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Abstract
Sepsis is a systemic inflammatory response that can result in cardiac insufficiency or heart 
failure known as septic myocardial injury. A previous study identified OLFM4 as an important 
gene in sepsis through bioinformatics analysis. However, there is limited research on the reg-
ulatory functions of OLFM4 in sepsis-triggered myocardial injury, and the related molecular 
mechanisms remain unclear. In this study, the protein expression of OLFM4 was found to be 
significantly elevated in LPS-stimulated H9C2 cells, and its suppression enhanced cell pro-
liferation and reduced cell apoptosis in LPS-triggered H9C2 cells. The inflammatory factors 
TNF-α, IL-6, and IL-1β were increased after LPS treatment, and these effects were mitigated 
after silencing OLFM4. Moreover, it was confirmed that inhibition of OLFM4 attenuated the 
NF-κB signaling pathway. In conclusion, the knockdown of OLFM4 protected cardiomyocytes 
from sepsis by inhibiting apoptosis and inflammatory responses via the NF-κB pathway. These 
findings provide important insights into the regulatory functions of OLFM4 in the progression 
of septic myocardial injury.
© 2024 Codon Publications. Published by Codon Publications.
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Introduction

Sepsis, an overwhelming systemic inflammatory response 
triggered by bacterial infection, is a complication in crit-
ically ill patients that can progress to multiple organ 
dysfunction syndrome (MODS).1 Various treatments have 
been employed to improve this condition, including blood 
purification techniques to remove inflammatory mediators 

and cytokines.2,3 Despite these interventions, the limited 
treatment options available indicate that sepsis remains a 
leading cause of high mortality among hospitalized patients 
globally.4 Cardiac insufficiency is a common occurrence in 
sepsis patients.5 Studies have shown that the mortality rate 
for sepsis patients with myocardial injury is approximately 
80%, significantly higher than the 20% mortality rate for 
those without myocardial injury.6 Therefore, understanding 
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chemiluminescence detection kit (Thermo Fisher Scientific, 
Inc.) was used for visualization.

Immunofluorescence (IF) assay

H9C2 cells were fixed using 4% paraformaldehyde, and 
after blocking with 5% BSA and permeabilizing with 0.2% 
Triton X-100 in PBS, the cells were incubated with OLFM4 
antibody (1 µg/mL; ab85046; Abcam, Shanghai, China). 
The cells were then incubated with FITC-labeled goat anti-
rabbit IgG (Proteintech Group, Inc., Wuhan, China). DAPI 
was used for nuclear staining. IF images were obtained 
using the Olympus BX53 microscope (Olympus Optical Co. 
Ltd., Tokyo, Japan).

CCK-8 assay

H9C2 cells (1 × 104 cells/well) were cultured in a 96-well 
plate for 24 hours. Each well was then supplemented 
with 10 μL of Cell Counting Kit-8 (CCK-8) solution (Dojindo 
Laboratories, Kumamoto, Japan). After 4 hours, cell via-
bility was determined by measuring absorbance at 450 nm 
using a spectrophotometer (Thermo Fisher Scientific, MA, 
USA).

5-ethynyl-2′-deoxyuridine (EdU) assay

H9C2 cells were incubated with EdU (50 μM, RiboBio, 
Guangzhou, China) solution for 2 h. After fixation with 
4% paraformaldehyde and permeabilization with 0.5% 
Triton-X-100, the cells were stained with Apollo dye solu-
tion and 4',6-diamidino-2-phenylindole (DAPI) solution. 
EdU-positive cells (red) were observed under a fluores-
cence microscope (Leica, Hilden, Germany).

Flow cytometry

Cell apoptosis was assessed using the Annexin V-FITC/PI 
Apoptosis Detection Kit (BD Biosciences, Woburn, MA, USA). 
Briefly, the BrH9C2 cells were stained with FITC-labeled 
Annexin-V (5 μL) in the dark, followed by the addition of PI 
(10 μL). Cell apoptosis was then analyzed using a BD Accuri 
C6 Plus flow cytometer and the BD Accuri C6 Plus software 
(BD Biosciences, Franklin Lakes, NJ, USA).

ELISA

The levels of TNF-α, IL-6, and IL-1β in the supernatant 
were measured using ELISA kits for TNF-α (ab236712), IL-6 
(ab234570), and IL-1β (ab255730) from Abcam (Shanghai, 
China).

Statistical analysis

Statistical analysis was performed using SPSS 22.0 software 
(IBM Corp., Armonk, NY, USA). The data are presented as 
the mean ± standard deviation (SD) and were normally dis-
tributed. Comparisons were made using Student's t-test 

the pathogenesis and identifying novel targets for sepsis-
induced myocardial injury is significant.

Olfactomedin 4 (OLFM4, also known as GW112 or hGC-1)  
is a granule protein and a member of the olfactomedin 
family.7 OLFM4 exhibits dysregulated expression in various 
inflammatory diseases and is involved in their regulation. 
For instance, OLFM4 deletion modulates P62-dependent 
mitophagy, exacerbating nonalcoholic fatty liver disease in 
mice.8 In addition, OLFM4 can induce dysplasia and inhibit 
metastasis in colon cancer.9 Quantitative proteomic anal-
ysis of synovial tissue has revealed that OLFM4 can exac-
erbate inflammation in rheumatoid arthritis.10 Moreover, 
Qinbaohong Zhike oral liquid has been reported to sup-
press OLFM4, thereby alleviating lipopolysaccharide (LPS)-
induced acute lung injury in rats.11 In sepsis-mediated acute 
respiratory distress syndrome (ARDS)/acute lung injury 
(ALI), OLFM4 has been shown to affect the NF-κB signaling 
pathway, thereby improving lung epithelial cell function.12 
Notably, a previous study using bioinformatics analysis of 
three GEO databases identified OLFM4 as a crucial gene in 
sepsis.13 Therefore, we hypothesized that OLFM4 might also 
regulate sepsis-induced myocardial injury.

This study investigated the regulatory functions and 
associated pathways of OLFM4 in sepsis-induced myocardial 
injury. The findings suggest that OLFM4 may be a potential 
therapeutic target for ameliorating sepsis-induced myocar-
dial injury.

Materials and Methods

Cell lines and treatments

H9C2 cells were purchased from ATCC (Manassas, VA, USA) 
and cultured in DMEM containing 10% fetal bovine serum 
(FBS, Gibco, USA) in an incubator (37°C, 5% CO2, humid-
ified). Lipopolysaccharide (LPS) (5 μg/mL, Sigma-Aldrich, 
USA) was used to treat H9C2 cells to establish a sepsis-
induced myocardial injury model.

Cell transfection

siRNAs targeting OLFM4 (si-OLFM4) and negative con-
trol (si-NC) were purchased from GenePharma (Shanghai, 
China) and transfected into H9C2 cells using Lipofectamine 
2000 (Invitrogen, USA).

Western blotting

Proteins extracted from H9C2 cells were lysed using RIPA 
buffer. The proteins were separated using 10% SDS-PAGE 
and then transferred to PVDF membranes (Beyotime, 
Shanghai, China). After blocking, the membranes were 
incubated with primary antibodies against OLFM4 (1 µg/
mL; ab85046; Abcam, Shanghai, China), p-p65 (1:1000; 
ab76302), p65 (0.5 µg/mL; ab16502), p-IkBα (1:1000; 
ab92700), IkBα (1:500; ab76429), p-p65 (1:500; ab28849), 
p65 (1:1000; ab32360), and GAPDH (1:1000; ab8245) for 12 
hours. Subsequently, the appropriate secondary antibodies 
(1:1000; ab7090) were incubated for another 2 hours. The 
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Knockdown of OLFM4 alleviated inflammation in 
LPS-mediated H9C2 cells

The levels of inflammatory factors TNF-α, IL-6, and IL-1β 
were elevated following LPS treatment, and these increases 
were significantly reduced after silencing OLFM4 (p<0.05) 
(Figure 3), suggesting that the knockdown of OLFM4 allevi-
ates inflammation in LPS-mediated H9C2 cells.

Inhibition of OLFM4 retarded the NF-κB signaling 
pathway

Next, the protein expressions of p-p65/p65 and p-IkBα were 
found to be elevated, and IkBα expression was reduced in 
LPS-mediated H9C2 cells. However, these changes were 
counteracted by OLFM4 inhibition (p<0.05) (Figure 4A). 
In addition, the protein expression of p-NF-κB/NF-κB was 
increased in LPS-triggered H9C2 cells, but this effect was 
offset following OLFM4 suppression (p<0.001) (Figure 4B). 
In summary, inhibition of OLFM4 retarded the NF-κB signal-
ing pathway.

Discussion

This study demonstrated that OLFM4 protein expression 
was significantly elevated in LPS-stimulated H9C2 cells, 
and suppression of OLFM4 enhanced cell proliferation and 
inhibited cell apoptosis in LPS-triggered H9C2 cells. The 
levels of inflammatory factors TNF-α, IL-6, and IL-1β were 
elevated following LPS treatment, but these increases 
were mitigated by silencing OLFM4. Additionally, inhibi-
tion of OLFM4 was shown to retard the NF-κB signaling 
pathway.

LPS has been used to establish a cell model for sepsis 
due to its ability to activate inflammatory responses.14 In 
this study, H9C2 cells were treated with LPS to mimic a 
septic myocardial injury model. Various proteins have been 
investigated for their roles in regulating sepsis-induced 
myocardial injury. Notably, a previous report identified 
OLFM4 as a critical gene in sepsis through bioinformatics 
analysis.13 However, the regulatory functions and asso-
ciated pathways of OLFM4 in sepsis-induced myocardial 
injury were previously unknown. Our present study demon-
strated that OLFM4 protein expression was significantly 
elevated in LPS-stimulated H9C2 cells. Furthermore, sup-
pression of OLFM4 enhanced cell proliferation and inhibited 
cell apoptosis in LPS-triggered H9C2 cells.

Inflammation is a pivotal process in sepsis-induced 
myocardial injury, and many researchers have focused on 
modulating inflammation in this context. For example, 
Hsp22 has been shown to reduce inflammation and oxida-
tive stress to ameliorate LPS-induced myocardial injury.15 
Additionally, ulinastatin inhibits NLRP3 inflammasome 
activation to attenuate sepsis-induced myocardial injury.16 
Exogenous fetuin-A alleviates oxidative stress and inflam-
mation to protect against sepsis-induced myocardial injury 
in mice.17 Furthermore, in sepsis-mediated myocardial 
injury, miR-195-5p modulates ATF6 to mitigate inflamma-
tion and endoplasmic reticulum stress.18 Similar to these 
previous studies, our present study demonstrated that the 

(two-tailed unpaired) or one-way analysis of variance 
(ANOVA) followed by the Tukey post-hoc test. Each assay 
was repeated three times. A p-value of <0.05 was consid-
ered statistically significant.

Results

OLFM4 was highly expressed in LPS-stimulated 
H9C2 cells

As shown in Figure 1A, OLFM4 protein expression was 
significantly upregulated in LPS-stimulated H9C2 cells 
(p<0.01). Immunofluorescence assay demonstrated that the 
fluorescence intensity of OLFM4 increased following LPS 
stimulation (Figure 1B). These findings indicate that OLFM4 
is highly expressed in LPS-stimulated H9C2 cells.

Suppression of OLFM4 restrained cell apoptosis in 
LPS-triggered H9C2 cells

The knockdown efficiency of OLFM4 was confirmed based 
on the observed significant reduction in OLFM4 pro-
tein expression following OLFM4 suppression (p<0.01) 
(Figure  2A). Cell viability decreased in LPS-triggered 
H9C2 cells, but this reduction was mitigated after OLFM4 
downregulation (p<0.05) (Figure 2B). Additionally, the 
number of EdU-positive cells decreased following LPS 
treatment, an effect reversed by OLFM4 inhibition 
(p<0.05) (Figure  2C). Cell apoptosis increased in LPS-
triggered H9C2 cells, but this effect was significantly 
attenuated following OLFM4 knockdown (p<0.001) 
(Figure  2D). Overall, suppression of OLFM4 reduced cell 
apoptosis in LPS-triggered H9C2 cells.

Figure 1.  Overexpression of OLFM4 in LPS-stimulated 
H9C2 cells. (A) Western blot analysis of OLFM4 protein 
expression in Control and LPS-treated groups. **p<0.01. 
(B)  Immunofluorescence assay showing the fluorescence 
intensity of OLFM4 in Control and LPS-treated groups. **p<0.01.

(A)

(B)
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Figure 2.  Suppression of OLFM4 restrained cell apoptosis in LPS-triggered H9C2 cells. The groups were divided into Control, 
LPS, LPS+si-NC, and LPS+si-OLFM4. (A) Western blot analysis of OLFM4 protein expression in different groups. (B) Cell survival rate 
assessed by CCK-8 assay. (C) Cell proliferation evaluated using the EdU assay. (D) Cell apoptosis determined by flow cytometry. 
**p<0.01, ***p<0.001 vs. control group; #p<0.05, ##p<0.01, ###p<0.001 vs. LPS+si-OLFM4 group.

Figure 3.  Knockdown of OLFM4 alleviated inflammation in LPS-mediated H9C2 cells. The groups were divided into Control, LPS, 
LPS+si-NC, and LPS+si-OLFM4. The levels of inflammatory factors TNF-α, IL-6, and IL-1β were assessed using ELISA. ***p<0.001 vs. 
control group; #p<0.05, ##p<0.01 vs. LPS+si-OLFM4 group.

(A)

(B)

(C)

(D)

levels of inflammatory factors TNF-α, IL-6, and IL-1β were 
elevated following LPS treatment, but these increases 
were mitigated by silencing OLFM4.

The NF-κB signaling pathway plays an essential role 
in sepsis-induced myocardial injury. For instance, neog-
ambogic acid modulates the p38 MAPK/NF-κB pathway to 

ameliorate sepsis-induced myocardial injury.19 Additionally, 
in septic rats, rosiglitazone regulates the NF-κB pathway to 
improve myocardial injury.20 Suppression of XBP1 inhibits 
the NF-κB signaling pathway to relieve LPS-induced cardio-
myocyte injury.21 Notably, OLFM4 has been shown to affect 
the NF-κB signaling pathway in sepsis.12 Consistent with 
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