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Background: Sepsis induces multi-organ damage, including myocardial dysfunction, which is often reversible. However, the role of
cell senescence in sepsis-induced myocardial dysfunction (SIMD) remains understudied. This study aimed to investigate gene
expression changes related to myocardial aging in sepsis.

Methods: Transcriptomic datasets (GSE79962 and GSE141864) were analyzed to identify senescence-related genes (SRGs) by
intersecting differentially expressed genes (DEGs) with the CellAge database. Functional enrichment and protein-protein interaction
(PPI) network analysis were performed to identify key pathways and hub genes. A murine sepsis model was established via
intraperitoneal lipopolysaccharide (LPS) injection, and the Ataxia Telangiectasia Mutated Protein (ATM) inhibitor KU60019 was
used to assess the effects on cardiac function and cellular aging.

Results: Bioinformatics analysis revealed 15 aging-related genes, including MYC, TP53, CXCLI, and SERPINEI, which were
upregulated in septic myocardial tissue. Functional enrichment analysis highlighted pathways related to DNA damage repair, cell
senescence, and immune response. In vivo validation using murine LPS-induced sepsis models confirmed significant myocardial
damage, which was alleviated by treatment with KU60019, an inhibitor of the DNA damage response pathway.

Conclusion: Cellular senescence and immune dysregulation play critical roles in SIMD. Targeting DDR pathways, as demonstrated
by KU60019 treatment, provides novel insights into the role of cellular senescence in severe sepsis and its potential therapeutic
implications for improving cardiovascular prognosis in septic patients.
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Introduction

Sepsis is a life-threatening condition characterized by an uncontrolled inflammatory response to infection, which leads to
compromised systemic arterial function.' Although the survival rates of sepsis have significantly increased in high-income
nations, the long-term consequences of sepsis are accompanied by the emergence of new health complications,” which impose
significant burdens on both patients and society.’ Post-sepsis syndrome encompasses a wide range of long-lasting complications
affecting multiple systems, including the immune, cognitive, mental, renal, and cardiovascular systems.* Among these, cardio-
vascular diseases are particularly prominent, with a heightened long-term risk of myocardial dysfunction. Despite being reversible
in some cases, sepsis-induced myocardial dysfunction (SIMD) contributes to the long-term morbidity of survivors and remains
a critical factor in their prognosis.’
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Recent studies®’ have identified cell senescence as an important mechanism driving the long-term consequences of sepsis
and clinical observational evidence suggests a link between the cell senescence component and worse cardiac outcomes.® Cell
senescence refers to the irreversible replication arrest in typically proliferating cells, which was initially observed by Hayflick
et al in human fibroblasts cultured in vitro.” Cells undergoing senescence secrete a variety of proinflammatory cytokines,
growth factors, and extracellular matrix proteins, known as the senescence-associated secretory phenotype (SASP),'® which
can further exacerbate the inflammatory environment and drive pathogenesis in multiple organs, including the heart."'

Oxidative stress, a hallmark of sepsis, plays a central role in the induction of senescence.'” Reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are elevated in sepsis, causing cellular damage, particularly to DNA."* This
DNA damage triggers the DNA damage response (DDR),'* a critical mechanism that helps maintain genome integrity. The
DDR involves several key signaling pathways, including activation of proteins such as Ataxia Telangiectasia Mutated
Protein (ATM) and p53,%'>!® which coordinate cellular repair, cell cycle arrest, and apoptosis. In sepsis, sustained oxidative
stress leads to prolonged activation of the DDR, particularly in myocardial cells, and promotes premature senescence in
these cells. Myocardial senescence exacerbates cardiac dysfunction by impairing contractility, promoting fibrosis, and
enhancing inflammation.'” These mechanisms collectively contribute to the progression of SIMD.

Although previous studies have identified oxidative stress and DNA damage as key contributors to sepsis-induced
myocardial injury, the role of cellular senescence and the DDR pathway in sepsis-related myocardial dysfunction remains
unclear. Furthermore, while glucocorticoids have demonstrated potential in modulating cellular senescence'® and

glucocorticoid receptor antagonism has been implicated in cardiomyocyte regenera‘cion,w’20

their effects on myocardial
senescence and regeneration in sepsis have not been fully explored.

In this study, we integrated transcriptomic analysis and experimental validation to systematically investigate the role of
oxidative stress, DNA damage, and the DDR pathway in myocardial senescence during sepsis. Additionally, we assessed the
therapeutic potential of ATM inhibition and glucocorticoids in regulating myocardial senescence and improving cardiac function,

providing novel insights into the prevention and treatment of long-term cardiovascular complications in sepsis survivors.

Materials and Methods

Data Collection
The microarray datasets GSE79962 and GSE141864, both containing human heart tissue samples, were obtained from
the NCBI GEO (Gene expression omnibus) database (https://www.ncbi.nlm.nih.gov/geo/), an international public

repository that archives and distributes high-throughput gene expression data and other functional genomics data. The
data were anonymized and de-identified to ensure patient privacy and comply with relevant ethical standards.
Specifically, GSE79962 dataset on the GPL6244 platform included transcriptomic data from 20 post-mortem heart
samples of sepsis patients and 11 non-heart failure controls. Conversely, the GSE141864 dataset on the GPL17586
platform provided transcriptomic data from heart samples of 5 patients with meningococcal septic shock and 2 controls.

Differentially Expressed Genes (DEGs) and Senescence-Related Genes (SRGs)

Differentially expressed genes (DEGs) were identified in a suppurative heart using the limma package (version 3.40.6) in
R software, with a significance threshold of P < 0.05 and |log2FC (Fold change) | > 0.5. Senescence-Related Genes
(SRGs) were obtained from the Cellage database (https://www.cellage.org/). Venn diagrams of Weisheng were used to

identify DEGs linked to senescence.

Gene Set Enrichment Analysis (GSEA)

To assess aging-related gene enrichment in heart tissue from sepsis patients, we conducted Gene Set Enrichment Analysis
(GSEA) on the Sangerbox platform (https://www.sangerbox.com/), with nominal P < 0.05 and False discovery rate
(FDR) < 0.25 as thresholds.
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GO and KEGG Enrichment Analysis

To investigate the biological functions of aging-related genes, we performed Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis using the clusterProfiler package (version
3.12.0) in R software. Gene sets significantly enriched for senescence were defined by an FDR < 0.1 and P < 0.05.

Protein-Protein Interaction (PPl) Network and Hub Genes ldentification
A PPI network for DEGs associated with aging was constructed using the STRING database (https://string-db.org/) and
Cytoscape software (version 3.9.1). Essential modules were identified through MCODE based on specific parameters

such as degree cutoff = 2, node fraction cutoff = 0.2, k-core = 2, and maximum depth = 100. Hub genes were identified
using the Cytohubba plugin, where genes were ranked based on their Maximal Clique Centrality (MCC) scores, with the
top 7 genes as important hub genes.

Animal Grouping and Modeling

All animal procedures were carried out according to the ARRIVE guidelines and approved by the Animal Experiment Center of
Southwest Medical University (GB/T35892-2018), following the Regulations on the Management of Laboratory Animals and
Guidelines for Ethical Review of Laboratory Animal Welfare. Specifically, fifteen C57BL/6J mice (6—8 weeks old) were housed
individually under controlled conditions (224+2°C, 55+10% humidity) with a 12-h light/dark cycle. After one week of
acclimatization with ad libitum access to food and water,”"** the mice were randomly assigned to five experimental groups
(n=3 per group): (i) control (saline, 10 mg/kg, i.p).; (ii) DMSO (saline + DMSO); (iii) LPS (lipopolysaccharides, 10 mg/kg, i.p).;
(iv) LPS + DMSO and (v) LPS + DMSO + KU60019 (LPS + DMSO + 5 mg/kg KU60019, i.p). In the LPS+DMSO+KU60019
group, the ATM inhibitor KU60019 was administered 1 hour after LPS injection.”> Echocardiography was performed 24h later,
followed by blood collection via cardiac puncture. Mice were then euthanized by cervical dislocation, and myocardial tissues
were immediately harvested for subsequent analysis.

Echocardiography Analysis of Cardiac Function
Mice were anesthetized by inhaling 1.5-2% isoflurane and evaluated for heart function with echocardiography (30 MHz,
VisualSonics Vevo 3100), Parameters including ejection fraction (EF%) and fractional shortening (FS%) were measure.

Collection and Treatment of Heart and Serum Samples

Blood samples were obtained by retro-orbital puncture, centrifuged at 3000 rpm and 4°C for 20 minutes, and stored at
—80°C for future analysis. Mouse hearts were collected, washed, and divided into two portions. One part was stored at
—80°C for Quantitative-Realtime fluorescence quantitative (QRT-PCR) and Western blot analysis, and the other was
preserved in 4% paraformaldehyde for histopathological studies.

Hematoxylin and Eosin (H&E) Staining

Following treatment with 10% paraformaldehyde, mouse heart tissues were encased in paraffin wax and cut into 4-mm-thick
sections. The deparaffinization process was performed at a temperature of 60°C, then followed by two rounds of incubation in
xylene and dehydration using various ethanol solutions. Thereafter, the segments were dyed using Harris hematoxylin staining
solution for 10 min and then immersed in 1% HCI in ethanol for 30s. The slices were washed with tap water for 15 min,
followed by staining with 1% eosin iron-red and incubated in 90% ethanol. Then, the parts were rinsed with 95% ethanol for
1 min and then three times with xylene. Next, the H&E-stained sections were left to dry for 20 min before examination under
light microscopy at a magnification of 400 x to evaluate the structural alterations in the myocardium.

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was conducted to determine the levels of sepsis biomarkers in serum, including IL-8, IL-6, CK-MB, 8-OhdG, and
CTNT. In this study, the ELISA kits used were obtained from Hengyi Sai Biotechnology Co., LTD in Wuhan, China. The
tests were performed following the guidelines provided by the manufacturer, using IL-8 (Cat ml063162, ml063162),
8-OhdG (Cat ELK7861, ELK Biotechnology), IL-6 (Cat ELK1157, ELK Biotechnology), CK-MB (Cat ELK1286, ELK

Infection and Drug Resistance 2025:18 hetps: 1963


https://string-db.org/

Yan et al

Biotechnology), and CTNT (Cat ELK6207, ELK Biotechnology) ELISA kits. Results were documented in ng/pg per
total protein. Detailed methods can be found in the Supplementary File 1.

Western Blot Analysis

After collecting, washing, and pre-cooling the remaining cardiac tissue, it was grounded and proteins were lysed to
extract total protein, which were then quantified for concentration. Thereafter, the altered protein was isolated using gel
electrophoresis according to its size, moved to a nitrocellulose membrane, obstructed with milk at ambient temperature,
and subsequently left to sit overnight at a cold temperature with primary antibodies such as p-ATM (abcam, ab315019,
1:500), ATM (CST, #2873, 1:1000), P53 (Wuhan Sanying, 60283-2-Ig, 1:2000), P21 (CST, #37543, 1:1000), P16 (CST,
#29271, 1:1000), and YH2Ax (abcam, ab81299, 1:500). The next day, the membrane was rinsed and then exposed to
a secondary antibody linked to HRP (Horseradish peroxidase) (ASPEN, AS1058, 1:10000) at room temperature,
followed by another wash. The protein bands were captured and examined to determine their expression levels by
utilizing a gel electrophoresis machine (DY Y-6C, BEIJING LIUYI BIOTECHNOLOGY CO, LTD). The optical density
values of the target bands were analyzed by the AlphaEaseFC software processing system. Detailed methods can be
found in the Supplementary File 2.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from heart tissue following the guidelines provided by the manufacturer, utilizing TRIzol reagent
from ELK Biotechnology. Thereafter, a 2-ug RNA sample was converted into cDNA via reverse transcription with
EntiLink Ist Strand cDNA Synthesis Super Mix from ELK Biotechnology (EQ031). The cDNA samples were subjected
to qRT-PCR using the EnTurbo SYBR Green PCR SuperMix (ELK Biotechnology, EQ001). The QuantStudio 6 Flex
system from Life Technologies was utilized, with Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal
control. The qPCR primers in Table 1 were created and produced by HY Cell Biotechnology in Wuhan, China. Gene
expression levels were analyzed using the 2—AACt technique to determine their relative values. Detailed methods can be
found in the Supplementary File 3.

Immune Infiltration Analysis

Immunoinfiltration analysis on Sangerbox platform was used to evaluate the existence of immune cells in septic heart and
control heart. Gene expression data from GSE79962 and GSE141864 were standardized, and the proportion of 22 immune
cells in each sample was determined by using Sangerbox’s immune infiltration calculation tool and CIBERSORT algorithm.

Table | Primers Designed for Use in Quantitative Real-Time

PCR

Primers Primer Sequence (5'-3')

M-GAPDH Sense TGAAGGGTGGAGCCAAAAG
Antisense | AGTCTTCTGGGTGGCAGTGAT

M-MYC Sense GGACTGTATGTGGAGCGGTTT
Antisense | GTTGAGCGGGTAGGGAAAGA

M-TP53 Sense AGGCCGGCTCTGAGTATACC
Antisense | CAGAAGGTTCCCACTGGAGTC

M-CXCLI Sense AATGAGCTGCGCTGTCAGTG
Antisense | CCATTCTTGAGTGTGGCTATGAC

M-SERPINEI | Sense GGTCAGGATCGAGGTAAACGAG
Antisense | CAGTTTCGTCCCAAATGAAGG
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Receiver Operating Characteristic (ROC) Curve

Receiver operating characteristic (ROC) curves were employed to assess the diagnostic capacity of genes. To measure
this ability, the Area Under Curve (AUC) was computed. Genes with AUC > 0.6 were classified as diagnostic, with those
exceeding 0.8 recognized for their exceptional diagnostic potential.

Statistical Analysis

GraphPad Prism and the SangerBox platform were utilized for statistical analyses. The choice between f-tests or the
signed rank test for comparing two groups depended on the data’s characteristics, whereas ANOVA (Ordinary one-way
analysis of variance) was utilized for comparing multiple groups. Spearman correlation tests were utilized for correlation
analysis. The data is displayed as the mean + standard deviation (SD).

Results

Overview of Key Findings

This study aimed to investigate the molecular mechanisms underlying SIMD, with a particular focus on the role of
cellular senescence and immune dysregulation in septic cardiomyocytes. Through an integrated approach combining
bioinformatics analysis, immune infiltration profiling, and experimental validation, we identified key SRDEGs and
explored their functional pathways. Additionally, we assessed the impact of immune cell infiltration and validated the
therapeutic potential of targeting the DDR pathway in a murine sepsis model.

Identification of DEGs and SRDEGs

To identify SRDEGs in septic cardiomyocytes, we conducted gene set enrichment analysis and differential expression
analysis using the merged GSE79962 + GSE141864 dataset, which comprised 41 samples, including 13 controls and
28 sepsis cases (Figure 1A). Our findings showed a significant activation of aging-related gene sets in septic
myocardial tissue. Furthermore, differential analysis and screening of genes within the dataset identified 739 differ-
entially expressed genes (Figure 1B) with [log2FC| > 0.5 and P < 0.05. The remaining aging-related genes were
obtained via an intersection from the cell database, resulting in the identification of 15 common differentially
expressed genes (ZFP36, BHLHE40, BCL6, MYC, TP53, PRPF19, SERPINEI, NOX4, ETSI, SMGI, CXCLS,
CXCLI, CDKNIA, and FOS were upregulated, and PROXI was downregulated) (Figure 1C and D).

Functional Enrichment Analysis of SRDEGs

GO and KEGG analysis unveiled the potential biological roles and enriched pathways of SRDEGs. The GO analysis was divided
into three categories: biological processes, cellular components, and molecular functions. Enrichment analysis of GO terms
revealed that biological processes of genes with differential expression were enriched in regulating metabolism of nuclear-
containing base compounds, responding to stress, promoting cell proliferation, inhibiting cell proliferation, responding to
cytokines, aging, undergoing cell senescence, and reacting to gamma radiation (Figure 2A). The cell components were mainly
enriched in the nuclear cavity, nuclear part, nucleoplasm, nucleus, chromosome part, replication fork, transcription factor
complex, double-strand break sites, DNA damage sites, and transcription factor AP-1 complex (Figure 2B). The primary
molecular functions included binding to specific DNA sequences, binding to DNA in regions that regulate transcription, binding
to nucleic acids in the regulatory regions, binding to transcription factors, binding to specific DNA sequences in regions that
regulate RNA polymerase II activity, binding to DNA in regions that regulate RNA polymerase II activity, binding to specific
DNA sequences in regions that regulate RNA polymerase II activity, binding to specific sequences of double-stranded DNA,
binding to core promoters, and binding to activating transcription factors (Figure 2C). KEGG enrichment analysis revealed
Kaposi sarcoma-associated herpes virus infection, cell senescence, human T-cell leukemia virus infection, hepatitis B infection,
and transcriptional dysregulation (Figure 2D).
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Figure | In sepsis myocardial tissue, the gene sets related to aging were notably turned on when compared to normal tissues (A). The volcano plot shows the variation in
gene expression within the GSE79962+GSE 141864 dataset, with significance determined by a nominal P-value of < 0.05 and FDR < 0.25 (B). The intersection of differential
genes and senescence-related gene sets (C). The clustering heatmap of SRDEGs (D).

PPl Network Analysis and Hub Gene Identification and Identification and Validation of

Diagnostic Characteristic Biomarkers
A PPI network consisting of 15 gene-related proteins was built using the STRING online tool (https://string-db.org/) to detect

interactions among differentially expressed genes. Following the network construction, hub genes were identified using the
Mcode plug-in, resulting in a gene cluster with seven nodes and 40 edges (Figure 3A). The seven hub genes—CXCLS, MYC,
TP53, CXCLI, CDKNIA, FOS, and SERPINE [—were identified as central to the network (Figure 3B). To evaluate the
diagnostic value of these hub genes in SIMD, ROC curve analysis was performed, revealing that CXCLS, MYC, TP53,
CXCL1, and SERPINE] exhibited high diagnostic accuracy with AUC values greater than 0.800 (Figure 3C).

Immune Infiltration Analysis

Confirming the significant role of the immune response in the pathogenesis of SIMD, we conducted an analysis of immune
infiltration to uncover the interplay between the immune response in SRG and SIMD. We utilized the CIBERSORT algorithm
to calculate the percentage of immune cells in heart samples GSE79962+GSE 141864, as shown in Figure 4B. The heatmap,
organized by clusters, illustrates the differences in the ratio of immune cells infiltrating the septic and control heart samples.
Notable differences were identified in the plasma cells (eg P < 0.05); follicular helper T cells (eg P < 0.05); quiescent NK cells
(eg P < 0.05); MO, M1 and M2 macrophages (eg P < 0.05); and neutrophils between the control and septic myocardial
samples (Figure 4C). Correlation analysis did not reveal any significant association with the key genes (Figure 4A). These
findings suggested a significant alteration in immune cell profiles in septic hearts, which may play a crucial role in the
progression of SIMD.
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Figure 4 The correlation between the hub genes and various types of immune cells was examined (A). The CIBERSORT analysis demonstrated the distribution of 22 different
types of immune cells in the cardiac tissue of both normal and septic groups (B). Differences in infiltration levels of immune cell types between normal and septic groups are
denoted by red and blue outlines (C). S represents the sepsis group, and C represents the normal control group *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

KU60019 Treatment Alleviated LPS-Induced Heart Injury in Mice

The LPS-induced septic mouse model is a common animal model utilized in SIMD research. Echocardiography, CK-MB
level (eg P < 0.05), cTnT level (eg P < 0.05), and H&E staining all indicated a notable decrease in cardiac function in the
LPS group, accompanied by inflammatory cell infiltration, myocardial tissue swelling, damage, and structural irregula-
rities. In the LPS + DMSO + KU60019 group, these conditions were alleviated except for the FS% level (Figure SA-D).
To validate the experimental findings, DMSO and DMSO + LPS groups were established based on multiple studies
indicating the cardiotoxic effects of DMSO.?* Based on these results, DMSO did not cause any significant differences.

Hub Gene Expression Validation

In the LPS-induced SIMD mouse model, we confirmed the expression levels of hub genes that are diagnostically
valuable (the mouse model was unable to detect CXCLS). The qRT-PCR findings indicated that the expression levels of
the four central genes followed a pattern similar to that of the cardiac tissue in patients with sepsis. Treatment with
KU60019 notably reduced these levels (eg P < 0.05), indicating its role in controlling SIMD cells (Figure 6A-D). Thus,
we identified four key genes (MYC, TP53, CXCLI, and SERPINE]I) that regulate SIMD cell senescence.

Sepsis May Induce Premature Aging of Cardiac Cells

We measured the P53, P21, and P16 levels in the mouse cardiomyocytes (Figure 7A). These findings indicated that LPS
caused a notable increase in the levels of P53, P21, and P16 proteins in the cardiac tissue of mice, whereas treatment with
KU60019 led to a reduction in the levels of these proteins (eg P < 0.05) in the cardiac tissue of mice. The proteins’
expression was not significantly affected by DMSO (Figure 7B).

Inhibition of DNA Damage Response Can Reduce Myocardial Senescence
The levels of SASP (IL-6 and IL-8) and DDR markers (yH2AX, 8-OhdG, and pATM/ATM) were evaluated in mouse
heart tissue through Western blotting (Figure 8B) and ELISA. Compared to the control group, we observed a notable

1968  hws Infection and Drug Resistance 2025:18



Yan et al

CK-MB

A -
H
2
£
Control £
:
o
H
]
DMSO
LPS; - . =
LPS+DMSO = )
LPS+KU60019+DMSO
LPS+KU60019+

DMSO

LPS+DMSO

Figure 5 Representative echocardiographic images of mice in respective groups (A). The bar chart (B) illustrates the distribution of FS% and EF% levels among mice in each group (n=3).
Furthermore, the bar chart presents the CK-MB and cTnT levels of the mice in each group, which were detected using the ELISA method (n=3) (C). Representative H&E pathological
staining images of mice in each group. Statistical (D) significance levels are denoted as follows: *p < 0.05, *p < 0.01, **p < 0.001, ¥**p < 0.0001.

A QERFINEG B myc € CXCL1 D P53
Haax bt *kkk *okokok
| *okokk *okokk l *okokok Rk ok | 5 4+ | p—— —— | - | T sat
€ 5. 5+ =)
65 c
‘a STX 5 32 2 0
"] 2 % o 3 0 4 .
L 44 ° @ 4+ = . 2 .
o g 3 =
3 s @ >°<' 3
o 37 x 37 o 2 >
c o S o
S 5] § 2 o S 2
- o - 14 o
w i} &
Z 44 O 1 %) 0 1
o > x o
4 = O =
% 0- 0- 0- 0-
> O & O © > O & O S L P L S O 2 O °
o‘,‘o ¥ S¢S &‘o & ¥ @ S ¥ ¥ § @Q & © R & $
< 9 O F° e 9 O F < 9 X & & S
& & & & 2 & 8
VP VO VL0 VP
W W R\ KX
Y ) O Q
x
&L vl Q(° Q"o
A% VvV . N

Figure 6 The mRNA expression level of the hub gene detected by gRT-PCR (A-D). ****: p < 0.0001.

increase in DDR markers 8-OhdG (Figure 8A), YH2AX, and pATM/ATM (eg P < 0.05) (Figure 8C) in the LPS group.
These findings indicate a notable rise in DDR levels within the heart muscle of individuals with sepsis, along with
a marked increase in the expression levels of SASP factors IL-6 and IL-8 (eg P < 0.05), providing additional evidence of
myocardial senescence. In mice treated with KU60019, we observed markedly reduced expression levels of all these
substances compared to the LPS group (eg P < 0.05). Furthermore, the presence or absence of DMSO did not
significantly affect the detection results, further validating the accuracy (Figure 8A—C).
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Figure 7 Western blotting was utilized to detect the presence of aging-related markers P21, P16, and P53 (A), with the findings displayed in a bar chart (B). Significance
levels are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. (Full-length gels and blots are visible in the Supplementary File 4).

Discussion
Summary of Our Work

This study revealed the intricate relationship between cellular senescence and SIMD. Using bioinformatics methods, we
discovered an unusual expression of genes associated with aging in cardiac tissue of sepsis patients, analyzed and
hypothesized the key genes and pathways regulating this process, validated cellular senescence occurrence in the
myocardial tissue of SIMD in animal models. We demonstrated that inhibiting ATM activation can reduce the synthesis
of P53, thereby improving the aging of cardiomyocytes caused by sepsis, which provides theoretical support for potential
therapeutic strategies to improve the prognosis of sepsis patients, especially in enhancing survival rates and quality of life.

SIMD-Induced Premature Aging in Cardiomyocytes

The mechanism and occurrence of SIMD-induced premature aging in cardiac myocytes remains unclear. Our study first
utilized GSEA analysis to identify aging-related gene sets significantly upregulated in cardiomyocytes from sepsis
patients. A total of 15 genes related to aging were identified by comparing gene expression between sepsis and healthy
hearts. KEGG analysis indicated notable enrichment in aging and cellular senescence pathways, and GO enrichment
analysis revealed information regarding the biological processes like cellular senescence, cell proliferation, nucleotide
metabolism, and DNA repair. These findings suggest that sepsis may induce premature aging of cardiomyocytes,

potentially through DNA damage repair mechanisms, which was in line with those of prior studies.*>*

Key Genes Regulating Cellular Aging in SIMD

Five key genes — MYC, TP53, CXCLI, CXCLS8, and SERPINE] — were identified and validated their expression in
animal experiments. Specifically, CXCL8 and CXCLI, as chemokines,”’ are generally secreted by aging cells (mainly
monocytes) to maintain chronic inflammation during the aging process and are classic molecules of the aging-related
secretory phenotype.”®?° Research has shown that CXCL! recruits neutrophils to the liver of old mice, inducing tissue
aging and inflammation.® MYC plays a crucial role in the regeneration of cardiomyocytes and may also promote aging
by inhibiting PARKIN, a protein necessary for mitochondrial autophagy.’' Conversely, impaired mitochondrial autop-
hagy is a key factor in cellular aging.** The upregulation of MYC expression could exacerbate sepsis-induced aging.
SERPINEI, which encodes PAI-1,** regulates blood clotting and is implicated in aging and fibrosis. Studies have shown
that PAI-1 plays a crucial role in both stress-induced and replicative aging in cells and can be readily detected in
accelerated and physiological aging models.>* Although the precise process remains unknown, numerous research studies
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Figure 8 The levels of IL-6, IL-8, and 8-OHdG in mice from each group were analyzed using the ELISA method and presented in a bar chart format. The sample size for each
group was n=3 (A). The expression of aging-related markers p-ATM, ATM, and YH2Ax was detected via Western blotting. The results are presented in a bar chart (B—C).
*p < 0.05, ¥p < 0.01, ¥*p < 0.001, ¥***p < 0.0001 (Full-length gels and blots are visible in the Supplementary File 4).

have showed that PAI-1 production can be triggered by different inflammatory agents, such as IL-6 and TNF-a.>> The
TP53 gene produces the P53 protein, essential for regulating cell growth and apoptosis. It activates in response to
stressors like radiation, toxins, low oxygen, reactive oxygen species, and abnormal cell division. In sepsis, mitochondrial
dysfunction involves oxidative phosphorylation issues, reactive oxygen species production, altered energy metabolism,
and mitophagy.*® These results indicate that sepsis can cause premature aging of the cardiac tissue, leading to abnormal
expression of these genes.

The Role of the P53 Pathway in Myocardial Aging

In the PPI interaction network, we noted that P53 occupies the most central position, combined with our enrichment
analysis results, aligning with some prior findings.*’*® Thus, we hypothesized that myocardial cell senescence may be
caused by ROS accumulation leading to DNA damage in myocardial tissue, triggering DDR, and ultimately resulting in
a series of cascading reactions. We found that inhibiting the ATM/P53 pathway in LPS mice led to a significant decrease
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in the DDR response level, cell aging markers (P53, P16, and P21), and SASP expression, including a minimal
improvement in cardiac function and tissue damage. This indicates that improving DDR in the early stage of sepsis
can alleviate myocardial injury by modulating myocardial aging.

Immune Microenvironment in Sepsis

We also explored the relationship between early myocardial injury in sepsis and the immune microenvironment and
analyzed the correlation between relevant immune cells and aging-related hub genes. We noted abnormal immune cell
infiltration and significant differences in numerous immune cell types between sepsis and control myocardial samples.
Despite previous studies indicating that aging can alter tissue immune microenvironments,*® our study yielded similar
results, but did not find a significant correlation between changes in numerous immune cells and these key genes. We
may need more samples and experiments for analysis and validation.

Implications for Therapeutic Strategies

Our study demonstrated that LPS-induced sepsis accelerated myocardial aging through DNA damage repair mechanisms,
primarily involving the ATM/P53 pathway. This finding offers important theoretical insight into one of the key
mechanisms underlying myocardial dysfunction in sepsis. Although our results suggested that targeting the ATM/P53
pathway and other anti-aging strategies could help alleviate sepsis-associated deficits (including immune, cognitive,
psychological, renal, and cardiovascular impairments), it is crucial to emphasize that these findings were based on animal
models. Therefore, the therapeutic potential of these interventions needs to be validated in human populations.

Study Limitations and Future Directions

This study has some limitations. First, the mouse model of sepsis used may not accurately represent the myocardial
dysfunction seen in humans; therefore, it is crucial to conduct additional preclinical and clinical research, along with
in vitro tests, to gain a deeper insight into the mechanisms that cause myocardial cell aging due to sepsis. Second,
although this study confirmed cell aging in sepsis animal models, the sample size was relatively small; therefore, larger
datasets and more samples are needed to validate our findings. Finally, it is important to mention that cellular aging can
be reversed as a biological process, and conducting animal experiments with longer time points would be valuable in
investigating whether sepsis-induced cell aging contributes to poor long-term cardiac outcomes.

Conclusion

This study highlights the role of the ATM/P53 pathway in sepsis-induced myocardial aging. Our findings suggest that
targeting DNA damage repair and modulating cellular aging could offer potential therapeutic strategies to improve the
prognosis of sepsis patients. Further studies with larger sample sizes and longer follow-up are needed to validate these
results and explore clinical applications.

Accessibility of Information and Resources

The research used information obtained from publicly available databases, which is thoroughly explained in the paper.
Information can be accessed in the GEO data repository (https://www.ncbi.nlm.nih.gov/geo/) using the accession numbers
GSE79962 and GSE141864. Furthermore, the CellAge database can be found at https://genomics.senescence.info/cells/.

Approval of Ethics and Agreement to Participate

The transcriptomic datasets used in this study, GSE79962 and GSE141864, are obtained from the NCBI GEO database
and are legally acquired public data. All data are anonymized and do not involve any sensitive personal information or
commercial interests. In accordance with item 1 and 2 of Article 32 of the Measures for Ethical Review of Life Science
and Medical Research Involving Human Subjects issued on February 18, 2023, China, the use of human data in this
study is exempt from ethical review. Animal experiments were evaluated and authorized by the Ethics Committee of the
Affiliated Hospital of Southwest Medical University (reference number 20231115-003).
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