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Abstract: Objective: Forkhead box protein O1 (FOXO1) has been shown to regulate multiple proteins in various 
cardiovascular disease processes. However, the effect of FOXO1 on lipopolysaccharide (LPS)-induced cardiotoxicity 
remains unknown. The aim of this study was to explore the impact of FOXO1 on LPS-induced cardiotoxicity. Methods: 
Rat-derived H9c2 cells were subjected to LPS, and the manipulation of FOXO1 was achieved through overexpression 
and knockdown using the adeno-associated virus system and siRNA, respectively. Western blotting and quantita-
tive real-time polymerase chain reaction were utilized to examine the inhibitory effect of FOXO1. Cell viability was 
examined utilizing Cell Counting Kit-8 assay. The changes of apoptosis were examined utilizing Annexin V-FITC/PI 
method. The levels of pro-inflammatory cytokines, including interleukin (IL)-1β, IL-18, and tumor necrosis factor-α 
in the H9c2 cells were measured using ELISA kits. Reactive oxygen species (ROS) generation was quantified using 
the 2’-7’dichlorofluorescin diacetate assay kit. Results: In H9c2 cells treated with LPS, FOXO1 expression was down-
regulated in a dose-dependent and time-dependent manner. Overexpression of FOXO1 attenuated LPS-induced 
apoptosis, oxidative stress injury, and cardiomyocyte inflammation, while FOXO1 inhibition aggravated these pro-
cesses. Additionally, FOXO1 was found to regulate LPS-related myocardial injury by downregulating the expression of 
NLR family pyrin domain-containing 3 (NLRP3). Conclusion: FOXO1 overexpression attenuated apoptosis, ROS gen-
eration, and inflammation, whereas FOXO1 inhibition aggravated LPS-induced cardiomyocyte injury via the NLRP3 
inflammasome signaling pathway.
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Introduction

Sepsis, which is caused by life-threatening in- 
fections, is a complex systemic inflammatory 
response syndrome [1]. The high mortality rate 
of sepsis is caused by the development of mul-
tiple organ failure, of which sepsis-induced car-
diomyopathy is a very common cause [2-4]. 
Previous studies have reported that approxi-
mately 43% of patients with sepsis have cardi-
ac injury and positive serum troponin levels [5, 
6]. In addition, cardiac dysfunction has been 
confirmed to be a major factor leading to mor-
tality and morbidity in these patients [7].

Forkhead box protein O1 (FOXO1) is a key tran-
scription factor involved in the regulation of  
a variety of physiological processes, including 

apoptosis, fibrosis, and cardiac hypertrophy 
[8-11]. It was confirmed that overexpression of 
FOXO1 could aggravate aging-related cardiac 
dysfunction by promoting muscle cell death 
[12]. The RNA binding protein Quaking (QKI) 
could also promote nitrosative stress and en- 
doplasmic reticulum stress by upregulating 
FOXO1 expression in mice [13]. Moreover, 
FOXO1 expression was found to be downregu-
lated in the lipopolysaccharide (LPS)-induced 
acute kidney injury model, and overexpression 
of FOXO1 via adeno-associated virus delivery 
could enhance renal function and reduce mito-
chondrial damage [14]. Chalise et al. previously 
reported a relationship between FOXO1 and 
LPS in the heart [15]. Furthermore, FOXO1 is 
highly expressed cardiac tissue, and the expres-
sion levels of genes and proteins change with 
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the progression of dilated cardiomyopathy [16]. 
In terms of signaling pathways, the three main 
kinases, Akt, Erk1/2 and Ikk, mediate the ph- 
osphorylation, inactivation and degradation of 
FOXO [17]. Previously studies have reported  
the mechanism of LPS-induced cardiotoxicity, 
involving apoptosis, inflammation and ROS  
generation [18, 19]. Nevertheless, the role of 
FOXO1 in LPS-induced cardiomyocyte injury 
remains unclear.

The aim of this study was to investigate the 
changes of FOXO1 expression in H9c2 cells 
after LPS stimulation and the effects of FOXO1 
intervention on LPS-related cardiomyocyte inju-
ry. The underlying mechanism by which FOXO1 
regulated LPS-induced cardiotoxicity was also 
explored.

Materials and methods

Cell culture and treatment

Rat cardiomyocyte-derived H9c2 cells (Cell 
Bank of the Chinese Academy of Sciences, 
Shanghai, China) were cultured in Dulbecco’s 
modified Eagle’s medium containing 10% fetal 
bovine serum (Gibco, Carlsbad, CA, USA) and 
1% penicillin/streptomycin at 37°C in a 5% CO2 
incubator. LPS (Sigma, St. Louis, MO, USA) at 
concentrations of 1, 5, 10, 50, or 100 μg/mL 
was added to culture medium. The cells were 
treated with 10 μg/mL LPS for 0.25, 0.5, 1, 2, 
and 3 days. siRNA of FOXO1 (si-FOXO1) and 
negative control (si-NC), pcDNA3.1-FOXO1, and 
Ad-NC (GenePharma Co., Shanghai, China) we- 
re used for the transfection experiment. After 
transfection with si-NC, si-FOXO1, pcDNA3.1-
GFP, or pcDNA3.1-FOXO1 using Lipofectamine 
3000 for 6-8 h and subsequent medium 
change, the cells were treated with 10 μg/mL 
LPS for 1 day after 24 hours. This study was 
approved by the Ethics Committee of Tianjin 
Fifth Central Hospital.

Cell viability

Cell Counting Kit (CCK)-8 assay (Dojindo, 
Kumamoto, Japan) was conducted as described 
previously [18]. Briefly, H9c2 cells were inocu-
lated into 96-well plates (1 × 104 cells/well) 
overnight. After incubation under different con-
ditions, CCK-8 (10 μL) was supplemented, and 
cells were cultivated for additional 2 h. The 
OD450 nm (optical density) was detected by a 
microplate reader (Bio-Rad, Hercules, CA, USA).

Apoptosis

The changes in apoptosis were examined utiliz-
ing Annexin V-FITC/PI Kit (JIANCHENG Biotech 
Co., Ltd., Shanghai, China). Following LPS stim-
ulation, the cells were collected and washed 3 
times with phosphate-buffered saline. Sub- 
sequently, the cells were incubated in dark with 
10 µL of Annexin V-FITC and 5 µL of PI for 15 
min. The apoptosis rate was determined by 
FACSCalibur flow cytometer (BD Biosciences). 
The levels of apoptosis were determined by 
quantifying the number of cells positively 
stained solely with Annexin V, following the pre-
viously described method [21]. 

Western blotting

Protein was extracted from H9c2 cells using 
RIPA buffer. Samples (30 μg/lane) were loaded 
on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred 
onto polyvinylidene fluoride (PVDF) membrane, 
which were blocked with 5% skimmed milk at 
room temperature for 1 h, rinsed with PBST 
three times, and cultivated with the primary 
antibodies FOXO1, (#2880, 1:1000, Cell Sig- 
naling Technology), NLR family pyrin domain-
containing 3 (NLRP3) (ab214185, 1:1000, 
Abcam), and GAPDH (ab9485, 1:1000, Ab- 
cam) at 4°C overnight. Afterwards, the mem-
branes were probed with horseradish peroxi-
dase (HRP)-labeled secondary antibody and 
visualized using enhanced chemiluminescence 
(ECL) reagents in a ChemiDoc Touch chemilumi-
nescence detection system (Bio-Rad, Hercules, 
CA, USA).

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

TRIzol (Invitrogen, Carlsbad, CA, USA) was used 
to lyse the cells and extract total RNA. Next, 
RNA was reversely transcribed into cDNA using 
a cDNA Synthesis Kit (Roche, USA). Briefly, 10 
μL of the extracted DNA was tested in a final 
reaction volume of 25 μl containing 12.5 μL  
of ExTaq 2 × probe mix. Green Master Mix 
(YEASEN, Shanghai, China) was used to per-
form qRT-PCR using the specific primer se- 
quences (Table 1). The real-time PCR was per-
formed with the following cycling program: 5 
min at 95°C, followed by 45 cycles of 30 s at 
55°C and 20 s at 65°C on a BioRad CFX 96 
thermocycler (Hercules, California, USA). In ea- 
ch run, non-template controls were included. 
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The mRNA expressions were calculated using 
the 2-ΔΔCt method.

Enzyme-linked immunosorbent assay (ELISA)

The levels of pro-inflammatory cytokines, in- 
cluding interleukin (IL)-1β, IL-18, and tumor 
necrosis factor (TNF)-α in the H9c2 cells were 
detected using ELISA kits (Bio-Swamp Im- 
munoassay R&D Center, Shanghai, China) fol-
lowing the relevant instructions. The OD450 nm 
was obtained by a microplate reader.

Reactive oxygen species (ROS) generation

The H9c2 cells were inoculated in 6-well plates 
at a density of 5 × 105 cells/well. After treat-
ment with LPS for 1 d, ROS generation was 
quantified using the 2’-7’dichlorofluorescin dia- 
cetate (DCFH-DA) assay kit (Ab238535, Ab- 
cam, Cambridge, United Kingdom) following the 
manufacturer’s instructions. Briefly, 50 µL of 
samples or hydrogen peroxide standards were 
added into a black 96-well plate. Catalyst (50 
µL) was added into each well, incubated for 5 
min at room temperature, then DCFH solution 
(100 µL) was added and incubated for 30 min 
in dark at room temperature. Fluorescence was 
read at 480 nm/530 nm (excitation/emission).

Statistical analysis

The data were analyzed using Prism 7.0 (Gra- 
phPad Software Inc., CA, USA) and expressed 
as mean ± standard deviation (SD). Differences 
between two groups were analyzed using an 
unpaired two-sided t-test, whereas differences 
among three or more groups were examined 
utilizing one-way analysis of variance (ANOVA) 
with Tukey’s post hoc test. P < 0.05 indicated 
statistical significance.

H9c2 cells were stimulated with 10 μg/mL LPS 
for 0.25, 0.5, 1, 2, and 3 d. As expected, cell 
viability was decreased in a time-dependent 
manner (Figure 1B). Thus, in the subsequent 
experiments, the H9c2 cells were treated with 
10 μg/mL LPS for 1 d to establish cardiomyo-
cyte injury.

LPS increased apoptosis, ROS generation, and 
inflammation

The apoptosis rate of the LPS group was signifi-
cantly higher than that in the control group 
(Figure 2A). The ROS generation was also 
increased after LPS treatment (Figure 2B). 
Additionally, the levels of pro-inflammatory cy- 
tokines were markedly increased in the LPS 
group, as determined using ELISA (Figure 2C-F). 
These results indicated that LPS stimulation 
induced obvious inflammatory and apoptotic 
injury in the H9c2 cells.

LPS decreased FOXO1 expression in the H9c2 
cells

To determine the association of FOXO1 levels 
with LPS, FOXO1 protein and mRNA levels were 
determined using Western blotting and qRT-
PCR, respectively. After stimulating the H9c2 
cells with different concentrations of LPS (1, 5, 
10, 50, or 100 μg/mL) for 1 day, FOXO1 protein 
and mRNA levels were significantly downregu-
lated in a dose-dependent manner compared 
with those in the control group (Figure 3A and 
3B). Similarly, FOXO1 expression was markedly 
downregulated in a time-dependent manner 
after LPS stimulation for 6, 12, 24, 48, and  
72 h (Figure 3C and 3D). These findings sug-
gested that FOXO1 played a role in LPS-induced 
cardiotoxicity.

Table 1. List of primer sequences generated for qPCR

Gene
Primer sequences (5’-3’)
Forward Reverse

NLRP3 GTGGAGATCCTAGGTTTCTCTG CAGGATCTCATTCTCTTGGATC
TNF-α AGCATGATCCGAGATGTGGAA TAGACAGAAGAGCGTGGTGGC
FOXO1 CTTGGAGAAGGGGATGTGC TGTTGGTGATGAGAGAAGGTTG
IL-1β CAGGTCGCTCAGGGTCACA CAGAGGCAAGGAGGAAACACA
IL-18 AAAGATAGCCAGCCTAGAGGTATG GATCTATCCCCCAATTCATCCT
GAPHD TATGTCGTGGAGTCTACTGGT GAGTTGTCATATTTCTCGTGG
NLRP3: NLR family pyrin domain-containing 3; TNF-α: tumor necrosis factor-α; 
FOXO1: Forkhead box protein O1; IL-1β: interleukin-1β; IL-18: interleukin-18; 
GAPHD: glyceraldehyde 3-phosphate dehydrogenase.

Results

LPS treatment decreased cell 
viability in a time-dependent and 
dose-dependent manner

First, LPS-induced cardiotoxicity 
was established by stimulating 
the H9c2 cells with various con-
centrations of LPS (1, 5, 10, 50, 
and 100 μg/mL) for 1 day. LPS 
treatment significantly decreased 
cell viability in a dose-dependent 
manner compared with the con-
trol group (Figure 1A). Next, the 
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FOXO1 inhibited LPS-induced apoptosis

The effects of FOXO1 on LPS-induced cardio-
toxicity were explored. pcDNA3.1-FOXO1 or si-
FOXO1 was transfected into the H9c2 cells to 
overexpress or knockdown FOXO1, respective-
ly. Western blotting and qRT-PCR were utili- 
zed to detect the transfection efficiency of 
pcDNA3.1-FOXO1 and si-FOXO1. In the H9c2 
cells, pcDNA3.1-FOXO1 significantly increased 
the FOXO1 protein and mRNA levels, while si-

FOXO1 significantly decreased those levels 
(Figure 4A and 4B). In addition, compared with 
that in the control group, the viability of the 
H9c2 cells with overexpressed FOXO1 was sig-
nificantly increased after LPS stimulation, 
whereas si-FOXO1 aggravated the LPS-induced 
decline in cell viability (Figure 4C). Furthermore, 
the apoptosis rate of H9c2 cells treated with 
LPS showed a decrease upon FOXO1 overex-
pression and an increase after FOXO1 inhibi-
tion (Figure 4D). These results provide evidence 

Figure 1. LPS treatment decreases cell viability in H9c2 cells. A. Cell viability was examined using the CCK-8 assay 
after the cells were treated with various concentrations of LPS (1, 5, 10, 50, and 100 μg/mL) for 2� h. B. Cell vi-μg/mL) for 2� h. B. Cell vi-/mL) for 24 h. B. Cell vi-
ability was determined with 10 μg/mL LPS for 6, 12, 24, and 48 h. n=12, *P < 0.05, **P < 0.01, ***P < 0.001, 
compared with the control group. LPS: lipopolysaccharide.

Figure 2. Effects of LPS on apoptosis, oxidative stress, and inflammation. (A) The apoptosis rate was measured us-
ing the Annexin V-FITC/PI kit after treating the cells with LPS for 24 h. (B) ROS generation was determined using the 
ROS assay. The mRNA (C) and protein levels of TNF-α (D), IL-1β (E), and IL-18 (F) were determined using qRT-PCR 
and ELISA, respectively. n=6, *P < 0.05, **P < 0.01, compared with the control group. LPS: lipopolysaccharide; 
ROS: reactive oxygen species; TNF-α: tumor necrosis factor-α; IL-1β: interleukin-1β; IL-18: interleukin-18; qRT-PCR: 
quantitative real-time polymerase chain reaction; ELISA: enzyme-linked immunosorbent assay.
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that FOXO1 overexpression attenuated LPS-
induced apoptosis of the H9c2 cells.

FOXO1 suppressed myocardial inflammation 
accumulation and LPS-induced ROS genera-
tion

The impact of FOXO1 on LPS-induced oxidative 
damage was investigated. Myocardial ROS gen-
eration was decreased in LPS-treated H9c2 
cells with overexpressed FOXO1. Conversely, si-
FOXO1 further aggravated LPS-induced oxida-
tive damage (Figure 5). The effects of FOXO1 
on LPS-induced inflammation were explored by 
studying the production of pro-inflammatory 
cytokines after FOXO1 overexpression. After 
LPS stimulation, si-FOXO1 further upregulated 
the mRNA levels of the pro-inflammatory cyto-

kines (TNF-α, IL-1β, and IL-18), whereas the 
overexpression of FOXO1 alleviated these 
effects (Figure 6A-C). In addition, changes in 
the cytokine protein levels, as measured by 
ELISA, were consistent with the mRNA levels, 
as assayed by qRT-PCR (Figure 6D-F). These 
data suggested that FOXO1 inhibited LPS-
induced oxidative damage and inflammatory 
responses in the H9c2 cells.

FOXO1 altered NLRP3 expression

Previous studies determined that FOXO1 de- 
creased NLRP3 expression during inflamma-
tion [19, 20]. qRT-PCR and Western blotting 
were utilized to quantify the NLRP3 mRNA and 
protein levels, respectively, in H9c2 cells with 
FOXO1 overexpression or FOXO1 knockdown to 

Figure 3. FOXO1 expression in H9c2 cells is downregulated after LPS treatment. A, B. The FOXO1 protein and mRNA 
levels in the cells treated with 1, 5, 10, 50, and 100 μg/mL LPS for 24 h were determined. C. FOXO1 protein levels 
after stimulation with 10 μg/mL LPS for 6, 12, 24, and 48 h. D. FOXO1 mRNA levels after stimulation with 10 μg/
mL LPS for 6, 12, 24, and 48 h. n=6, *P < 0.05, **P < 0.01, compared with the control group. FOXO1: Forkhead 
box protein O1; LPS: lipopolysaccharide.
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verify whether FOXO1 regulated the inflamma-
tory response by altering the expression of 
NLRP3 after LPS stimulation. The NLRP3 pro-
tein and mRNA levels were markedly upregu-
lated in the H9c2 cells after LPS stimulation, 
whereas FOXO1 overexpression downregulated 
the expression of NLRP3 (Figure 7A and 7B). 
Furthermore, the downregulation of FOXO1 
resulted in a significant upregulation of NLRP3 

expression. These results indicate that the 
NLRP3 might be a target of FOXO1 in the con-
text of LPS-induced cardiotoxicity. To investi-
gate the effect of NLRP3 in FOXO1-mediated 
LPS-induced inflammation, NLRP3 was overex-
pressed or silenced in LPS-treated cells with 
FOXO1 overexpression or silencing (Figure 8A). 
ELISA was performed to assess the regulation 
of inflammatory cytokines. The results clearly 

Figure 4. FOXO1 attenuates LPS-induced decreased cell viability and increased apoptosis. (A) Representative West-
ern blot images of FOXO1 levels in the H9c2 cells after transfection with pcDNA3.1-FOXO1 or Ad-NC, si-FOXO1 or 
si-NC after LPS treatment. (B) FOXO1 mRNA expression was measured using PCR. Cell viability (C) and the apoptosis 
rate (D) after FOXO1 overexpression or knockdown. n=6, *P < 0.05, **P < 0.01, compared with the matched con-
trol. FOXO1: Forkhead box protein O1; LPS: lipopolysaccharide; PCR: polymerase chain reaction.
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demonstrated that NLRP3 counteracted the 
inhibitory effect of FOXO1 on inflammation 
(Figure 8B-D).

Discussion

Studies have revealed that excessive apopto-
sis, oxidative stress, and inflammation play a 
critical role in cardiac dysfunction during sepsis 
[3, 21]. This study was the first to report the 
protective effect of FOXO1 on sepsis-induced 
cardiomyopathy. The in vitro functional studies 
of FOXO1 overexpression and knockdown in 
LPS-induced cardiotoxicity suggested that 
FOXO1 negatively regulated sepsis-induced 
cardiomyopathy and prevented oxidative dam-
age and systemic inflammation by inhibiting 
NLRP3 expression.

FOXO1 is an important regulator of oxidative 
stress response, cell proliferation, cell death, 
and metabolism [22]. Deletion of FOXO1 could 
lead to cardiac hypertrophy and consequently 
heart failure [23]. Moreover, FOXO1 activity 
after insulin resistance could increase the 
apoptosis rate and disrupt energy metabolism 
by upregulating the levels of β-MHC in the heart 
[11]. LPS is an outer membrane component of 
Gram-negative bacteria, which triggers myocar-

dial abnormalities in sepsis [24]. After exposure 
to LPS, the expression of FOXO1 was decreased 
in the kidney, and the overexpression of FOXO1 
alleviated LPS-induced injury of renal tubular 
epithelial cells [14]. This study also found that 
LPS could decrease FOXO1 expression in a 
time-dependent and dose-dependent manner. 
In addition, the overexpression of FOXO1 in the 
H9c2 cells could promote cell viability after LPS 
treatment. These data indicated that FOXO1 
played a crucial role in LPS-related cardiac 
injury.

Increased ROS generation is an essential 
mechanism of sepsis-induced cardiomyopathy 
[25-28]. Excessive ROS generation can induce 
mitochondrial oxidative damage and apoptosis 
in the heart. FOXO1 has been shown to upregu-
late the levels of antioxidant genes in oxida- 
tive stress response, increase ROS scavenging 
activity, and reduce DNA damage and apopto-
sis [13]. FOXO1 has also been confirmed to be 
a key regulator of cell longevity by decreasing 
ROS generation [12]. A previous study also 
showed that SIRT1/FOXO1a/SOD2 signaling 
attenuated mitochondrial damage by inhibiting 
NLRP3 inflammasome [29]. Even though ROS 
plays a vital role in LPS-induced inflammatory 
response, low levels of ROS have been report-
ed to be necessary for the immune system to 
maintain health. However, it was also found 
that inhibiting FOXO1-NLRP3 inflammasome 
was advantageous in mitigating smoke inhala-
tion-induced lung injury [30]. ROS interactions 
with NLRP3 inflammasomes participate in reg-
ulating the immune inflammation responses. 
Studies have reported the relationship between 
ROS and NLRP3 inflammasomes. (1) ROS gen-
eration partly depends on activation of NLRP3 
inflammasomes. (2) ROS-mediated DAMPs are 
involved in activating NLRP3 inflammasomes 
to increase inflammation. (3) ROS-induced 
NLRP3 components may be important factors 
in triggering apoptosis of immune cells [31]. In 
this study, inhibition of FOXO1 further increased 
ROS generation as well as NLRP3 upregulation 
after LPS treatment, whereas overexpression 
of FOXO1 reduced ROS-related cell injury and 
apoptosis, as well as NLRP3 expression. These 
findings suggested that FOXO1 could protect 
cardiomyocytes from LPS-induced injury by 
inhibiting ROS generation and cell apoptosis. 
However, further investigation is warranted to 
delve deeper into this mechanism.

Figure 5. FOXO1 attenuates LPS-induced oxidative 
stress. ROS generation was examined using the 
DCFH-DA assay in the Control, LPS, LPS + Ad-NC, LPS 
+ pcDNA3.1-FOXO1, LPS + si-NC, and LPS + si-FOXO1 
groups. n=6, *P < 0.05, **P < 0.01, compared with 
the matched control. FOXO1: Forkhead box protein 
O1; LPS: lipopolysaccharide; ROS: reactive oxygen 
species; DCFH-DA: 2’-7’dichlorofluorescin diacetate.
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Figure 6. FOXO1 suppresses LPS-related inflammation. A-C. The mRNA levels of pro-inflammatory cytokines in the 
H9c2 cells, including TNF-α, IL-1β, and IL-18, after transfection with pcDNA3.1-FOXO1 or Ad-NC, si-FOXO1 or si-NC 
after LPS treatment, as determined using qRT-PCR. D-F. The levels of inflammatory cytokines, including TNF-α, IL-1β, 
and IL-18, in H9c2 cells after transfection with pcDNA3.1-FOXO1 or Ad-NC, si-FOXO1 or si-NC after LPS treatment, as 
determined using ELISA. n=6, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the matched control. FOXO1: 
Forkhead box protein O1; LPS: lipopolysaccharide; TNF-α: tumor necrosis factor-α; IL-1β: interleukin-1β; IL-18: inter-
leukin-18; qRT-PCR: quantitative real-time polymerase chain reaction; ELISA: enzyme-linked immunosorbent assay.
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Inflammation also plays a significant role in 
sepsis-induced cardiomyopathy. Several mo- 
lecular mechanisms, such as the formation of 
the NLRP3 inflammasome and the activity of 
the NF-κB pathway, have been proposed to 
explain the influence of inflammation on LPS-
related injury [32-34]. The intervention of the 
NLRP3 inflammasome or NF-κB pathway de- 
creased the levels of inflammation-associated 
cytokines in LPS-induced cardiac dysfunction 
[35, 36]. The activation of NLRP3 increased the 
serum levels of IL-1β and IL-18. The role of 
FOXO1 in regulating NLRP3 during liver injury 
has been demonstrated [19, 37, 38]. In the 
present study, it was observed that FOXO1 
knockdown promoted NLRP3 expression and 
the release of pro-inflammatory cytokines. 
These data indicated that FOXO1 aggravated 
LPS-related inflammation in the H9c2 cells, 
partly by regulating NLRP3 activity.

This study also has certain limitations. First, 
the H9c2 cell line was used in vitro, which is the 
most widely used cell line in previous studies 
because of its similarity to primary cardiomyo-
cytes in vitro. However, it cannot fully reproduce 
the characteristics of primary cardiomyocytes. 
Therefore, further experiments are needed to 
validate the present results.

In conclusion, FOXO1 downregulation promo- 
ted LPS-induced myocardial injury in the H9c2 
cells by upregulating NLRP3 expression, where-
as FOXO1 overexpression attenuated these 
effects. Therefore, FOXO1 may be a promising 
target for the treatment of sepsis-induced 
cardiomyopathy.
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Figure 7. FOXO1 decreases NLRP3 expression. A. Representative Western blot images of NLRP3 expression of the 
H9c2 cells in the Control, LPS, LPS + Ad-NC, LPS + pcDNA3.1-FOXO1, LPS + si-NC, and LPS + si-FOXO1 groups. B. 
mRNA levels of NLRP3, as determined using qRT-PCR. *P < 0.05, **P < 0.01, compared with the matched control. 
FOXO1: Forkhead box protein O1; NLRP3: NLR family pyrin domain-containing 3; LPS: lipopolysaccharide; qRT-PCR: 
quantitative real-time polymerase chain reaction.

Figure 8. NLRP3 counteracts the effect of FOXO1 on inflam-
mation. A. Representative Western blot images of NLRP3 
expression of the H9c2 cells. B-D. The levels of inflam-
matory cytokines, including TNF-α, IL-1β, and IL-18, in the 
H9c2 cells after transfection with pcDNA3.1-FOXO1 with or 
without NLRP3 overexpression, si-FOXO1 with or without 
si-NLRP3 after LPS treatment, as determined using ELISA. 
*P < 0.05, **P < 0.01, compared with the matched con-
trol. FOXO1: Forkhead box protein O1; NLRP3: NLR family 
pyrin domain-containing 3; LPS: lipopolysaccharide; TNF-α: 
tumor necrosis factor-α; IL-1β: interleukin-1β; IL-18: inter-
leukin-18; ELISA: enzyme-linked immunosorbent assay.
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