmarks of infec-
tious diseases were not only generally caused by the body's 
own immune response but also by invading pathogens (2). 
Previously, life‑threatening sepsis was shown to result in organ 
dysfunction; the definition of the new Sepsis‑3 indicates a 60% 
possibility of mortality within 28 days (3‑6).

Bacterial endotoxins, including lipopolysaccharide (LPS), 
are potential inducers of inflammation. These endotoxins 
induce a complex pathogen‑host interaction that enables the 
host to respond to infection and results in hyperinflammation. 
LPS affects innate and acquired immune responses in several 
systems, such as the nervous, respiratory, circulatory, endo-
crine and metabolic systems (7). Inflammation of the vessels 
and endocardium, and persistent activation of inflammatory 
signals are the initial signs of cardiac dysfunction in sepsis (8). 
The role and molecular mechanism of inflammatory signal 
transduction in the myocardial injury of sepsis are important 
to elucidate the molecular mechanism of this disease.

Molecular research has further hinted at the underlying 
mechanisms of sepsis. A genome‑wide association (GWA) 
study and high‑throughput omic technologies have facilitated 
studies on the diagnosis of sepsis by screening sepsis‑specific 
molecular indicators as biomarkers. Common sepsis biomarkers 
include high‑mobility group box 1, C‑reactive protein, tumor 
necrosis factor (TNF)‑α, interleukin (IL)‑1, IL‑6, IL‑10 and 
macrophage migration inhibitory factor (9‑16). GWA revealed 
that the FER tyrosine kinase (FER) gene serves an important 
role in intercellular signaling in patients with sepsis (17), as 
well as vacuolar protein sorting 13 homolog A and cysteine 
rich secretory protein LCCL domain containing 2, which may 
be involved in survival after 28 days (18). Methylthioadenosine 
is a sepsis biomarker that is involved in the inflammatory 
response and is related to high rates of fever‑induced host 
cell death  (19). Several previous studies have shown that 
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sepsis is associated with the inflammatory response in 
the heart  (8,20,21), but the detailed molecular mechanism 
remains unclear. The Wnt and inflammatory response path-
ways were associated with T cell‑specific transcription factor 
(TCF)/lymphoid enhancer‑binding factor (LEF) (22,23). The 
typical Wnt signaling pathway, also known as the β‑catenin 
pathway or β‑catenin/TCF pathway (24), affects a wide array 
of signaling channels (25‑27). A major characteristic of the 
WNT/β‑catenin pathway includes the stabilization of cytosolic 
β‑catenin. Before stimulation, β‑catenin is phosphorylated 
by a destruction complex that contains glycogen synthase 
kinase‑3β (GSK3β); phosphorylated β‑catenin becomes 
ubiquitinated and is degraded by the proteasome (23,28). The 
stimulation of Wnt signaling reduces GSK3β activity, thereby 
resulting in the accumulation of β‑catenin in the nucleus, which 
results in the transcription of Wnt target genes by TCF/LEF to 
regulate biological processes, such as cell proliferation, differ-
entiation and survival (23). Furthermore, Wnt signaling has 
been reported to be associated with inflammatory response 
signaling to control disease (28), but whether Wnt signaling is 
involved in sepsis development has not yet been investigated.

In the present study transcriptome changes were analyzed 
using heart tissues from LPS‑injected mice as a sepsis model. 
Furthermore, the differentially expressed genes were classified 
by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) terms. Among the pathways enriched, Wnt 
signaling was further examined for its roles in the regulation of 
the inflammatory responsive pathway and cardiac tissue. The 
present results might provide a theoretical basis for improving 
the clinical treatment protocol of sepsis in the future.

Materials and methods

Ethics statement. Animals were obtained from The 
Laboratory Animal Center of Fuzhou Wushi Animal Center. 
All animal studies were performed according to the National 
Institutes of Health Guide Concerning the Care and Use of 
Laboratory Animals (29) with the approval of the Animal 
Experimentation Ethics Committee of The Affiliated Hospital 
of Putian University.

Animal model treatments. A total of 90 female C57BL/6 
mice (age, 8 weeks; weight, 220‑250 g) were purchased from 
The Nanjing Animal Center. All mice were housed in cages 
in an SPF animal room with a temperature of 20±2˚C and 
a humidity of 55±5% under a 12‑h light/dark cycle. All rats 
had free access to food and water. The animals received LPS 
in sterile PBS by intraperitoneal injection. In total, 50 of the 
90 mice were divided into the following five groups (n=10): 
Control group (intraperitoneal injection with 0.9% saline solu-
tion) and four LPS treatment groups (intraperitoneal injection 
with LPS at 50 mg/kg body weight for 1, 2, 3 and 4 days).

The remaining 40 mice were used to investigate whether 
the Wnt signaling is involved in LPS‑induced heart damage. In 
the treatment group, mice weighing 220‑250 g were injected 
with LPS (50 mg/kg body weight), LPS + Wnt3a (100 ng/kg 
body weight) or IWR (100 ng/kg body weight). Mice in the 
control group were administered an equivalent volume of 
vehicle (DMSO) for 1  h before LPS injection. Mice with 
matched ages, sexes and weights were randomly divided into 

the normal control group (10 mice), the LPS model group 
(10 mice), LPS+Wnt3a group (10 mice) and IWR‑injected 
group (10 mice). LPS from Escherichia coli serotypes 0111:B4, 
Wnt3a and IWR were all purchased from Sigma‑Aldrich; 
Merck KGaA. The mice were sacrificed by an intraperitoneal 
injection of sodium pentobarbital (150 mg/kg) following the 
AVMA Guidelines for the Euthanasia of Animals (30). Death 
was then confirmed by a certain set of criteria: Respiratory 
arrest, cardiac arrest, dilation of the pupils and disappearance 
of nerve reflex.

Histopathological observation of damaged myocardial tissue. 
The heart samples were taken immediately after 4 days of 
DMSO, LPS, Wnt3a or IWR injection, and were subse-
quently fixed in 10% formaldehyde solution for 20 min at 
room temperature. The tissue was dehydrated, and paraffin 
embedded, and pathological sections were cut at 4‑µM thick-
ness. Hematoxylin and eosin (HE) staining for 20 min at room 
temperature was performed to analyze the pathological events 
of the myocardium under a light microscope at x200 magnifi-
cation to examine heart muscle arrangement.

RNA isolation and cDNA reverse transcription. Ground heart 
tissues (30 min post stimulation) were preserved in TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific Inc.) at ‑80˚C 
until use. Total RNA isolation was performed by following 
the TRIzol® manufacturer's protocol with an RNeasy Mini kit 
(Qiagen, Inc.) for RNA purification. DNase I. SuperScript III 
First‑Strand Synthesis SuperMix (Thermo Fisher Scientific, 
Inc.) was used for reverse transcription‑quantitative PCR 
(RT‑qPCR) to produce cDNA from 2 µg total RNA. The reac-
tion protocol consisted of 25˚C for 5 min, 42˚C for 60 min and 
70˚C for 15 min.

RT‑qPCR. Total RNA was extracted using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Subsequently, the selected results 
from RNA‑sequencing (RNA‑seq) were verified by RT‑qPCR 
analysis. cDNA was produced using a Prime Script™ 

RT‑qPCR kit (Takara Bio, Inc.) according to the manufac-
turer's protocol. qPCR was performed using SYBR® Premix 
Ex Taq™ (Takara Bio, Inc.) on a 7900HT fast RT‑qPCR 
instrument (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) with technical triplicates. The gene‑specific primers 
used for RT‑qPCR are listed in Table  I. Thermocycling 
conditions were as follows: Initial denaturation at 95˚C for 
5 min, followed with 35 cycles at 95˚C for 30 sec and 60˚C 
for 30 sec. The relative gene expression levels were deter-
mined using the 2‑ΔΔCq method (31).

Sequencing analysis. The RNA was extracted using RNAiso 
Reagent (Takara Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. The concentration and purity of 
RNA were determined by Agilent 2100 Bioanaylzer (Agilent 
Technologies, Inc.). All the samples had RNA integrity 
numbers of >8.5 and concentration >200 ng/µl. Sequencing 
libraries were generated using TIANSeq Fast RNA Library 
Kit for Illumina® (cat. no. NR102; Tiangen Biotech Co., Ltd.) 
following the manufacturer's protocols. After completing 
the library, paired‑end (150 bp) sequencing of the cDNA 
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libraries (10 nM) was performed on the GAIIx instrument 
(Illumina, Inc.) using the reagents provided in the TruSeq 
PE Cluster Kit v5‑CS‑GA (cat. no. PE‑203‑5001; Illumina, 
Inc.). A standard analysis protocol was performed (32), and 
sequencing data were aligned to the hg19 human genome 
using TopHat version 2.06 (33) and Bowtie2 2.0.0 (34) and 
mapped to Ensembl transcripts (http://www.ensembl.org). 
NovelBio Bio‑Pharm Technology Co., Ltd. (http://www.
novelbio.com/) performed the library construction and 
sequence using LPS‑treated and untreated mouse heart 
samples.

Analysis of GO categories and KEGG analysis. Differentially 
expressed genes were classified into diverse biological 
processes according to the GO terms (35). GO categories were 
assessed using a one‑tailed Fisher's exact test with a P‑value, 
and corrected for using the false discovery rate (FDR) (36). 
P<0.05 was considered as significant. GO enrichment analysis 
was also performed using a Fisher's exact test using 2x2 
contingency tables  (37). As the enrichment increases, the 
corresponding function becomes more specific. Pathway 

analysis focuses on the significance of KEGG (http://www.
kegg.jp/) (38), Biocarta (http://biocarta.com) (39) and Reatome 
(http://www.reactome.org) (40). Benjamini‑Hochberg multiple 
testing was used further to correct the Fisher's exact test results, 
and the threshold of significance was defined as P‑value<0.05 
and FDR<0.05 (41).

Western blot analysis. RIPA lysis buffer (Takara Bio, Inc.) 
supplemented with complete protease inhibitor cocktail 
(Roche Diagnostics) was used to lyse the cells. The mouse 
heart tissues were ground in liquid nitrogen, and protein 
was extracted by adding cold RIPA lysis buffer. A Bradford 
reagent protein assay kit (Bio‑Rad Laboratories, Inc.) was 
used to determine protein concentrations using bovine 
serum albumin as the control. Subsequently, a total of 30 µg 
sample protein was loaded per lane and separated using 
SDS‑PAGE on a 10‑20% gel, then subsequently transferred 
PVDF membranes. The membranes were blocked with 
buffer (5% skimmed milk in 20 mM Tris‑HCl, 150 mM 
NaCl, 0.1% Tween‑20) for 1  h at room temperature and 
incubated with primary antibodies at 4˚C overnight; The 

Table I. Primer sequences for reverse transcription PCR.

Gene	 Forward Primer sequences, 5'‑3' 	 Reverse Primer sequences, 5'‑3'

FZD8	 TCTACAACCGCGTCAAGACC	 GGCCGTTCCGGGTACTTAAA
PAI‑1	 AGGCTGGTCCTCGTTAATGC	 CACAGAGAGCTGAGCCAACA
IL‑8	 TGTGTGCATAGCCATGTGGT	 GAACAGCATGATGAGCAGCG
FGF21	 AGCATACCCCATCCCTGACT	 TCCTCCCTGATCTCCAGGTG
GAPDH	 AGGCCGGTGAGTATGC	 TGCCTGCACCACCTTC

FZD8, frizzled class receptor 8; PAI‑1, plasminogen activator inhibitor 1; IL‑8, interleukin 9; FGF21, fibroblast growth factor 21. 

Figure 1. Effects of LPS on heart tissue structure and inflammation response marker levels. (A) Western blot analysis was performed to evaluate the levels of 
PAI‑1 and TNF‑α in the heart tissues after 1, 2, 3 and 4 days of LPS injection. GAPDH was used as a loading control. (B) Histopathology of heart tissues with 
or without LPS injection for 4 days was assessed by staining tissues with hematoxylin and eosin under a light microscope. scale bar, 100 µm. (C) Western blot 
analysis was performed to evaluate the levels of IL‑6, IκBα and p‑IκBα in the heart tissues with or without LPS injection for 4 days. GAPDH was used as a 
loading control. *P<0.05, **P<0.01, ***P<0.001 vs. the control group. LPS, lipopolysaccharide; PAI‑1, plasminogen activator inhibitor 1; TNF‑α, tumor necrosis 
factor‑α; HE, Hematoxylin eosin; IL‑6, interleukin 6; IκBα, inhibitor of nuclear factor κB kinase α; p, phosphorylated. 
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primary antibodies used were anti‑IL‑6 antibody (1:1,000 
dilution; cat.  no.  ab7737; Abcam), anti‑TNF‑α antibody 

(1:1,000 dilution; cat.  no.  ab11564; Abcam), anti‑PAI‑1 
(1:1,000 dilution; cat.  no.  ab222754; Abcam), anti‑IκBα 

Figure 2. LPS‑regulated transcriptome profile in heart. (A) Heat map representing the genes with expression levels that were altered after 4 days of LPS 
treatment in the mouse heart. Gene expression is shown with a pseudocolor scale, where red denotes higher gene expression levels and green denotes lower 
gene expression levels (P<0.05). (B) RT‑qPCR was performed to verify the expression levels of FZD8, IL‑8, PAI‑1 and FGF‑21, and the data were compared 
with the RNA‑sequencing data. GAPDH was used as the internal control. *P<0.05 vs. the control group. LPS, lipopolysaccharide; RT‑qPCR, reverse tran-
scription‑quantitative PCR; FZD8, frizzled class receptor 8; IL‑8, interleukin 8; PAI‑1, plasminogen activator inhibitor 1; FGF21, fibroblast growth factor 21. 

Figure 3. Classification of differentially expressed genes using GO terms. A total of 41 GO terms, including ‘developmental process’, ‘cell part’ and ‘binding’ 
biological processes, were enriched. GO, Gene Ontology.
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antibody (1:1,000 dilution; cat.  no.  sc‑371; Santa Cruz 
Biotechnology, Inc.), anti‑p‑IκBα antibody (1:200 dilu-
tion; cat.  no.  sc‑8404; Santa Cruz Biotechnology, Inc.) 
and anti‑GAPDH (1:5,000 dilution; cat.  no.  ab9485; 
Abcam). After two washes with 1x TBS, the membranes 
were incubated with a horseradish peroxidase‑conjugated 
secondary antibody (1:1,000, cat. no. 7074; Cell Signaling 
Technology, Inc.) for 2  h at room temperature, and the 
protein levels were detected using ECL western blotting 
reagents (cat. no. RPN2135, GE Healthcare) and Image lab 
v3.0 software (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean ±  the 
standard error of the mean. GraphPad Prism version 5 
(GraphPad Software, Inc.) was used to perform the statistical 
analysis. Differences between two group were compared using 
a Student's t‑test, and the differences among multiple groups 
were analyzed using a one‑way ANOVA. All experiments 
were repeated three times. P<0.05 was considered to indicate 
a statistically significant difference.

Results

LPS injection induces inflammation and cardiac damage. 
To understand the molecular mechanism of sepsis, LPS was 
injected into mice to generate a sepsis model. Furthermore, 
an RNA‑Seq‑based transcriptome study was performed 
to understand the molecular basis of this illness. Before 
performing RNA‑Seq, the effects of LPS on heart tissue 
damage were examined in mice at different time points. 
After 1, 2, 3 and 4 days of LPS injection, the heart tissue 
was sampled, and the inflammatory response was examined 
by western blot analysis. The results showed that PAI‑1 and 
TNF‑α levels were induced by LPS injection in heart tissue, 
and the highest levels were detected in the 4‑day sample; there-
fore, the subsequent experiments were performed using 4‑day 
LPS‑injected mouse hearts (Fig. 1A). After 4 days of LPS 
injection, the heart tissue began to show an abnormal structure 
with aberrant cardiac muscle arrangement. Histopathological 
analysis was performed using HE staining. The results showed 
major cardiac disorder in LSP‑injected hearts, and the symp-

Figure 4. Pathway analysis of differentially expressed genes. The differentially expressed genes under the stimuli of LPS were primarily classified into 
20 signaling pathways, which include the Wnt signaling pathway, cell cycle and TGF‑β signaling pathway. LPS, lipopolysaccharide; TGF‑β, transforming 
growth factor‑β.

https://www.spandidos-publications.com/10.3892/etm.2020.9086
https://www.spandidos-publications.com/10.3892/etm.2020.9086


CHEN et al:  TRANSCRIPTOMIC STUDY OF LPS-INDUCED SEPSIS DAMAGE IN MOUSE HEART 3787

toms included increased disorganization and discontinuation 
of the myocardial structure (Fig. 1B). In addition, the levels of 
inflammatory responsive proteins were assessed using western 
blot analysis. The three inflammation‑responsive markers 
tested, IL‑6, IκBα and p‑IκB, exhibited higher levels in 
LPS‑injected mouse hearts compared with the control group 
(without injection) (Fig. 1C). These results suggest that LPS 
injection induces inflammatory responses and cardiac damage 
in mice.

LPS treatment alters the expression of several genes. To 
further investigate the molecular mechanism underlying sepsis 
illness, RNA‑Seq experiments were carried out using mouse 
heart tissues with or without LPS injection for 4 days. The 
RNA‑Seq results demonstrated that 5,094 genes were signifi-
cantly altered by LPS (>two‑fold changes; P<0.05). Among 
them, 3,326 and 1,769 genes were upregulated and downregu-
lated, respectively, by LPS injection in mouse hearts (Fig. 2A). 
The following genes were assessed by RT‑qPCR to confirm 
the RNA‑Seq data: Frizzled class receptor 8 (FZD8), IL‑8, 
PAI1 and fibroblast growth factor 21 (FGF21). The inflam-
matory response genes (IL‑8 and PAI‑1) and FGF21 were 
upregulated, whereas a Wnt signaling gene (FZD8) decreased 
after LPS stimulation, and the RT‑qPCR results were similar 
to the RNA‑Seq data (Fig. 2B).

Differentially expressed genes are classified into diverse 
biological categories. In total, 5,094 differentially expressed 

genes regulated by LPS were further classified into GO and 
KEGG terms. GO analysis demonstrated that 41 GO terms 
were highly enriched (P<0.01; Fig. 3). These genes are involved 
in multiple biological processes, including ‘developmental 
process’, ‘cell part’, ‘binding’ and ‘cellular process’ (Fig. 3). 
Several genes were enriched in the ‘cell’, ‘cell part’ and 
‘cellular process’ biological categories. Subsequently, pathway 
analysis was performed using the 5,094 genes that were differ-
entially expressed by LPS damage. The results showed that 
these genes were classified into 20 different pathways, such 
as the ‘Wnt signaling pathway’, ‘VEGF signaling pathway’, 
‘small cell lung cancer’, and ‘cardiac muscle contraction’ 
pathways (Fig. 4).

Wnt signaling is involved in LPS‑induced heart damage. 
As Wnt signaling genes were regulated by LPS injection in 
mice, the role of Wnt signaling in sepsis development was 
further investigated. Wnt signaling serves a key role in cell 
survival, proliferation and differentiation (25). To test the role 
of Wnt signaling in sepsis regulation, Wnt3a, an inducer of 
Wnt signaling, and IWR, an inhibitor of Wnt signaling were 
used. First, an inducer of Wnt signaling was injected into mice 
to determine the function of Wnt signaling in LPS‑induced 
heart damage. After 4 days of injection, LPS induced PAI‑1 
expression, but Wnt3a treatment partially inhibited the 
LPS‑mediated induction of PAI‑1. In addition, LPS treatment 
suppressed FZD8 expression, whereas Wnt3a injection inhib-
ited the LPS suppression of FZD8 (Fig. 5A). Heart tissues were 

Figure 5. Effects of Wnt3a and IWR on expression of gene markers of heart tissue structure. LPS or Wnt3a together with LPS was injected, and the mouse 
hearts were extracted. (A) PAI‑1 and FZD8 expression levels were determined by reverse transcription‑quantitative PCR, and (B) heart tissue structure was 
analyzed by staining tissues with hematoxylin and eosin and observing under a light microscope. Scale bar, 100 µm. IWR, a Wnt signaling inhibitor, was 
injected, and (C) the PAI‑1 expression level and (D) heart tissue structure were analyzed. Arrows indicated sites of myocardial fiber fracture. Scale bars, 
100 µm. *P<0.05 vs. the control group; #P<0.05 vs. the LPS group. LPS, lipopolysaccharide; PAI‑1, plasminogen activator inhibitor 1; FZD8, frizzled class 
receptor 8. 
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evaluated further by HE staining. LPS injection damaged heart 
tissues by rearranging muscle, which exhibited deconstruc-
tion, whereas Wnt3a protected against LPS‑induced cardiac 
damage (Fig. 5B). In contrast, IWR, a Wnt signaling inhibitor, 
was injected into the mice. After 4 days of injection, PAI‑1 
expression was significantly induced in the heart (Fig. 5C). 
Furthermore, IWR injection damaged heart tissues, similar 
to LPS injection, which exhibited aberrant cardiac muscle 
(Fig. 5D).

Discussion

Sepsis is caused by the imbalanced response of humans to 
pathogen infection, and this may result in severe damage to 
various organs, including the heart. A previous clinical study 
demonstrated that sepsis during the early stages is associated 
with a high incidence of organic damage to the myocardium, 
which causes hypotension, heart failure and arrhythmia (42). 
Currently, ~40% of patients with sepsis suffer from myocar-
dial injury, ~60% of patients in intensive care units have 
clinical manifestations of myocardial injury, and the mortality 
of patients with sepsis can reach 70‑90% (43). However, no 
therapeutic strategies are available for patients with sepsis, 
and therefore, this issue has attracted attention worldwide. 
Exploring the molecular basis of sepsis will be useful for 
isolating target genes or proteins for therapy. However, studies 
regarding sepsis are still limited to date.

In the present study, bacterial endotoxin, including LPS, 
which is a potential inducer of inflammation, was injected 
into a mouse model of sepsis, and transcriptome analysis 
was performed to understand the molecular mechanism 
of sepsis in the mouse heart model. Initially, LPS was 
injected; which markedly induced an inflammatory response, 
based on evaluation of inflammatory response markers by 
western blot analysis. Additionally, histological analysis 
demonstrated that LPS injection severely damaged cardiac 
tissues by rearranging muscle order. This may have been 
caused by either the injection of low‑concentration LPS or 
the LPS tolerance response (44); however, further analyses 
are required to verify this observation. The inflammatory 
response was also induced by the detection of IL‑6, IκBα, 
p‑IκBα, PAI‑1 and TNF‑α levels using western blot analysis. 
LPS treatment significantly increased the expression levels 
of these protein, The critical step in NF‑kB activation is 
the phosphorylation of IkBα (45), suggesting that TNF‑α 
and NF‑κB signaling was activated in the mouse heart. In a 
subsequent RNA‑seq‑based transcriptome study, the expres-
sion levels of several genes were altered by injection of LPS 
in mouse hearts. Among these, 3,326 and 1,769 genes were 
upregulated and downregulated, respectively. These differ-
entially expressed genes were classified into 41 GO terms 
and 20 KEGG pathways. Among the 20 enriched pathways, 
‘Wnt signaling pathway’, ‘VEGF signaling pathway’, ‘TFG‑β 
signaling pathway’ and ‘cytokine‑cytokine receptor interac-
tion’ pathways, and activity of certain metabolic pathways 
was altered. The western blot analysis suggested that TNF‑α 
and NF‑κB signaling was significantly increased by LPS 
injection. However, these signaling pathway genes were not 
enriched in the KEGG analysis. This difference in results may 
be due to the induction time point for transcripts or proteins, 

as 4 days is a relatively long period, and the occurrence of 
transcriptional changes is normally fast, or the increase in the 
number of these pathway genes may be lower. Nevertheless, 
IL‑8 was detected and induced by LPS treatment. TNF‑α and 
IL proteins are cytokines that serve important roles during 
the inflammatory response (46), and the KEGG analysis also 
showed that the cytokine‑cytokine receptor interaction term 
was enriched. VEGF, TGF‑β and small lung cancer pathways 
are known to serve roles during cancer development (47,48). 
Notably, another key signaling pathway in cancer biology, the 
Wnt signaling pathway, was enriched, and the Wnt genes were 
suppressed by LPS treatment, suggesting that these signaling 
pathways may be associated with inflammation and sepsis. 
Furthermore, the role of Wnt signaling was analyzed by 
activation or inhibition experiments in the present study. The 
function of Wnt signaling in sepsis has not been previously 
reported to the best of our knowledge. Furthermore, Wnt3a 
was added to induce Wnt signaling, to determine the role 
of Wnt signaling during sepsis. Wnt3a treatment inhibited 
LPS‑mediated PAI‑1 and FZD8 gene expression, and also 
prevented damage to cardiac tissue structure caused by LPS. 
Wnt3a treatment together with LPS reduced the LPS‑induced 
damage to the myocardium. A Wnt signaling inhibitor, IWR, 
was subsequently injected; IWR injection increased the PAI‑1 
expression levels and resulted in damage to the heart tissues, 
which exhibited abnormal cardiac organization. These data 
suggest that Wnt signaling protects against LPS‑induced 
heart damage by reducing the inflammatory response. In 
addition, LPS treatment reduced expression of the Wnt 
signaling gene FZD8, suggesting that the LPS‑mediated 
inflammatory response signaling may function upstream 
of Wnt signaling. Wnt3a and IWR treatment also inhibited 
and induced PAI‑1 expression, respectively, suggesting that 
Wnt signaling functioned upstream of the inflammatory 
responsive gene PAI‑1. These data suggest that Wnt and 
inflammatory response signals are associated with each other, 
and the crosstalk should be further analyzed in future studies. 
FGF21, a fibroblast growth factor, was also induced by LPS 
damage. FGF21 is an important hormone that protects organs 
from different damages (49,50). Testing FGF21 function in 
further studies may be useful. However, the present study has 
its own limitations. Key regulators of Wnt signaling GSK‑3β 
and β‑catenin, were not measured following treatment with 
LPS, Wnt3a and IWR.

In conclusion, RNA‑Seq analysis was performed to 
determine the molecular mechanism of a sepsis‑damaged 
heart using a mouse model generated by LPS injection. The 
data suggested that sepsis damage in the heart may be caused 
by complicated processes, but LPS inhibited Wnt signaling 
to induce heart injury. This finding may be important for 
further exploration of sepsis‑mediated damage to different 
tissues.
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