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Purpose: Sepsis-induced cardiomyopathy (SICM) is a prevalent cardiac dysfunction caused by sepsis. Mitochondrial dysfunction is
a crucial pathogenic factor associated with adverse cardiovascular adverse events; however, research on SICM remains insufficient.

Methods: To investigate the factors contributing to the pathological progression of SICM, we performed a comprehensive analysis of
transcriptomic data from the GEO database using bioinformatics and machine learning techniques. CRISPR-Cas9 S100A9 knockout
mice and primary cardiomyocytes were exposed to lipopolysaccharide to simulate SICM. Transcriptome analysis and mass spectro-
metry of primary cardiomyocytes were used to determine the potential pathogenic mechanisms of S100A9. The mitochondrial
ultrastructure and mitochondrial membrane potential (MMP) were detected using transmission electron microscopy and flow
cytometry, respectively. Pink1/Parkin and Drpl proteins were detected using Western blotting to evaluate mitochondrial autophagy
and division. The mtDNA and mRNA levels of mitochondrial transcription factors and synthases were evaluated using real-time
polymerase chain reaction.

Results: Bioinformatics analysis identified 12 common differentially expressed genes, including SERPINA3N, LCN2, MS4A6D,
LRG1, OSMR, SOCS3, FCGR2b, S100A9, S100A8, CASP4, ABCASA, and NFKBIZ. Significant SI00A9 upregulation was closely
associated with myocardial injury exacerbation and cardiac function deterioration. GSEA revealed that myocardial contractile
function, oxidative stress, and mitochondrial function were significantly affected by S100A9. Knocking out S100A9 alleviates the
inflammatory response and mitochondrial dysfunction. The interaction of SI00A9 with ATPS enhanced mitochondrial division and
autophagy, inhibited MMP and ATP synthesis, and induced oxidative stress, which are related to the Nlrp3-Nfkb-Caspasel and Drp1-
Pink1-Parkin signaling pathways. The expression of mitochondrial transcription factors (TFAM and TFBM) and ATP synthetases
(ATP6 and ATPS, as well as COX1, COX2, and COX3) was further suppressed by SI00A9 in SICM. Targeted S100A9 inhibition by
paquinimod partially reversed myocardial mitochondrial dysfunction and oxidative stress.

Conclusion: The interaction of SI00A9 with ATP5 exacerbates myocardial damage in sepsis by inducing mitochondrial dysfunction
and oxidative stress.

Keywords: S100A9, SICM, bioinformatics analysis, mitochondrial dysfunction, ATPS

Introduction

Sepsis-induced cardiomyopathy (SICM) is a reversible cardiac dysfunction caused by sepsis and the most prevalent
complication, characterized by reduced ejection fraction and poor response to volume resuscitation and vasopressors.'~
The incidence rate of sepsis cardiomyopathy accounts for approximately 10-70% of sepsis patients,’* with a staggering

mortality rate of 70-90%.>° The pathological mechanism of SICM is highly intricate and encompasses several key
11,12

. . . . . . . 9.1 . . . .
factors, including myocardial depression,”® mitochondrial dysfunction,”'® inflammation response, oxidative
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Graphical Abstract
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13715 and calcium responsiveness.'®!'” Unfortunately, there is still lack of effective treatments or promising targets

stress,
for myocardial damage in SICM.
S100A8/9, a damage-associated molecular pattern (DAMP), is one of the most sensitive biomarkers in the inflam-

matory process'® and is closely related to the severity of various inflammatory diseases and multiple organ dysfunction.'’

20,21

S100A8/9 is highly expressed in various heart diseases, including myocardial infarction, myocardial hypertrophy,?

heart failure,?>**

and viral myocarditis,> but its research in septic cardiomyopathy is still insufficient. There is currently
limited understanding of the precise mechanisms by which S100A9 induces septic heart dysfunction and myocardial
damage.

Previous studies have shown that ST00A9 regulates the oxidative and arachidonic acid metabolism of neutrophils,**~’

in addition to mitochondrial energy metabolism, sepsis-associated liver dysfunction, and hepatocellular carcinoma.”?’
S100A9 induces respiratory dysfunction and mitochondrial fission, which ultimately results in cardiac dysfunction. Based
on previous research and bioinformatics analyses, we hypothesized that SI00A9 induces mitochondrial dysfunction via
oxidative stress, consequently influencing myocardial energy metabolism.

Therefore, this study aimed to clarify whether S100A9 is associated with sepsis-induced cardiac injury and dysfunc-
tion, and to further elucidate the potential mechanisms underlying S100A9 inducing oxidative stress and mitochondrial

dysfunction, as well as whether blocking S100A9 can inhibit oxidative stress and restore mitochondrial function.

Materials and Methods

Bioinformatics Analysis
Transcriptomic data for SICM were obtained from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.

gov/gds/). Differentially expressed genes (DEGs) between SICM and normal samples were identified using the GEO2R
online tool (http://www.ncbi.nlm.nih.gov/geo/geo2r) with the following selection criteria: [log2 (fold change)>1.5 and
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P<0.05. TBtools,>® OmicStudio,”’ Gene Ontology (GO) term enrichment, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were used to identify the DEGs and their functions. All curated gene sets (www.
broadinstitute.org/gsea/index.jsp) and mitochondrial gene sets (MitoCarta3.0 datasets) were used for enrichment analysis
using GSEA software. The STRING database (https://string-db.org/) and Molecular Complex Detection (MCODE) of
Cytoscape were used to construct a (PPI) network. HDOCK (http://hdock.phys.hust.edu.cn/)*? was used for molecular

blind docking and prediction of binding affinity. The molecular binding modes of the proteins were visualized, analyzed,
and mapped using PyMOL.*?

Machine Learning

Data from 51 patients were obtained from the GSE79962 dataset, and a neural network (NN) model was constructed
using the neural net package in R to identify DEGs. To ensure the reliability, tenfold cross-validation was performed. To
optimize the model for clinical applications, genetic algorithms (GAs) were applied with the following parameters
(pop_size=30, generations=100, crossover_rate=0.9, and mutation_rate=0.01). The fitness of each GA was based on its
prediction accuracy, and the roulette-wheel selection method was used as the selection strategy.

Animals and Experimental Procedures

C57BL/6 mice and S100A9 knockout mice were obtained from the Animal Center of Wenzhou Medical University and
GemPharmatech (T014553, Nanjing, China). All experimental protocols and methods were approved by the Laboratory
Animal Ethics Committee of the Wenzhou Medical University (WYY Y-AEC-YS-2022-0381). A mouse model of sepsis-
induced cardiomyopathy was established by an intraperitoneal LPS injection (10 mg/kg, Sigma). All the applied
procedures followed the Chinese guidelines for the welfare of the laboratory animals (GB/T 35823-2018).

Echocardiographic Assessment

Mice were anesthetized with 2% isoflurane mixed with oxygen during echocardiography. Using a Vevo 2100 ultrasound
machine (VisualSonics, Canada) equipped with an MS-550D probe to analyze cardiac function. The mouse heart was
imaged in the two-dimensional mode in the parasternal short axis view. The LV dimensions in diastole (LVDd) and
systole (LVDs), percentage ejection fraction (EF%) and percentage fractional shortening (FS%) were estimated using
M-mode measurements.>*

Cell Culture and Treatments

Primary cardiomyocytes were isolated from mice hearts using previously described methods.>> HeC, cells were
purchased from the Shanghai Institute of Biochemistry and Cell Biology, and cultured at a density of 5x10* cells/cm?
in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin-streptomycin (Solarbio, China) in a 5% CO, incubator at 37 °C. After 12 h of
starvation, the cardiomyocytes were stimulated with LPS (10 pg/mL) for 12 h to mimic the myocardial injury model.
S100A9 was overexpressed or knocked down using lentiviral transfection technology (GenEpharma, China).

Hematoxylin-Eosin (HE) Staining

Heart tissue was fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into S-micrometer thick sections.
Sections were stained according to the instructions of the HE staining kit (Solarbio, China). Extract 20-fold and 40-fold
images in similar myocardium positions, ImageJ software was used to identify the red area (cytoplasmic) and purple area
(nuclear) and calculate the cytoplasm-to-nucleus ratio.

Transmission Electron Microscope

The heart tissue was perfused retrogradely and fixed in 2.5% glutaraldehyde. After fixation, samples were washed,
dehydrated, embedded, and prepared for ultrathin sectioning. Myocardial mitochondria were observed at the ultrastruc-
tural level using a transmission electron microscope (HT7800, Hitachi, Tokyo, Japan) at 80 kV. The morphology of
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myocardial fibers, mitochondria, and autophagosomes was observed. At least five visual fields per sample were randomly
selected to analyze.

Mitochondrial Membrane Potential (MMP)

Cells were incubated with tetramethylrhodamine (TMRE, Beyotime, China) for 20 min following the detection kit
instructions. Cells with high MMP levels emitted bright red fluorescence. Flow cytometry (FACSCanto II, BD, USA),
a fluorescence microplate reader (ID5, Molecular Devices, USA), and fluorescence microscopy (Olympus, Tokyo, Japan)
were used to detect the fluorescence intensity of the TMRE.

ATP and NADP*/NADPH Luciferase Assay

Cardiomyocytes and supernatant were homogenized with ATP lysis buffer, followed by centrifugation at 4 °C. The
supernatant was mixed with the ATP detection working solution in a black 96-well plate. ATP levels were measured by
fluorescence intensity using a fluorescence microscope per the manufacturer’s instructions (Promega, USA). The NADP
+/NADPH content in the cells was assessed using the NADP/NADPH-Glo assay kit per the manufacturer’s protocol
(Promega, USA). Fluorescence was measured using a fluorescence microplate reader and the NADP+ and NADPH levels
were normalized to those of the control.

Mitochondrial ROS and NO Level

Intracellular levels of ROS and NO were measured using dihydroethidium (DHE, Beyotime, China) and
1,2-Diaminoanthraquinone (DAA AAT Bioquest, USA) staining per the manufacturer’s instructions. Cardiomyocytes
were treated with DHE or DAA in the dark for 20 min at 37 °C. Cells with high levels of superoxide anions and nitric
oxide emit red fluorescence. Flow cytometry, fluorescence microplate reader, and fluorescence microscopy were used to
detect the fluorescence levels.

DNA/RNA Extraction and Library Construction and Sequencing

Genomic DNA was extracted using a TIANamp Genomic DNA kit (DP304, TIANGEN, China) and quantified using
a NanoDrop and Qubit. Total RNAs were extracted using a TRIzol reagent and an RNA extraction kit (DP451,
TIANGEN, China) following the manufacturer’s instructions. After purification, mRNA was fragmented into small
pieces using divalent cations at elevated temperatures. The cleaved RNA fragments were then used to construct a cDNA
library using an Illumina RNA ligation-based method (Illumina, USA). Paired-end sequencing (PE150) was performed
on a NovaSeq 6000 (LC-Bio Technology CO, China), following the manufacturer’s recommended protocol.

Quantitative Real-Time Polymerase Chain Reaction (qQPCR)

Reverse transcription was performed using the ReverseAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
USA) and CFX96 PCR detection system (Bio-Rad, USA). The relative mitochondrial gene copy number (mtDNA to
nDNA) and mRNA expression were measured by qPCR using SYBR Green Supermix (Bio-Rad, USA), per the
manufacturer’s instructions. GAPDH was used as a reference for mRNA expression quantification and normalized to

2*AACT

the control group. The relative expression level was calculated by the method, as previously described.’® The

specific primers were listed in Supplementary Table 1.

Colocalization

Mitochondria were probed with the MitoTracker Red reagent for 30 min before immunofluorescence staining. HyC, cells
were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-100, and blocked with 1% BSA, as described in
the manufacturer’s protocol. ATPS and S100A9 were probed with the corresponding mouse antibody (1:200), followed
by Alexa Fluor 488-conjugated secondary antibody, and rabbit antibody followed by Fluor 647-conjugated secondary
antibody. The nuclei were stained with Hoechst 33342 for 10 min. Colocalization of nuclei (blue), ATP5 (green), and
S100A9 (light red) was observed using confocal Microscopy.
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Western-Blot Analysis

Protein concentrations in the myocardial tissue or cardiomyocyte lysates were determined using the BCA method.
Quantitative proteins were separated by SDS-PAGE and transferred to PVDF membranes, as previously described.*
Supplementary Table 2 shows the specific antibodies. Signals were developed using enhanced chemiluminescence
(Millipore) and iBright systems (Thermo Fisher Scientific, USA).

Co-Immunoprecipitation (Co-IP) and Mass Spectrometry (MS)

Co-IP was performed using antibodies against SI00A9, S100A8, IgG, and the Immunoprecipitation Kit (Beyotime,
China). The antibody working solution (10 pg/mL) was incubated with 20 pL of Protein A+G-coated magnetic beads
at 4 °C with gentle shaking overnight. The myocardial tissue protein suspension was mixed and incubated with
magnetic beads at room temperature for 2 h with gentle shaking. Immune complex-bound beads were washed three
times with PBS. Proteins were eluted with SDS-PAGE loading buffer at 95 °C. The eluted proteins were analyzed by
immunoblotting and mass spectrometry with technical support from the Biotech Corporation. An Orbitrap-Fusion mass
spectrometer (Thermo Scientific) accompanied by an Easy-nLC 1000 (Thermo Scientific) was used to identify the co-
IP proteins. Specific antibodies for Western-blot, IHC and Co-IP were listed in Supplementary Table 2.

Sepsis Patients with Clinical Information

Blood samples and clinical data of 44 patients with sepsis were obtained from the First Affiliated Hospital of Wenzhou
Medical University. Our study was approved by the Ethics Committee of the First Affiliated Hospital of Wenzhou
Medical University (KY—2023—-019) and conformed to the good clinical practice guidelines and the ethical guidelines of
the declaration of helsinki. The inclusion and exclusion criteria for sepsis patients were based on the International
Consensus on Sepsis and Septic Shock.>” The inclusion criteria of the study were specified as follows: Sepsis patients
with SOFA > 2; aged more than 18 years, and patients whose relatives agreed to provide written informed consent. The
exclusion criteria were as follows: patients with malignant cancer or end-stage cancer; pregnant or lactating patients;
patients with severe heart disease; patients with autoimmune diseases requiring immunosuppressive or hormonal agents;
and patients with a poor compliance or serious adverse events.

Statistical Analysis

Statistical analyses and visualization were performed using GraphPad Prism 8.0. One-way analysis of variance (ANOVA)
was used to assess significant differences between the means of multiple samples. A z-test was used to calculate the
differences between the two groups. The data were presented as MeantSEM, and P< 0.05 was considered statistically
significant.

Results

Differential Expression Genes in SICM by Bioinformatics Analysis

3845

Nine SICM transcriptome datasets were collected from multiple genera and platforms in the GEO database, as

detailed in the Supplementary Table 3. Figure 1 shows a flow chart of the bioinformatics analysis of the transcriptome

datasets. A total of common differentially expressed genes (co-DEGs) were identified at the intersection of all mouse
transcriptome datasets: Serpina3n, Lcn2, Msda6d, Lrgl, Osmr, Socs3, Fegr2b, SI00A9, S100A8, Casp4, Abca8a, and
Nfkbiz, as shown and Figure 2A and B. In addition, 36 co-DEGs were identified at the intersection of the four mouse
transcriptome datasets, as shown in Figure 2C and Supplementary Table 4. The GO enrichment analysis of 48 co-DEGs

was predominantly associated with various biological processes, including immune system processes, innate immune
response, inflammatory response, response to the bacterium, lipopolysaccharide, virus, et al (Figure 2D) The KEGG
enrichment analysis revealed that the 48 co-DEGs were mainly linked to IL-17 signaling pathway, TNF signaling
pathway, NF-kappa B signaling pathway, et al (Figure 2E) To gain insights into potential PPI among the co-DEGs, the
MCODE algorithm in Cytoscape was utilized to screen and identify the PPI network, as presented in Figure 2F.
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Figure | The flow chart of bioinformatics analysis for SICM transcriptome datasets.

Abbreviations: SICM, Sepsis-induced cardiomyopathy; GEO, Gene Expression Omnibus database; GEO2R (GEO to R), an interactive web tool to identify genes that are
differentially expressed across experimental conditions in a GEO Series; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes.

SI00A9 Were Key Co-DEGs in the Development and Progression of SICM

The expression of co-DEGs, especially SI00A8 and S100A9, in rat and human heart tissues is shown as a volcano diagram in
Figure 3A and B. The deep machine learning algorithm further confirmed the predictive value of co-DEGs for SICM
(Figure 3C). GSE79962 contains 11 normal myocardial samples, 20 SICM samples, and 20 non-SICM samples (comprising
11 ischemic cardiomyopathies and 9 dilated cardiomyopathies). According to the NCBI gene database, the 47 co-DEGs were
mapped to functionally identical human genes. Classification efficacy testing of co-DEGs using neural networks (NN)
demonstrated strong classification performance for cardiomyopathy (Figure 3D). Notably, 6 genes with the highest weights,
namely, DHX58, GADD45G, OSMR, HAMP, SERPINA3N, and S100A9, were identified as significant biomarkers for
distinguishing different types of cardiomyopathies (Figure 3E). Subsequently, a genetic algorithm (GA) was introduced to
optimize the neural networks and develop a four-gene classification prediction model. After iterations with the prediction
accuracy for each progeny, MS4A6, SI00A9, ABCAS8A, and ANGPTL4 were identified as biomarkers that effectively
differentiated the normal myocardium, SICM, and non-SIMC (Figure 3F). In addition, ABCA8A, SERPINA3, NFKBIZ,
MS4A6, SI00A9, and S100A8 were significantly correlated with cardiac function, including left ventricular ejection fraction
(LVEF), left ventricular end-systolic diameter (LVESD), and left ventricular end-diastolic diameter (LVEDD) (Figure 3G).

SI00A9 Was Associated with Cardiac Dysfunction in Septic Patients

To investigate the correlation between S100A9 expression and cardiac function in patients, our study reviewed 44
patients diagnosed with sepsis after admission to the EICU. The basic characteristics and laboratory tests of sepsis
patients were shown in Supplementary Table 5. Patients with septic shock displayed significantly higher S100A9

expression compared to non-shock patients (3.45+£2.04 vs 1.97+1.25, P=0.02). High S100A9 expression was associated
with an inflammatory response and poorer cardiac function in patients with sepsis, including PCT, CRP, LVEF, pro-BNP,
¢TNI, and CK-MB, as detailed in Table 1.

SI00A9 Knockout Alleviated Myocardial Damage and Cardiac Dysfunction
Detection of inflammatory marker and S100A8/9 expression to demonstrate successful simulation of sepsis-induced
cardiomyopathy, as detailed in the Supplementary Tables 1 & 2. Nucleic acid gel electrophoresis confirmed the absence
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of the S1I00A9 band (413 bp) in the knockout allele, while observed in the wild-type allele (Figure 4A). Compared to the
9%0 group
(Figure 4B). In addition, the mRNA transcription of inflammation and heart failure markers in the myocardium, such as
IL1, IL6, TNFa, ANP, BNP, and MYHC, was considerably reduced in the S100A9%° group compared with that in the
wild-type sepsis group (Figure 4C). Meanwhile, sepsis-induced cardiomyocyte swelling, especially the proportions of the

wild-type control and LPS groups, the protein expression of SI00A9 was significantly reduced in the STO0A
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Figure 3 SI00A8/9 were key DEGs in the development and progression of SICM. (A) Volcano plots show the expression of 48 co-DEGs in human and rat sepsis myocardial
datasets, with red representing high expression and blue representing low expression. (B) Transcription expression of SI00A8 and SI00A9 mRNA in human and rat
myocardial datasets. (C) Flowchart of machine learning and model detection. (D) Framework of artificial neural networks model for predicting SICM and no-SICM. The input
layer contained 47 neurons transformed by NCBI. The output layer had three neurons representing the probability of SICM, normal group, and no-SICM. (E) Classification
efficacy testing of co-DEGs using neural networks. DHX58, GADD45G, OSMR, HAMP, SERPINA3N, and SI00A9 had the highest selection weight. (F) Diagram of confusion
matrix for prediction accuracy of four-gene class prediction model. (G) Correlation analysis between DEGs expression and cardiac function in the GSE79962 dataset. The
mRNA transcript levels of ABCA8, SERPIN3, NFKBIZ, MS4A6, SI00A8 and SI00A9 were closely related to LVEF%, LVESD and LVEDD. *P<0.05. ** P<0.01, ***P<0.001.

cytoplasm and nucleus, were correspondingly alleviated in the S100A9%°

group, as shown in Figure 4D-F. Transthoracic
echocardiography indicated that the decrease in EF% and FS% induced by sepsis was partially relieved by the S100A9
knockout, with statistically significant differences, as illustrated in Figure 4E-H. S100A9 knockout alleviates sepsis-

induced cardiomyopathy and reverses myocardial injury.

SI00A9 Knockout Alleviated Mitochondrial Damage and Oxidative Stress

Mitochondrial damage and oxidative stress are closely associated with cardiomyopathy exacerbation. The mitochondria of
the myocardium in the wild-type control group were well-proportioned, balanced in size, and regularly arranged. The
mitochondrial cristae density was determined using transmission electron microscopy. However, the quantity and size
heterogeneity of the mitochondria significantly increased in the sepsis group, with swelling and blurring of the mitochondrial
cristae and visible medullary structures in individual mitochondria. Compared to the wild-type sepsis group, mitochondrial
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Table 1 Correlation of SI00A9 with Clinical
Characteristics of Sepsis Patients

Parameters S100A9 mRNA Expression
(Relative to Control)
Correlation P value
Coefficient (r) (Two-Tailed)
Age(years) 0.2052 0.1713
APACHE Il score | 0.3186 0.0559
SOFA score 0.1035 0.7759
PCT 0.4188 0.0072%*
CRP 0.4067 0.006 1*
LVEF —0.2428 0.1419
pro-BNP 0.5421 0.0002+#*
cTNI 0.3609 0.0174*
CKMB 0.3392 0.0280*

Notes: *, P<0.05; **, P<0.01; *** P<0.001.

Abbreviations: PCT, Procalcitonin; CRP, C-reactive protein; LVEF,
Left Ventricular Ejection Fractions; pro-BNP, pro-B-type natriuretic
peptide; cTNI, Myocardial troponin .

cristae swelling and hypertrophy were partially alleviated in the S100A9%° group. S100A9 knockout partially alleviated
mitochondrial damage and restored the normal structure (Figure 5A). The intensities of DHE and DAA fluorescence, as well
as the malondialdehyde (MDA) concentration, increased substantially in the sepsis group, indicating a marked increase in
oxidative stress in the myocardium. Conversely, the superoxide dismutase (SOD) concentration in the myocardium was
markedly reduced in the sepsis group, which was reversed by S100A9 knockout (Figure 5B-E).

Effects of SIO0A9 Knockdown in Primary Myocardial Cells Through Transcriptomics
Wild-type and CRISPR/Cas9 S100A9%° mice were used to isolate primary cardiomyocytes for subsequent bioinformatic
analysis, as illustrated in Figure 6A. The quality and purity of the extracted primary myocardial cells were evaluated by
fluorescent staining for Actn2 in Supplementary Figure. Compared with the corresponding control group, 2946 genes

were significantly affected by LPS, with 1370 genes upregulated and 1576 genes downregulated. Similarly, 1406 genes
were affected by the SI00A9 knockout, with 595 upregulated and 811 downregulated genes (Figure 6B). There were 238
co-DEGs among the three groups, as shown in Figure 6C. The top 100 DEGs affected by S100A9 knockout were
revealed in the heatmap, including the heart damage markers Nppa and Tnnil (Figure 6D and E).

GO enrichment analysis indicated that the SI00A9 knockout significantly affected various biological processes and
molecular functions, including the inflammatory response, immune response, NADPH oxidase activator activity, and
chemokine activity, as shown in Figure 6F and G. Additionally, KEGG enrichment analysis indicated that the NFKB
signaling pathway, Toll-like receptor signaling pathway, Cytokine-cytokine receptor interaction pathway, and the path-
ways related to cardiac muscle contraction or cardiomyopathy were affected by S100A9 knockout. GSEA revealed that
myocardial contractility, oxidative stress, and mitochondrial function were significantly affected by the S100A9 knock-
out, including muscle contraction, superoxide metabolic process, NADPH oxidase activity, TCA cycle, and respiratory
electron transport, as shown in Figure 6H and I and Supplementary Figure.

Effects of SIO0A9 on HeC, Cells Viability and Oxidative Stress

S100A9 overexpression and knockdown in HoC, cells were achieved by lentivirus transfection, with technical support from
GenePharma Corporation. SI00A9 protein expression in cardiomyocytes significantly increased in the SI00A9 overexpression
(S100A9°Y) group and decreased in the S100A9 knockdown (S100A9%P) group (Figure 7A). The viability of LPS-stimulated
cardiomyocytes initially increased and then decreased. Cardiomyocytes in the S100A9*® group demonstrated greater resistance
to LPS stimulation (Figure 7B). SI00A9 knockdown alleviated LPS-induced myocardial injury and reversed the myocardial
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Figure 4 Knocking out the SI00A9 gene alleviated myocardial damage and cardiac dysfunction. (A) Identification of the SI00A9 gene by PCR. Position of the SI00A9 gene
(413 bp) on agarose gel electrophoresis. (B) The protein expression of SI00A9 and GAPDH in myocardium. (C) The mRNA transcription level of ILI, IL6, TNFa, ANP, BNP,
and MYH transcription in primary cardiomyocytes. (D) HE staining for myocardial damage in SICM. Extract 20-fold and 40-fold images in similar myocardium positions, use
imag] software to identify the red area (cytoplasmic) and purple area (nuclear), and calculate the ratio of cytoplasm to the nucleus. (E) Transthoracic echocardiography for
myocardial dysfunction in SICM. The left ventricle was imaged using the cross-sectional mode with parasternal long/short-axis views. (F) Statistical histogram of the ratio of
cytoplasm to nucleus. (G) Serum CKMB content at standard protein concentration in SICM. (H) Histograms of cardiac function with EF% and FS%. The data were shown as
the Mean * SEM, from n=6 per group.

Abbreviations: ILI, interleukin I; IL6, interleukin 6; TNFa, tumor necrosis factor alpha; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WT, wild type mice;
SI00A9KO, SI00A9 gene knock out mice; Con, control; LPS, lipopolysaccharides; ANP, natriuretic peptide type A; BNP, natriuretic peptide type B; MYHC, myosin heavy
chain; *P<0.05. ** P<0.01, ***P<0.001.

injury markers ANP, BNP, and MYHC.(Figure 7C) The oxidative stress in cardiomyocytes was detected using DHE and DAA
probes and reached its peak after 12 h of LPS stimulation (Figure 7D and Supplementary Figure). Intracellular oxidative stress
levels, detected by flow cytometry, increased in the SI00A9°Y
S100A9 knockdown (Figure 7E, F and H).

Bioinformatics analysis demonstrated that SI00A9 activates NADPH oxidase (NOX) to induce oxidative stress in
myocardial cells. SI00A9 knockdown inhibited NOX activation and reversed the increase in the NADP"/NADPH ratio,
as shown in Figure 7G. As shown in Figure 71, the expression of NLRP3, p-NFKB, and Caspasel proteins was significantly
increased in the SI00A90V group compared to the SI00A9NC group, while it was decreased in the SI00A9®P group.

group after LPS stimulation for 12 h and were reversed by
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Figure 5 SI00A9 knockout alleviated mitochondrial damage and oxidative stress. (A) Transmission electron microscopy detection of mitochondrial morphology in similar
myocardium positions. (B and C) Oxidative stress of myocardium. Intracellular ROS and NO were detected by DHE and DAA probes unDer Standard protein
concentrations. (D and E) Content of SOD and MDA in myocardial tissue. MDA and SOD at standard protein concentrations were detected by absorbance. *P<0.05.
** P<0.01, ¥*P<0.001.

Abbreviations: DHE, dihydroethidium, peroxide red fluorescent indicator; DAA, |.2-diaminoanthraquinone, sensitivity, specificity and nontoxic nitric oxide fluorescent
probe; ROS, reactive oxygen species; NO, nitric oxide; SOD, superoxide dismutase; MDA, malondialdehyde.

Effects of SIO0A9 on Mitochondrial Function and Energy Metabolism
The mitochondrial membrane potential (MMP) was detected by the TMRE probe and reached its minimum at
approximately 12-24 h, as detailed in the Supplementary Figure. Fluorescence imaging indicated that SI00A9 over-

expression resulted in a significant reduction in membrane potential (red) at LPS 12h, as shown in Figure 8A. S100A9
knockout effectively alleviated the decrease in MMP and partially reversed the reduced mitochondrial function, as
determined by flow cytometry. (Figure 8B and C) Intracellular and extracellular ATP levels were measured to assess
mitochondrial energy metabolism. Abnormal energy metabolism induced by LPS is mainly manifested by a decrease in
intracellular ATP content and an increase in ATP leakage. SI00A9 overexpression exacerbates intracellular energy
metabolism dysfunction and mitochondrial ATP leakage (Figure 8D and E).

The mitochondrion is a semiautonomous organelle responsible for protein synthesis and energy metabolism and relies
heavily on mtDNA gene copies and proper transcription. The mtDNA copy number was significantly increased in sepsis
cardiomyopathy, as detailed in the Supplementary Figure, whereas the transcription levels of mitochondrial proteins
decreased in the SI00A9°Y-LPS group, including mitochondrial transcription factors (TFAM and TFBM), mitochondrial
ATP synthases (ATP6 and ATPS8), and cytochrome C oxidase factors (COX1, COX2, and COX3) (Figure 8F-H).

S100A9-Induced Oxidative Stress and Mitochondrial Damage Alleviated by
Paquinimod

Paquinimod, a specific SI00AS8/9 inhibitor, had a minor impact on cardiomyocyte viability at concentrations below 100
uM, as shown in Figure 9A. Paquinimod effectively reduced oxidative stress in SI00A9 overexpression HoC, cells with
preconditioned concentrations ranging from 12.5 uM to 100 Um, and did not attenuate NO activity induced by LPS.
(Figure 9B and C) The fluorescence image of the DHE probe in cardiomyocytes with paquinimod pretreatment (50—100
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Figure 6 Effects of SI00A9 knockdown on transcriptomics in primary myocardial cells. (A) Flowchart of primary cardiomyocytes extraction and bioinformatics analysis.
(B and C) The amount of DEGs between WT-con group, WT-Ips group and SI00A9KO-Ips group, and discriminated up-regulated genes and down-regulated genes.
Significantly different genes were screened through P-values<0.05 and |logFC|>1. (D) The top 100 DEGs between WT-Ips group and S100A9KO-Ips group by Heatmap with
red representing high expression and blue representing low expression. (E) The top 20 DEGs between WT-Ips group and SI00A9KO-Ips group by Volcano plot. (F and G)
The top 20 of biological process and molecular function by GO enrichment analysis. (H and 1) GSEA enrichment analysis of DEGs between WT-Ips group and SI00A9KO-Ips
group, including pathways related to myocardial contraction, oxidative stress and mitochondrial function.
Abbreviations: WT, wild type mice; SI00A9KO, SI00A9 gene knock-out mice; Con, Control; LPS, Lipopolysaccharides. NES: normalized enrichment score.

uM) was presented in Figure 9D. Compared to the SI00A9NC group, the expression of Drpl, Pinkl, and Parkin proteins
was dramatically enhanced in the S100A9°" group and reduced in the SI00A9" group, as shown in Figure 9E and F.
Moreover, the application of paquinimod pretreatment (50-100 uM) can significantly inhibit the corresponding mito-

chondrial division and autophagy proteins in SI00A9 overexpression cardiomyocytes (Figure 9G and H).
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Figure 7 SI00A9 affected HyC, cells viability and oxidative stress. (A) SI00A9 and GAPDH protein levels in the different groups. The histograms in each panel normalized
to its corresponding GAPDH. (B) CCK8 assay for detecting cardiomyocyte viability after LPS 3, 6, and 12 hours. (C) Detection of ANP, BNP and MYHC mRNA
transcription levels after LPS |2h; (D) Detection of oxidative stress induced by LPS through DHE probe within 0—48 hours. (E and F) Detection of DHE fluorescent probes
intensity by flow cytometry. (G) NADP+/NADPH-Glo reagent kit detected NADP+/NADPH content in cardiomyocytes, and relative quantification was performed with the
control group based on fluorescence intensity. (H) Immunofluorescence of DHE probes in HsC, cells after LPS stimulation 12 hours. (I) Protein levels of NLRP3,
phosphorylated and total of NFkb, Caspase |, and bACT were determined by Western blotting using specific antibodies. *P<0.05. ** P<0.01, ***P<0.001.
Abbreviations: Con, Control; LPS, Lipopolysaccharides, NC, negative control, empty Lentiviral vectors by overexpressing or knocking down the SI00A9 gene. OV,
Overexpression of SI00A9 gene; KD, Knockdown of SI00A9 gene; ROS, reactive oxygen species; NADPH, Nicotinamide adenine dinucleotide phosphate; NLRP3, NLR
family, pyrin domain containing 3; NFKB, nuclear factor kappa B, p-NFKB, Phosphorylated NFKB; bACT, actin beta.

Detection of Proteins Interacting with S|00A8/9

Co-immunoprecipitation (Co-IP) of S100A9 and S100A8 was used to reveal the interactions between myocardial
proteins. After excluding potential interference from immunoglobulins and keratin, 45 proteins interacting with
S100A8/9 were identified using mass spectrometry (MS). (Figure 10A). These proteins were mainly enriched in
processes related to mitochondria, oxidoreductase activity (NAD/NADP"), muscle contraction, cellular respiration,
ATP metabolism, and mitochondrial electron transport (Figure 10B). KEGG enrichment analysis revealed that these
proteins are involved in various types of pathological cardiomyopathy, metabolism, and reactive oxygen species path-
ways. (Figure 10C) Particularly, ACTA2 (actin, smooth muscle) is involved in vascular contractility, myocardial
contraction, and blood pressure homeostasis. Mitochondrial ATP5 (ATP5F1A and ATP5F1B) was also related to energy

Journal of Inflammation Research 2024:17 https: 4495

Dove:


https://www.dovepress.com
https://www.dovepress.com

Pei et al Dove

A S100A9N-con S100A9"-Ips S100A9°V-Ips S100A9%°-Ips

- - - - -
) - - - -

180

= p— C D” - E i R——a—

] . — . bl

S100A9=1ps . wex e = 5100490

Hoechest
33342

3
S
n
=
s

100

@
3

Intracellular ATP
3
S
1

(relative to control)
Extracellular ATP
(relative to control)

TMRE %
(relative to control)

50

Ips Ips Ips con Ips con Ips con Ips con Ips con lps con Ips

H

2.0 TFAM TFBM 25 ATP6 ATP8 3 cox1 Cox2 Cox3
———— ——— — ———— —r—— ——— e == S100A9%

$10049°Y
m— 5100A9"°

-r|
ok

0.5

mRNA/GAPDH
(Relative folds to control)
5
mRNA/GAPDH
(Relative folds to control)
—
mRNA/GAPDH
(Relative folds to control)

0.0 0.0 0
con Ips lIps Ips con Ips  Ips Ips con Ips " Ips Ips con Ips  Ips Ips con Ips Ips Ips  con Ips Ips Ips  con Ips Ips Ips

Figure 8 SI00A9 induces mitochondrial damage and energy metabolism impairment. (A) MMP fluorescence staining by TMRE probe (red) and Hoechst 33342 (blue). (B and
C) Flow cytometry detection of TMRE fluorescence intensity in H9C2 cells. (D and E) Detection of intracellular and extracellular ATP content by fluorescence
luminescence method. (F-H) Mitochondrial mRNA transcript levels of TFAM, TFBM, ATP6, ATP8, COXI|, COX2 and COX3 by qPCR. The above statistical results were
compared with the corresponding control group. ¥*P<0.05. ** P<0.01, **P<0.001.

Abbreviations: Con, Control; LPS, Lipopolysaccharides; NC, negative control; OV, Overexpression of SI00A9 gene; KD, Knockdown of SI00A9 gene; TMRE,
tetramethylrhodamine, specifically recognize mitochondrial membrane potentials; MMP, mitochondrial membrane potential.

metabolism and mitochondrial membrane potential, as shown in Table 2 and 3. Based on the docking scores provided by
HDOCK, we selected the best-predicted binding mode to evaluate the interaction between ATP5 and S100A8/9, as
shown in Figure 10D, E and Supplementary Tables 6-8. Immunofluorescence demonstrated co-localization of S100A9

and ATPS5 proteins in cardiomyocytes. (Figure 10F) We validated the interaction between S100A9 and ATPS proteins
using co-immunoprecipitation (Figure 10G).
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Figure 9 SI00A9-induced oxidative stress and mitochondrial damage alleviated by Paquinimod. (A) Detection cardiomyocyte viability in different concentrations of
paquinimod at 12 hours. (B and C) The effect of paquinimod pretreatment 2 hours with different concentrations on oxidative stress levels in cardiomyocytes. (D)
Paquinimod pretreatment on DHE staining in SI00A9 overexpression cardiomyocytes. (E and F) Protein levels of Drpl, Pinkl, Parkin, SI00A9, and GAPDH were
determined by Western blotting. The above statistical results were compared with the corresponding control group. *P<0.05. ** P<0.01, ***P<0.001.

Abbreviations: Con, Control; LPS, Lipopolysaccharides; NC, negative control; OV, Overexpression of SI00A9 gene; KD, Knockdown of SI00A9 gene; PAQ, paquinimod,
a specific inhibitor of SI00A8/9; ROS, reactive oxygen species; NO, nitric oxide.

Discussion

SICM is a life-threatening condition that is commonly observed in critically ill patients. Unfortunately, early identifica-
tion and effective treatments for this condition are currently lacking, leading to high mortality rates. To address this gap,
we utilized transcriptome data from SICM models across multiple genera and platforms to conduct a bioinformatics
analysis. Twelve co-DEGs were identified as key pathogenic genes in sepsis cardiomyopathy, including Serpina3n, Lcn2,
Ms4a6d, Lrgl, Osmr, Socs3, Fcgr2b, S100a9, S100a8, Casp4, Abca8a, and Nfkbiz. Bioinformatic analysis and machine
learning classification prediction models have consistently highlighted the crucial role of S100A8/9 in the diagnosis and
prognosis of SICM.
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Figure 10 Detection of proteins interacting with SI00A8/9. (A) Identification of proteins interacting with SI00A8/9 in myocardial by co-IP and MS. (B) GO enrichment
analysis of interacting proteins with gene count. (C) KEGG enrichment analysis of interacting proteins with gene count. (D and E) Molecular docking between SI00A8/9 and
ATP5 were visualized by PyMOL. (F) Co-localization of SI00A9 (shown in light red) and ATP5 (green) proteins in cardiomyocytes. (G) Co-IP results of SI00A9 and ATP5
proteins in HoC; cells. The above statistical results were compared with the corresponding control group.

Abbreviations: Co-IP, co-immunoprecipitation; MS, mass spectrometry, ATP5FIA, ATP synthase FI subunit alpha; ATP5FIB, ATP Synthase Fl Subunit Beta.
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S100A8/9 is not only a biomarker of SICM development but is also closely related to the clinical prognosis of sepsis
patients.** In our study, we found a clear correlation between elevated S100A9 levels and inflammatory responses and
poorer cardiac function in patients with sepsis. Similarly, SI00A8/9 levels were significantly increased in patients with

Table 2 Identification by MS: the Top Five Proteins colP with
SI100A8 Protein

Gene Symbol | Accession | Sum PEP Score | Score Sequest
Hrc G5E8)6 73.399 150.34

Myhé Q02566 65.054 142.41

Acta2 P62737 34.356 85.59

Atp5flb P56480 31.866 60.89

Atp5fla Q03265 25.201 57.93

Abbreviations: Accession, UniProt database number; Sum PEP Score, Quantitative
matching value of peptide and protein profiles; Score Sequest, Score the protein

matching degree.
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Table 3 Identification by MS: the Top Five Proteins colP with
S100A9 Protein

Gene Symbol | Accession | Sum PEP Score | Score Sequest
Myhé Q02566 94.855 187.91

Hrc G5E8J6 63.984 134.49

Atp5fla Q03265 33.939 68.13

Acta2 P62737 28.249 65.66

Atp5flb P56480 26213 53.35

Abbreviations: Accession, UniProt database number; Sum PEP Score, Quantitative
matching value of peptide and protein profiles; Score Sequest, Score the protein
matching degree.

acute myocardial infarction, and associated with the occurrence of major adverse cardiovascular events.”’ The above
high-throughput transcriptional data and clinical evidence support our comprehensive investigation into the role of
S100A9 in cardiomyopathy development.

S100A8/9 proteins are produced by circulating immune cells and myocardial cells and act as damage-associated

3051 and myocardial damage.’*>® The knockout of

molecular patterns (DAMPs) that trigger inflammatory responses
S100A9 resulted in the disruption of the coordination structure of the heterodimer, ultimately leading to the degradation
of S100A8/9 functionality.’* Previous studies have predominantly focused on the release of SI00A8/9 by immune cells
in response to inflammatory cascade reactions.”> Previous studies found that multiple inflammatory biomarkers were
involved in the occurrence and development of cardiovascular and cerebrovascular diseases.’®>” The activation of TLR4
or RAGE signaling pathways induced by inflammatory biomarkers S100A8/9 exacerbate myocardial damage.”*~%>’
Indeed, the inflammatory damage induced by S100A8/9 may not be the sole factor contributing to heart dysfunction in
SICM.™®

Transcriptome analysis of primary cardiomyocytes revealed that SI00A9 exacerbated myocardial damage by indu-
cing mitochondrial dysfunction and NOX-mediated oxidative stress. Mitochondria account for approximately 30% of the
cell content and provide over 95% of the ATP energy required in cardiomyocytes.°® Mitochondrial dysfunction plays
a critical role in heart failure and various types of cardiomyopathy.®'"°® Mitochondria are semi-autonomous organelles in
eukaryotic cells that constantly undergo fusion and fission events in response to energy demand.®”*® Mitochondrial
function relies on relatively independent mtDNA replication and mRNA transcription processes.®”’' The number of
mitochondria and mtDNA gene copies was significantly increased in sepsis-induced cardiomyopathy. Interestingly, the
transcription of mitochondrial transcription factors and ATP synthase was decreased in cardiomyocytes overexpressing
S100A9. An increase in the mtDNA gene copy number and a decrease in mitochondrial mRNA transcription may be
direct mitochondrial dysfunction indicators. Our research demonstrated that SI00A9 overexpression leads to more severe
mitochondrial damage, resulting in reduced MMP and ATP synthesis, disrupted mtDNA replication and transcription,
and increased mitochondrial division and autophagy. Accompanied by the opening of the mitochondrial permeability
transition pore, the extravasation of mitochondrial contents, such as ATP and metabolites, aggravates pyroptosis,
inflammatory damage, and oxidative stress in sepsis-induced cardiomyopathy.”"*

Oxidative stress induced by sepsis originates from reactive oxygen species in the mitochondria, NADPH oxidase
(NOX), and nitric oxide synthase (NOS) in cardiomyocytes.””’” S100A9 deletion dramatically reduces the transcription
level of NOX in cardiomyocytes. SI00A9 knockdown alleviates NOX-induced oxidative stress in HoC, cells.
Furthermore, it is important to note that NOX also consumes intracellular charge balance and impairs mitochondrial
electron chain transmission, further exacerbating mitochondrial energy supply disorders. It is important to note that NOX
also depletes the intracellular charge and hinders the mitochondrial respiratory chain, further exacerbating mitochondrial
energy supply disorders.”®®7® Activation of NOX by S100A9 leads to electron leakage and aggravation of mitochon-
drial oxidative stress. Inhibition of NOX prevents sepsis-induced myocardial damage by improving calcium handling and
mitochondrial function.®” These studies indirectly support the validity and importance of our research.
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As demonstrated by co-IP and MS, ACTA2 and ATPS5 proteins were the first discovered S100A8/9 proteins targeting
the myocardium and mitochondria. Moreover, these Results provide further evidence for the close association between
S100A8/9 and various critical processes in SICM, including oxidative stress, cardiac contractile function, and mitochon-
drial energy metabolism. S100A9-induced inflammatory damage, oxidative stress, and mitochondrial dysfunction result
in complex interactions and a vicious cycle, ultimately exacerbating sepsis-induced myocardial damage. The interplay
between these three elements is mutually causal and they affect each other, thereby exacerbating the SICM pathophy-
siology. However, our research demonstrated that paquinimod, a specific SI00A8/9 inhibitor, can partially disrupt this
vicious cycle and alleviate mitochondrial damage and oxidative stress in septic cardiomyocytes.

Limitations

This study supplemented the relevant content of transcriptome sequencing of primary cardiomyocytes. Unfortunately, the
mechanism of S100A9-induced mitochondrial damage and oxidative stress was validated using the HoC, cells rather than
primary cardiomyocytes. In addition, retrospective clinical studies included relatively few patients with sepsis, and larger
prospective clinical cohort studies are needed.

Conclusion
The interaction of SI00A9 with ATP5 exacerbates myocardial damage in sepsis by inducing mitochondrial dysfunction
and oxidative stress.
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