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Introduction: Sepsis is currently a common condition in emergency and intensive care units, and is defined as life-threatening organ
dysfunction caused by a dysregulated host response to infection. Cardiac dysfunction caused by septic myocardial injury (SMI) is
associated with adverse prognosis and has significant economic and human costs. The pathophysiological mechanisms underlying SMI
have long been a subject of interest. Recent studies have identified ferroptosis, a form of programmed cell death associated with iron
accumulation and lipid peroxidation, as a pathological factor in the development of SMI. However, the current understanding of how
ferroptosis functions and regulates in SMI remains limited, particularly in the absence of direct evidence from human heart.
Methods: We performed a sequential comprehensive bioinformatics analysis of human sepsis cardiac transcriptome data obtained
through the GEO database. The lipopolysaccharide-induced mouse SMI model was used to validate the ferroptosis features and
transcriptional expression of key genes.

Results: We identified widespread dysregulation of ferroptosis-related genes (FRGs) in SMI based on the human septic heart
transcriptomes, deeply explored the underlying biological mechanisms and crosstalks, followed by the identification of key functional
modules and hub genes through the construction of protein-protein interaction network. Eight key FRGs that regulate ferroptosis in
SMI, including HIF1A, MAPK3, NOX4, PPARA, PTEN, RELA, STAT3 and TP53, were identified, as well as the ferroptosis features.
All the key FRGs showed excellent diagnostic capability for SMI, part of them was associated with the prognosis of sepsis patients and
the immune infiltration in the septic hearts, and potential ferroptosis-modulating drugs for SMI were predicted based on key FRGs.
Conclusion: This study provides human septic heart transcriptome-based evidence and brings new insights into the role of ferroptosis
in SMI, which is significant for expanding the understanding of the pathobiological mechanisms of SMI and exploring promising
diagnostic and therapeutic targets for SMIL.
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Introduction

Sepsis, one of the leading causes of death in critically ill patients worldwide, is a life-threatening organ dysfunction
caused by a dysregulated host response to infection.'* Although the prognosis of sepsis patients has improved with the
development of therapeutic measures such as intensive care and antibiotic application, it is still considered a major public
health problem with significant health care and social impact due to the high morbidity and mortality.>> The pathogen-
esis of sepsis is complex, and not only involves systemic inflammation but also dysfunction of multiple organs.' Cardiac
dysfunction caused by septic myocardial injury (SMI) is a common and lethal manifestation of sepsis, and is associated
with septic shock and increased mortality.®’ Clinical and pathological research related to SMI is progressing worldwide,
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however, there is still a lack of characteristic biomarkers and precise clinical diagnostic and therapeutic strategies.® !

Therefore, it is crucial to elucidate the molecular basis of SMI to identify promising targets for its prevention, diagnosis
and treatment.'?

Disruption in iron homeostasis is one of the critical pathological features of sepsis and SMI, and entails increased iron
transport and uptake into cells and decreased iron export.'*'* There is evidence of iron homeostasis disorder in both
circulating blood and organ tissues of septic patients, which has been found to be related to the clinical prognosis.'>”
Since ferroportin is the only known iron exporter in vertebrate cells, cellular iron overload is susceptible to occur when
iron homeostasis is disordered.'* Iron is an important trace element involved in multiple biological processes such as
DNA synthesis and energy production. However, the accumulation of unstable iron ions can lead to oxidative damage
and cell death when cellular iron is overloaded.'® Ferroptosis is a form of programmed cell death driven by iron-
dependent lipid peroxidation, which has unique morphological, genetic, and biochemical characteristics.'”'® Recent
studies have reported ferroptosis in both in vivo and in vitro SMI models, and inhibition of ferroptosis by small molecule
compounds has been found to be protective in SMI models.'”?' Despite increased research focus on the role of
ferroptosis in SMI, the current understanding of its molecular biology is still scattered and unclear, further in-depth
exploration is necessary and urgent, which may lead to promising targets for diagnosis and treatment.

Deep transcriptomic analyses based on human pathological tissues contribute to bring the closest insights to reality in
exploring the molecular biological mechanisms in various diseases, many of which have translated into clinical
benefits.”> >° However, current studies on the mechanisms of ferroptosis in SMI still lack important information from
human heart samples. Here, we performed an in-depth analysis of the human septic heart transcriptomes, which identified
the variations of ferroptosis-related genes (FRGs) in SMI, and further explored their potential biological functions and
pathways. A protein-protein interaction (PPI) network was constructed to identify key functional modules and hub genes.
The expression of hub genes and ferroptosis features was then validated in the mouse SMI model, and the diagnostic
capability and prognostic relevance of key FRGs for SMI were subsequently evaluated. The expression and distribution
of key FRGs were determined through human heart single-cell transcriptome data. Furthermore, we performed immune
infiltration correlation analyses of identified key FRGs in septic hearts given the tight association between SMI,
ferroptosis, and immune infiltration.®?°® Finally, we predicted potential ferroptosis-modulating drugs for SMI based

on the drug-target correlation of key FRGs, and performed molecular docking for further exploration.

Materials and Methods

Data Collection
As described in our previous study,?’ the microarray datasets GSE79962 and GSE54514 were retrieved from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). The transcriptomic data of 11 control hearts (sourced from non-failed

donors) and 20 septic hearts (sourced from patients who died from sepsis) were obtained from the GSE79962 dataset,
while the transcriptomic data of whole blood samples (within 24 hours of admission to the intensive care unit) from 26
sepsis survivors and 9 sepsis nonsurvivors were obtained from the GSE54514 dataset. After probe merging and ID
conversion, all expression data were log2 transformed and quantile normalized before further analyses.

Transcriptomic Differential Analysis and ldentification of Differentially Expressed
Genes (DEGs) and Differentially Expressed FRGs (DEFRGs)

The limma package (version 3.48.0) in the R software (version 4.1) was used to screen the DEGs in the septic hearts, and
the Benjamini-Hochberg correction method was used to control the false-discovery rate (FDR). Referring to previous
studies,”*! the thresholds we set for selecting the DEGs were FDR < 0.05 and [log2FC| > 0.25. The FRGs were derived
from the ferroptosis-related database FerrDB (version dated 10 May 2022) (http://www.zhounan.org/ferrdb/),>* and the
combined FRG set included a total of 388 FRGs after deduplication of genes (Table S1). DEGs and FRGs were overlap
analyzed using the VennDiagram package in R software and the overlapped genes were defined as DEFRGs.
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Gene Set Enrichment Analysis (GSEA)

To evaluate the overall correlation between FRGs and septic hearts, GSEA was performed using the Sangerbox online
tool (http://vip.sangerbox.com/).>* Genes in the ferroptosis-associated gene set obtained as mentioned above were scored

and ranked by expression value in the GSE79962 dataset. Normalized enrichment score (NES) was calculated and FDR <
0.05 was considered significant.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

Enrichment Analyses
As described in our previous study,”” the identified DEFRGs were subjected to GO and KEGG enrichment analyses using
the clusterProfiler package in the R software.** FDR < 0.05 was the criterion for significantly enriched by DEFRGs.

PPl Network and ldentification of Key Modules and Hub Genes
The STRING database (https://string-db.org/) and Cytoscape software were used to establish and visualize a PPI network

of DEFRGs as described in our previous studies.”” Functional key modules were identified from the PPI network by the
MCODE plugin using the K-means clustering algorithm (degree cutoff = 2, node score cutoff = 0.2, K-core = 2). The
genes in the PPI network were assigned and ranked accordingly by Cytohubba’s built-in MCC algorithm, and the top ten
genes were screened as hub genes.

Animals and Establishment of the SMI Model

Male BALB/c mice (8—10 weeks old) were adopted, provided by Charles River Laboratories. Mice were acclimatized for
1 week at 23+1°C under a 12 hours light/dark period, housed with bacteria-free water and food provided ad libitum.
Twenty-one mice were used in the control group, while twenty-four mice per group were used in the experimental
groups. To induce SMI, the mice were injected intraperitoneally with lipopolysaccharide (LPS, Sigma-Aldrich, USA)
(10 mg/kg). The sham-operated controls received an equal volume of PBS. The LPS+Fer-1 group was pre-treated with
Ferrostatin-1 (Fer-1, Sigma-Aldrich, USA) (5 mg/kg) 30 min before LPS injection. After 24 hours of LPS injection, mice
received transthoracic echocardiography to identify the heart functions. The mice were then euthanized, and the blood
and heart samples were collected for subsequent experiments. All animal experiments were approved by the Animal
Experimentation Ethics Committee of the First Affiliated Hospital of Nanchang University (ethics number: CDYFY-
TACUC-202209QR004), and all the laboratory procedures were followed the “Laboratory Animals-Guideline of welfare
and ethics” of the State Standard of P.R. China for the welfare of animals.

Echocardiography

The mice were anesthetized with 1.5% isoflurane, and cardiac function was evaluated by two-dimensional transthoracic
echocardiography using a Vevo2100 imaging system (VisualSonics, Canada). All measurements were performed by an
experienced operator blinded to the study.

Biochemical Analyses

Blood samples were collected from the abdominal aorta. Serum levels of lactate dehydrogenase (LDH), creatine kinase-
myoglobin binding (CK-MB), cardiac troponin T (cTnT), interleukin (IL)-6, IL-1p and tumor necrosis factor (TNF)-a
were measured using specific ELISA kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manu-
facturer’s instructions. In addition, freshly collected myocardia (with removal of atriums) were homogenized in cold, the
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and reduced (GSH)/oxidized
(GSSG) glutathione (GSH/GSSG) ratios were measured using specific kits according to the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, China). The absorbance was measured using a Spark® multimode micro-
plate reader (Tecan, Switzerland).
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Measurement of Cardiac Iron Content
The myocardia (with removal of atriums) were weighed, homogenized and lysed. The iron content in the myocardium
was measured using a kit according to the manufacturer’s instructions (Pulilai Gene Technology, China). The absorbance

was measured at 550 nm using the Spark® multimode microplate reader (Tecan, Switzerland).

Histological Analysis

Isolated hearts were fixed in 10% formalin, dehydrated and paraffin-embedded, and cut into 5-um cross-axis sections.
Hematoxylin and eosin (H&E) staining was performed according to the standard protocols. For immunohistochemical
staining, the sections were sequentially probed with the anti-4 hydroxynonenal antibody (4-HNE, 1:200, Bioss, China),
biotin-labeled goat anti-rabbit IgG antibody (1:100, Beyotime, China) and HRP-labeled Streptavidin (1:300, Beyotime,
China), then HRP was detected by DAB kit (Beyotime, China).

Detection of Radical Oxygen Species (ROS)

Fresh isolated hearts were frozen sectioned after OCT embedding. The sections were incubated with a dihydroethidium
(DHE) probe (Yeasen, China) at 37°C for 60 min away from light, and imaged under a fluorescence microscope (Nikon
Eclipse Ci, Japan) fitted with a digital camera (Nikon DS-U3, Japan).

Transmission Electron Microscopy (TEM) Imaging

Fresh mice left ventricular myocardium (1 mm x 1 mm x 1 mm) were rapidly harvested. After fixation, washing,
dehydration, embedding, sectioning and staining. The ultrastructure of myocardial mitochondria was observed by TEM
(Hitachi 7800, Japan), and the Flameng score method was used to evaluate the ultrastructural damage of mitochondria.*

Western Blot Analysis

Western blotting was performed as described in our previous study.> Briefly, the myocardium (with removal of atriums)
was homogenized and lysed, and the extracted proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. After blocking with 5% non-fat dry milk at room
temperature for 2 hours, the blots were incubated overnight with primary antibodies against PTGS2 (Proteintech #12375-
1-AP, China, 1:1000) and PB-actin (Biosharp #BL005B, China, 1:2000) at 4°C. Subsequently, the membrane was
incubated with the secondary antibody (Beyotime # A0208, China, 1:2000) for 2 hours at room temperature. The
positive bands were visualized using the Ultra High Sensitivity ECL kit (Beyotime, China) and imaged using FluorChem
FC3 (ProteinSimple, USA). The blots were densitometrically scanned using the Image] software (NIH, USA), and B-

actin was selected as the internal reference according to previous studies.**’

Quantitative Real-Time PCR (qRT-PCR)

The protocol for qRT-PCR has been described in our previous study.?’ Briefly, myocardia (with removal of atriums)
were homogenized in TRIzol (Invitrogen, USA) to extract total RNA. After removal of genomic DNA by DNase
treatment, total RNA was then reverse-transcribed into cDNA using RevertAid MM (ThermoFisher Scientific, USA)
according to the manufacturer’s instruction. qRT-PCR was performed using the Power SYBR Green PCR Master Mix
(ThermoFisher Scientific, USA) on the real-time PCR system (StepOnePlus Real-Time PCR System, Applied
Biosystems, USA). According to previous studies,***° for normalization, ACTB levels were used as an internal
reference and mRNA levels relative to control were calculated according to the 2—AACT method. The primers were
designed using NCBI Primer-Blast and synthesized by Sangon Biotech Co. Ltd. (Shanghai, China), the sequences are
listed in Table S2.
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Receiver Operating Characteristic (ROC) Curve Analyses

To evaluate the diagnostic accuracy of genes, ROC curves were plotted as described in our previous study.”’ The area
under the ROC curve (AUC) was used to quantify the classification. Genes with AUC > 0.6 were considered diagnostic,
and those with AUC > 0.8 were considered excellently diagnostic.

Single-Cell Sequencing Analyses
The Single Cell Portal (https://singlecell.broadinstitute.org/single cell) was availed to obtain single cell sequencing data for
key FRGs. The single-cell sequencing data of the human fetal heart and adult heart from SCP498 and SCP1021 were used.***!

Immune Infiltration Analyses
The Sangerbox platform (http://vip.sangerbox.com/) was used to perform immune infiltration analyses as previously

described.”” The proportion of 22 immune cell species was calculated using the CIBERSORT algorithm based on
normalized gene expression data.

Potential Therapeutic Drug Prediction and Molecular Docking

The potential ferroptosis-regulating drugs for SMI were predicted by the Enrichr online enrichment analysis tool (http://amp.
pharm.mssm.edu/Enrichr) based on the protein-drug interaction data from the DSigDB database (http://dsigdb.tanlab.org/).***
The corresponding FDR and the combined score were calculated as described in the study of Avi Ma’ayan et al.*> FDR <0.05

and combined score > 10,000 were set as cut-offs for valid drug candidates, while higher combined scores were considered to
have a stronger interaction between the drug and target genes.

Molecular docking was used to model the combination between drug and target proteins, and to predict the extent of
the interaction. The chemical structures of the predicted drugs and target proteins were obtained from the PubChem
database (http://pubchem.ncbi.nlm.nih.gov),** the RCSB protein data bank database (https://www.rcsb.org),*> and the
AlphaFold protein structure database (https://alphafold.ebi.ac.uk/).*® After collating the receptor protein and ligand small

molecule compounds separately, molecular docking was performed using the CDOCK module in Discovery Studio 2019
software (BIOVIA, USA).

Statistical Analyses

All the statistical analyses not mentioned above were performed using the Sangerbox platform and the GraphPad Prism
(version 8.0.2, La Jolla, CA). Comparisons between two groups in the transcriptomic analyses which not mentioned
above were performed using signed-rank test. Ordinary one-way ANOVA was used for comparisons between multiple
groups in the animal experiments. The Spearman correlation test was used for correlation analysis. Data are presented in
mean + SD. The Benjamini-Hochberg correction method was applied to adjust the P values for FDR, and statistical
significance was considered at FDR < 0.05. P values are shown as indicated: *P < 0.05, **P < 0.01, ***P < (0.001, ****P

< 0.0001, ns = not significant.

Results
Overall Study Protocol

The illustrative and detailed protocol of our study is summarized (Figure 1A and B). All the raw data were normalized
before further analyses, as shown in Figure S1.

Widespread Dysregulation of FRGs in the Human Septic Heart Transcriptomes

GSEA is a commonly utilized method to evaluate the overall relevance of specific characteristic gene set in the disease
transcriptome to the disease phenotype.”” To evaluate whether the variation of the FRG set in the human septic heart
transcriptome is significant, the GSEA of total FRG set in the GSE79962 dataset was performed. The result of GSEA
showed that FRGs were dramatically differentially expressed in the two groups, and the FRG set showed significant
positive correlation with the septic heart phenotype compared to the control (FDR < 0.05, NES = 1.489) (Figure S2). This
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Figure | The overall protocol of this study. The illustrative (A) and detailed (B) protocol of this study, drawn by Figdraw.
Abbreviations: GSEA, Gene set enrichment analysis; DEG, differentially expressed genes; FRG, ferroptosis-related gene; DEFRG, differentially expressed FRG; GO, gene
ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; DIIC, differentially infiltrating immune cell; LPS, lipopolysaccharide.

result suggests that the widespread dysregulation of FRGs is present in the human septic heart transcriptomes as an
essential feature, which indicates a functional correlation between ferroptosis and SMI.

Identification of DEGs and DEFRGs

There were significant transcriptomic differences between control and septic hearts, as shown in the clustered heatmap of
genes in the top and last 250 of the log2FC ranking (Figure S3). There were 2316 DEGs identified from the GSE79962
dataset, as listed in Table S3, of which 1031 were upregulated and 1285 were downregulated in the septic hearts
(Figure 2A).

Furthermore, we identified DEFRGs in the GSE79962 dataset since the GSEA result showed a meaningful associa-
tion between the FRG set and septic heart phenotype. 71 out of the 388 FRGs obtained from FerrDB overlapped with the
DEGs, which were identified as DEFRGs for subsequent analyses (Figure 2B), as listed in Table S4. These 71 DEFRGs
were significantly differentially expressed in control and septic hearts, as shown in the clustered heatmap (Figure 2C).
Further analysis of expression correlations between DEFRGs in septic hearts revealed numerous significant correlations,
as shown in the correlation heatmap (Figure 2D). For example, HIF' 1A was significantly positively correlated with SAT1
(r = 0.87), and POR was significantly positively correlated with ELOVLS5 (r = 0.84) and negatively correlated with
NRI1D2 (r = —0.86) and TSC1 (r = —0.82). These extensive correlations between genes suggest that intricate functional
networks may exist in DEFRGs.

GO and KEGG Enrichment Analyses

To explore the functions and related pathways of the DEFRGs, we performed GO and KEGG enrichment analyses. The
GO enrichment analyses showed that the DEFRGs are mainly involved in the biological processes (BP) of cellular iron
ion homeostasis and response to nutrient, oxygen, and chemical stress (Figure 3A). Furthermore, cellular components
(CC) to which the DEFRGs localize include apical part, basal plasma membrane, autophagosome or autolysosome
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Figure 2 Identification of differentially expressed ferroptosis-related genes. Volcano plot of DEGs in the GSE79962 dataset (FDR < 0.05 and |log2FC| = 0.25). (B) Venn
diagram showing the overlap of genes between DEGs in the GSE79962 dataset and FRGs from FerrDB. (C) Clustered heatmap of DEFRGs in the GSE79962 dataset. (D)
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(Figure 3B). Among the molecular functions (MF), the DEFRGs were associated with the binding of DNA-binding
transcription factor, ubiquitin protein ligase, transcription coregulator and coactivator, heat shock protein and the
activities of acyltransferase and oxidoreductase (Figure 3C). The KEGG enrichment analysis showed that the
DEFRGs are mostly involved in ferroptosis, reactive oxygen species, autophagy, and cancer-related pathways
(Figure 3D). The cross-talks between gene functions and pathways were further analyzed, as shown in Figure 3E-H.
DEFRGs have an intricate web-like relationship with different BP, CC, MF, and KEGG pathways, and the results
suggested that FRGs regulate the progression of SMI may via the cross-talks of multiple gene functions and pathways

rather than individually.

Construction of PPl Network and ldentification of Key Modules and Hub Genes
Given the cross-talk of multiple genes and pathways in FRGs-mediated regulation of SMI, we subsequently constructed
a PPI network of DEFRGs using the STRING database to identify functional gene clusters and individual genes among
DEFRGs (Figure 4A). Two key modules (Figure 4B) and ten hub genes (STAT3, NOX4, TP53, HIF 1A, NFE2L2, MAPK3,
RELA, PTEN, EGFR, PPARA) (Figure 4C) were identified. Notably, the identified hub genes were exactly overlapped
with one of the key modules, which further demonstrates the important pivotal role of these genes as major functional
clusters in DEFRGs. Figure 4D and E show the multiple correlations between hub genes and with other DEFRGs.
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Figure 3 GO and KEGG enrichment analyses of differentially expressed ferroptosis-related genes. GO enrichment analyses of DEFRGs in (A) the biological process
category (BP); (B) the cellular component category (CC); (C) the molecular function category (MF). (D) KEGG enrichment analysis of DEFRGs. Crosstalk analysis between
DEFRGs and (E) gene functions in BP; (F) gene functions in CC; (G) gene functions in MF; (H) KEGG pathways.

Ferroptosis Features in LPS-Induced Mouse Septic Myocardial Injury Model

The LPS-induced mouse SMI model is a commonly used experimental model for exploring SMI in vivo, which we used
here to observe the ferroptosis features and hub gene expression in SMI myocardium.'®*'**” Cardiac dysfunction in the
SMI mice was manifested by reduced left ventricular ejection fraction and fractional shortening (Figure SA—C), along
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Figure 4 PPl network and identification of hub genes. (A) PPl network of all DEFRGs constructed by STRING database, the no connected dots were hidden. (B) Modules
identified by the MCODE plugin using the K-means clustering algorithm (degree cutoff = 2, node score cutoff = 0.2, K-core = 2). (C) The expression variations of hub genes
ranked by MCC algorithm in the septic hearts from the GSE79962 dataset. (D) Cross-talks between hub genes, the deeper color of the dot means that the rank order of the
hub gene is more advanced. (E) Cross-talks between hub genes and other DEFRGs.

with increased serum inflammatory factors (IL6, IL-1B, TNF-a) and myocardial injury markers (LDH, CK-MB, c¢TnT),
which could be partially rescued by the ferroptosis inhibitor Fer-1 (Figure 5SD-I). The ferroptosis marker PTGS2 was
upregulated in the myocardium of SMI mice at both mRNA and protein levels (Figure 5J-L). Consistent with this, the
inflamed myocardial tissues of SMI mice exhibited the biochemical and morphological features of ferroptosis, such as
high levels of ROS and 4-HNE, and extensive mitochondrial damage characterized by atrophy and matrix loss
(Figure 5M and N). Furthermore, we also observed increased levels of iron and MDA, decreased levels of SOD and
GSH-Px, and reduced GSH/GSSG ratio in the myocardia of SMI mice (Figure 50-S). Fer-1 protected against most of
these pathological alterations, although there was no significant decrease in cardiac iron content, most likely due to the
fact that Fer-1 only chelates Fe*" rather than expelling iron from cells.*® These results suggest that ferroptosis is a crucial
pathological driver of SMI, and targeting ferroptosis pathways can be a promising therapeutic strategy for SMIL.

Identification of Key FRGs and Exploration of Their Diagnostic Capability and

Prognostic Relevance
We sequentially validated the expression of hub genes in the myocardium of SMI mice. As shown in Figure 6A—J, most
of these genes showed trends consistent with that in the human septic heart transcriptome, such as increased expression
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Figure 5 Altered ferroptosis features in LPS-induced mouse septic myocardial injury model. Male BALB/c mice (8—10 weeks old) were treated with LPS (10 mg/kg) for 24 hours in
the presence or absence of Fer-1 (5 mg/kg) pretreatment, while the sham-operated controls received an equal volume of PBS, followed by subsequent experiments. Cardiac
function evaluated by echocardiography in each group (A), quantified as (B) left ventricular ejection fraction (LVEF), (C) left ventricular fractional shortening (LVFS%) (N = 3 per
group). Serum levels of (D) LDH, (E) CK-MB, (F) cTnT, (G) IL-6, (H) IL-1B, (I) TNF-o in each group (N = 3 per group). (J) Representative Western blotting bands of PTGS2.
Quantification of (K) mRNA and (L) protein expression levels of PTGS2 in the left ventricular myocardium in each group (N =9 for mRNA and N = 3 for protein per group). (M)
Representative images of HE, DHE (ROS detection), 4-HNE staining and transmission electron microscopy in the left ventricular myocardium in each group (N = 3 per group). (N)
Ultrastructural damage evaluated with the Flameng score method in each group. Cardiac levels of (O) iron, (P) SOD, (Q) MDA, (R) GSH-Px and (S) GSH/GSSG ratios in each group
(N = 3 per group). *P < 0.05, ¥P < 0.01, **P < 0.001, ****P < 0.0001, Data are presented as the mean + SD, n > 3.

Abbreviations: ns, not significant.
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of HIF 14, MAPK3, NOX4, RELA, STAT3 and TP53, and decreased expression PPARA and PTEN. The Fer-1 treatment
could partially but not completely reverse these alterations, suggesting that these genes may participate in other
biological processes alongside ferroptosis. Interestingly, the EGFR expression was similar in the myocardium of SMI
and control mice, while NFE2L2 even showed opposite expression trend, which may be attributed to the presence of
individual differences or different biological circumstances, and we excluded them as key genes given these uncertain
expression alterations.

We finally identified HIF 1A, MAPK3, NOX4, PPARA, PTEN, RELA, STAT3 and TP53 as key FRGs, and further ROC
analyses revealed that all of them have excellent diagnostic capability for septic heart (AUC > 0.8) (Figure 6K—R).
Furthermore, the expression of several key FRGs (PPARA, HIF1A, MAPK3, RELA, TP53 and STAT3) was significantly
lower in the whole blood of sepsis non-survivors on the first day of ICU admission compared to survivors, indicating
their relevance to the prognosis of sepsis (Figure 6S), further analysis revealed that PPARA and TP53 expression in whole
blood of sepsis patients was significantly negatively correlated with APACHEII scores-quantified severity (Figure 6T and
U, S4). Interestingly, while SMI in general usually leads to poor prognosis in sepsis, we found the variability trends of
key FRGs in the septic hearts do not fully coincide with those in whole blood of sepsis non-survivors, probably due to the
comprehensive pathological condition of sepsis as a complex systemic disease. To conclude, these key genes that
regulating ferroptosis in SMI have the potential to serve as biomarkers for SMI.

Distribution of Key FRGs in Human Heart

To explore the distribution of key FRGs in human heart, we investigated single-cell sequencing of key FRG expression
using the Single Cell Portal. All key FRGs were expressed to varying degrees in both human fetal and adult hearts
(Figure 7A and B). Noticeably, while key FRGs are predominantly expressed in cardiomyocytes, they are also expressed
in other cell types such as immune cells.

Immune Infiltration Analyses
Immune cells play an important role in many cardiac diseases.*”>* The immune and inflammatory responses are critical
to the pathological progression of SMI.**! Since single-cell sequencing analysis revealed that the key FRGs are also
expressed in immune cells, while a close association between ferroptosis and immune cell function and activity has been
reported in other biological environments, the immune infiltration analyses were further performed in our study to
explore the cross-talks between ferroptosis and immune cells in SML?®°*% We estimated the relative proportions of
infiltrating immune cells in each heart sample from the GSE79962 dataset using the CIBERSORT algorithm, as shown in
Figure 8A, while the clustered heatmap of infiltrating immune cells shows the differences between control and septic
hearts (Figure 8B). M2 macrophage was found at the highest proportion among immune cells in these heart samples, and
it was lower in septic hearts (0.35 £ 0.08 vs 0.37 £ 0.08, septic hearts vs control), corresponding to a higher proportion of
M1 macrophage (0.02 £ 0.04 vs 0.005 £ 0.01, septic hearts vs control) However, M1 and M2 macrophage did not show
significance due to large individual differences (p > 0.05). The proportion of infiltrating neutrophils and resting NK cells
was significantly increased in the septic hearts, while that of resting mast cells and CD8" T cells were significantly
decreased, which were identified as differentially infiltrating immune cells (DIICs) in the SMI myocardium (Figure 8C).
Further analyses revealed correlations between immune cells (Figure S5A) and with several key FRGs in the septic
hearts (Figure 8D), the proportion of resting mast cells was significantly positive correlated with PPARA expression and
significantly negative correlated with HIFIA expression, and the proportion of neutrophils was significantly negative
correlated with TP53, HIF 14, and STAT3 expression, while that of resting NK cells was significantly positive correlated
with PTEN and RELA expression (Figure S5B). In contrast, none of these correlations were significant in control hearts,
suggesting that the correlation between key FRGs and immune cells may be pathological rather than physiologically
present.

Potential Therapeutic Drug Prediction and Molecular Docking
We screened for potential drug candidates for SMI based on the key FRGs using the DSigDB database, which may treat
SMI by modulating ferroptosis. Finally, 13 potential therapeutic drugs were predicted, as listed in Table S5. Figure 9A
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shows the top ten predicted potential therapeutic drugs ranked according to the combined score, and resveratrol
(C14H203) was the most strongly drug-target correlated drug predicted for ferroptosis-related key genes (Combined
Score = 2975802) (Figure 9B). Further molecular docking simulations showed that resveratrol formed stable complexes
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Figure 8 Correlation analyses between the proportion of DIICs and the expression of key FRGs. (A) The proportion of infiltrating immune cells estimated by the
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with all key FRGs (Figure 9C), especially PTEN (-CDOCKER Interaction Energy = 38.57) and RELA (-CDOCKER
interaction energy = 33.56), as shown in Figure 9D.

Discussion
Given the diagnostic uncertainty and serious prognostic impact of SMI, it is crucial to elucidate the underlying
pathophysiological mechanisms, and identify reliable diagnostic markers and therapeutic targets for clinical practice.
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Ferroptosis has recently been reported as a noteworthy pathological mechanism in SMI, however, the underlying
functional and regulatory mechanisms still unclear. Rapid advances in transcriptomic studies have improved our under-
standing of disease. In this study, we comprehensively analyzed dysregulated FRGs in the human septic heart tran-
scriptomes, including regulatory mechanisms, functional pathways, key genes and their diagnostic capacity, immune
infiltration relevance and potential ferroptosis-targeting drugs, and further validated prognostic relevance and key gene
expression through an independent cohort of sepsis patients and in vivo SMI model, which provides new insights to
explore the role of ferroptosis in the development of SMI.

Widespread dysregulation of ferroptosis-related genes in the septic hearts was identified by GSEA, suggesting that
ferroptosis is an essential pathological mechanism of SMI, which corroborates previous studies.'**’* Further GO
enrichment analyses revealed that the cellular component localization, molecular functions, and biological processes of
dysregulated FRGs in SMI have mostly been demonstrated or observed to be associated with ferroptosis in different
biological circumstances. Ferroptosis is a form of programmed cell death caused by iron-dependent lipid peroxidation
and massive accumulation of ROS, and its cellular sensitivity was demonstrated to be controlled by a combination of
energy metabolism, iron homeostasis and oxidative stress responses.'®>> Lipid peroxidation of the plasma membrane is
an essential part of the ferroptosis process, ferritinophagy is also being focused on as a regulatory process of intracellular
iron metabolism and cascade response to ferroptosis.'®>®>7 Transcription factor regulation, protein ubiquitination, and
regulation of oxidoreductase activity have been reported as key functions of many ferroptosis-regulating molecules that
have a strong influence on the ferroptosis process.’® ®° Apart from ferroptosis and ROS-related pathways, the dysregu-
lated FRGs in SMI were also enriched in some cancer-related pathways, suggesting that some key molecules and
pathways that regulate ferroptosis in SMI may not yet be defined. We believe that these enrichment results and the cross-
talks between them warrant further investigation to clarify the specific mechanisms that affecting and being affected by
ferroptosis in SMI.

We identified eight key dysregulated FRGs in the septic hearts by constructing a PPI network, and validated them in
an in vivo model of SMI. All key FRGs had convincing evidence to support their regulation of ferroptosis in different
biological circumstances,*” in which NOX4, PTEN and MAPK3 are positive regulators,®'®* while PPARA and RELA are
negative regulators,®*®> and HIF 14, STAT3 and TP53 were bidirectional regulators.®® ®® Interestingly, while septic hearts
were generally in a ferroptosis-activated state, the expression of the positive regulator PTEN is significantly reduced
while the expression of the negative regulator RELA is significantly increased. We consider that this may attribute to their
hitherto unrecognized bidirectional regulatory effect on ferroptosis or their simultaneous involvement in biological
processes independent of ferroptosis in SMI. HIFIA and TP53 were identified in a previous study as key genes that
regulate autophagy in SMI, and our enrichment analysis also found that dysregulated FRGs were enriched in the
autophagy pathway, suggesting that autophagy and ferroptosis may be closely associated in SMI. Some key FRGs
have been identified as essential targets in the development of SMI pathology, and regulation of ferroptosis may be their
unidentified molecular biological function in SMI, yet further studies are required to elucidate the specific regulatory
mechanisms.®®7

The relationship between immune cell infiltration and SMI is complex and poorly understood. Immune and
inflammatory responses are a double-edged sword in the pathological development of SML®’*"> The correlations
between ferroptosis and immune cells have been demonstrated.”® While immune cells can influence cellular ferroptosis
by regulating iron metabolism or releasing cytokines, ferroptosis can also regulate the proliferation, function, activation
and death of immune cells. However, the correlation between ferroptosis and immune infiltration in SMI is of interest but
remains unclear. M2 macrophage, as an important anti-inflammatory immune cell, was the most abundant immune cell in
the heart samples we studied. Its important functionality and abundant proportion in the heart have been reported in
previous studies,”®’® but it did not show differences in the control and septic hearts we studied, suggesting that there
may be individual differences in its role in SMI which require further research. The proportion of infiltrating neutrophils
and resting NK cells were increased in the septic hearts we analyzed, while that of infiltrating resting mast cells and
CDS8" T cells was decreased, which has been partially observed in previous research.”® ®% Several significant correlations
between key FRGs and infiltrating immune cells in the septic hearts were identified, which may be pathological cross-
talks between ferroptosis and abnormal immune responses in SMI as these correlations were not present in the healthy
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counterparts. Nevertheless, some immune cells can exhibit both proinflammatory and antiinflammatory biological
functions, and hyper-inflammation may coexist with immunoparesis in SMI, immune infiltration in SMI also varies by
individual and disease stage, thus further investigation of the relationship between ferroptosis and immune infiltration in
SMI is required.®8*4

There is considerable interest in exploring effective therapies for diseases based on essential pathobiological
targets.>*> Here, we predicted potential ferroptosis-modulating drugs for SMI based on the key FRGs, and resveratrol
in particular showed high drug-target relevance. Echoing our study, resveratrol has been shown to alleviate SMI through
multiple mechanisms, such as enhancement of SERCA2a activity by promoting the phospholamban oligomerization,*®
activation of the PI3K/AKT/mTOR and Nrf2 pathways,®”*® and inhibition of the NF-kB signaling pathway and iron
transport from plasma to myocardium.*®®*® Ferroptosis has recently been identified as one of the mechanisms by which
resveratrol alleviates SMI,?! and our study provides the molecular basis and potential targets for further investigation of
how resveratrol regulates ferroptosis in SMI.

Our study provides evidence and new insights into the dysregulation of FRGs in the human septic heart
transcriptome to explore the role of ferroptosis in SMI. Nevertheless, some limitations ought to be considered.
Although the occurrence of ferroptosis has been conclusively observed in various experimental models of SMI and
targeting ferroptosis has shown a protective effect in alleviating SMI, most studies in human SMI hearts, including our
study, have only identified the occurrence of ferroptosis in terms of biochemical indicators or biomarkers while the
corresponding morphological features are lacking. The data on the immune cell proportions of heart samples were
derived from the side evidence provided by the CIBERSORT algorithm, which may present bias. Several protein
structures used for molecular docking were predicted based on available vestigial PDB structures, as complete
experimentally observed protein structures were not yet available. In addition, the human septic heart transcriptomes
we used for analyses may only be representative of terminal SMI patients or those with poor prognoses as derived from
patients who died of sepsis. To identify more reliable diagnostic and therapeutic targets, and translate our findings to
clinical benefit, further mechanistic and functional studies of the identified key FRGs to adequately understand their
regulation of ferroptosis in SMI are needed.

Conclusion

We identified the widespread dysregulation of FRGs in the human septic heart transcriptomes, and further bioinformatic
analysis showed that dysregulated FRGs are mainly localized to the apical part, basal plasma membrane, and autophago-
some/autolysosome, and regulate iron ion homeostasis and response to nutrient, oxygen, and chemical stress by affecting
the binding of DNA-binding transcription factors, ubiquitin protein ligase, transcription coregulator and coactivator, heat
shock protein and the activities of acyltransferase and oxidoreductase. The ferroptosis features and expression of key
FRGs (HIF 14, MAPK3, NOX4, PPARA, PTEN, RELA, STAT3 and TP53) were validated in an in vivo SMI model, and
key FRGs showed excellent diagnostic capability, along with significant correlation with the prognosis and immune
infiltration. Furthermore, we predicted resveratrol as a potential therapeutic drug by regulating ferroptosis in SMI. Our
study provides human septic heart transcriptome-based evidence and new insights into the role of ferroptosis in SMI,
which is significant for deepening the understanding of the pathobiological mechanisms of SMI and exploring diagnostic
and therapeutic targets for SMI.
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