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Abstract

Objective Sepsis remains a leading cause of mortality worldwide, with cardiac dysfunction contributing substantially
to sepsis-related deaths. Due to the unique biology of myocardial tissue, the mechanisms underlying sepsis-

induced cardiac injury are incompletely understood. This exploratory study aimed to apply integrated proteomic

and metabolomic profiling to characterize molecular alterations in cardiac tissue from a cecal ligation and puncture
mouse model of sepsis.

Results Comparative analysis identified 118 significantly altered proteins (75 upregulated and 43 downregulated)
and 190 significantly altered metabolites (174 upregulated and 16 downregulated). Integrated pathway and network
analyses implicated biological processes including platelet activation, mineral absorption, drug metabolism,
terpenoid backbone biosynthesis, and butanoate metabolism. Notably, several previously under-recognized proteins
(Prpsap1, Qsox1 and Prph), were identified as differentially expressed and ranked highly in our integrated network
analyses, while prostaglandin H2, prostaglandin 12, thromboxane A2 and L-glutamine emerged as central metabolic
nodes. These data extend the molecular landscape of septic cardiomyopathy and nominate prioritized candidates for

orthogonal validation and mechanistic study.
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Introduction

Sepsis is a systemic inflammatory response syndrome and
a worldwide healthcare issue, which leads to a life-threat-
ening multiple organ dysfunction if not treated promptly
[1, 2]. According to the national figures, nearly 270,000
deaths out of 1.7 million cases of sepsis are reported each
year, with a high mortality rate and massive expenses for
treatments [3]. Sepsis is also a dysregulated host response
to infection involving various organs, with cardiac dys-
function being particularly critical for patient outcomes
[4]. Up to 50% mortality rate is associated with septic car-
diomyopathy, its pathogenesis involves a complex inter-
action between chemical mediators and mitochondrial
dysfunction [5, 6]. Septic cardiomyopathy, commonly
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known as sepsis-induced cardiomyopathy (SICM), is
caused by sepsis. It is defined by cardiac collapse that
occurs rapidly and transiently and subsequent circula-
tion abnormalities, are perhaps the most often diagnosed
symptoms in people with sepsis [7]. SICM is frequently
observed in patients suffering from sepsis, however, its
incidence is often underreported due to limitations in
technical constraints [8]. Despite its clinical significance,
the precise molecular mechanisms underlying SICM
remain largely unknown, highlighting a critical knowl-
edge gap regarding cardiac tissue in sepsis [9].

Omics technology could aid in investigating patho-
physiological processes, identifying biomarkers, molecu-
lar profiling, and characterizing complicated biochemical
systems [10]. Proteomics and metabolomics show the
dynamic alterations that occur after genomics and tran-
scriptomics have taken place. The proteome is a data-
base of all the proteins and peptides found in tissues.
The metabolic profile reveals changes in metabolic and
metabolites pathways occurring in the body under vari-
ous situations. To completely understand the physiologic
activity, single omics are insufficient. Combining metab-
olomics and proteomics can provide an even more thor-
ough overview of physiological status, especially in terms
of understanding etiology and discovering biomarkers,
employing modern data analytic skills to analyze the
complex system in its entirety.

The goal of this study was to develop a more com-
plete understanding of the molecular pathways of septic
cardiomyopathy by doing an integrated proteome and
metabolomics analysis on a SICM mouse model. Thus,
we investigated the fundamental alterations in the metab-
olome and proteome of septic mouse cardiac tissues. This
illustrates the critical nature of understanding the relative
metabolite abundances and protein expression patterns
using LC-MS to determine the representative changes
associated with the development of cardiomyopathy in
response to sepsis.

Experimental procedures

For animal proteomic and metabolomic analysis, animal
models were performed and analyzed in replicated of 3
and 6, respectively, for each of two conditions (with CLP
and control surgery). We created an interactive volcanic
map and a hierarchical clustering chart utilizing the R
program.

Experimental animal model

Following approval by the Institutional Animal Care
and Use Committee at The Second Xiangya Hospital,
C57BL/6] mice (aged 6—8 weeks, male) were purchased
from the SLAC experimental animal center (Changsha,
China). State and institutional norms and regulations
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were followed for all animal requisitions, housing, treat-
ments, and procedures.

As described earlier by Chaudry et al., a model of sep-
sis was created via CLP (Supplementary methods) [11].
At 24 h post-surgery (the designated endpoint), the mice
were deeply anesthetized with sevoflurane (1.5-2% in
oxygen) until loss of reflexes was confirmed. While under
anesthesia, the thoracic cavity was aseptically opened
and the heart was carefully excised. This procedure led to
immediate death and irreversible cessation of circulation.
This approach is recognized as a humane and approved
method of euthanasia, consistent with the American
Veterinary Medical Association (AVMA) guidelines for
the euthanasia of animals. Residual blood was gently
removed by rinsing in pre-cooled sterile phosphate-buft-
ered saline (PBS) to minimize contamination. The whole
heart was dissected under sterile conditions and imme-
diately snap-frozen in liquid nitrogen to preserve protein
and metabolite integrity. Samples were stored at -80 °C
until further processing.

Echocardiography

Sevoflurane inhalation was used to induce light anesthe-
sia. An ultrasound (VINNO 8), a mechanical transducer
with a 30 Hz center frequency and a 30 Hz frame rate,
was used for the echocardiography. Measurements of
the Left Ventricular End-Diastolic Diameter (LVEDA)
and Left Ventricular End-Systolic Diameter (LVESA)
were performed, accompanied by evaluations of the
Ejection Fraction (EF) and Fractional Shortening (FS)
to assess ventricular function. Analyses were conducted
using the averaged values from three cardiac cycles of
measurements.

Hematoxylin-eosin (HE) staining

After 24 h in a 4% neutral formaldehyde fixator, cardiac
tissue samples were rinsed with water and dried. Follow-
ing dehydration, the tissue samples were embedded in
paraffin. For histological analysis, sections of paraffin-
embedded tissue were cut into 5 um sections and stained
with HE.

Enzyme-linked immunosorbent assay (ELISA)

At 24 h of post-surgery, blood samples were taken and
centrifuged for serum separation. The contents of cre-
atine kinase-MB (CK-MB), lactate dehydrogenase (LDH)
and cardiac troponin-T (cTnT) were detected through a
high-sensitivity cardiac enzyme-linked immunosorbent
assay kit (USCN Life Science, Wuhan, China) following
the manufacturer instructions. A microplate reader mea-
sured the absorbance at 450 nm (OD450).
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Fig. 1 Shows how to identify and analyze septic cardiomyopathy. A Displays the echocardiography imaging obtained after CLP surgery. M-mode (para-
sternal short axis) and B-mode (parasternal long and short axis) pictures were collected after 24 h following CLP surgery. B Hematoxylin and eosin (HE)
stained slices of cardiac tissues. These HE slices were taken from mouse heart tissues after 24 h following CLP surgery. The CLP group represent the ne-
crotic region of the myocardial tissue (400x magnification power for all recorded images). C Serum levels of CK-MB, LDH, and cTnT were measured 24 h

after CLP procedure. *P<0.05 for CLP vs. Control

Proteomics and metabolomics analysis

Proteomic analyses were conducted using 3 biological
replicates, and metabolomic analyses using 6 biologi-
cal replicates, each derived from independent samples.
Comprehensive methodological details, including instru-
ment parameters, quality control pipelines, and data
processing settings, are provided in the Supplementary
Methods.

Statistical analysis

Statistical analyses were conducted using Graph-
Pad Prism version 8.0, and R program. Differentially
expressed proteins and metabolites were identified using
univariate t-tests combined with Benjamini-Hochberg
false discovery rate (FDR) correction to control for mul-
tiple comparisons. Multivariate analyses, including PCA
and PLS-DA, were employed to assess global variation
patterns and complement univariate findings. Data are
presented as mean+SEM. We created an interactive
volcanic map and a hierarchical clustering chart utiliz-
ing the R program. To determine statistical significance,
we employed the t-test, and P<0.05 was considered
significant.

Table 1 Echocardiographic parameters comparing control and
CLP groups

Control CLP P valve

LVEF(%) 64.20+368 442641349 0.0058"
LVFS(%) 29.99+259 18.81+6.89 0.0040™
LVEDd(mm) 3.56+0.12 295+0.22 0.0001™"
LVESd(mm) 2490+0.04733 1.70+056 0.0059™
SV(ul) 7167+11.69 75004548 0.5413
HR(bpm) 347.8+3191 345344992 09197
Results

Identifying the model of septic cardiomyopathy

Our findings show that the CLP model had no signifi-
cant effect on body weight. Using echocardiography, we
found that the CLP model enhanced LVESd, decreased
fractional shortening, and had minimal effect on LV wall
thickness, LVEDd, and LV mass (Fig. 1A). This is consis-
tent with prior investigations [12]. Table 1. summarizes
the echocardiographic measurements of left ventricular
function and structure in the control and CLP groups.
Key parameters include LVEF, LVES, LVEDd, and LVESd.
LVEF and LVES were significantly reduced in the model
group compared to the control group (P < 0.01), indicat-
ing impaired systolic function. Structural parameters,
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including LVEDd and LVESd, also showed significant
changes (P < 0.01), reflecting ventricular remodeling in
the model group. Stroke volume (SV) and heart rate (HR)
did not differ significantly between the two groups. The
HR values observed in our study fall within the normal
physiological range previously reported for mice under
comparable conditions, supporting the accuracy of the
measurements. Using HE staining to examine myocar-
dial morphology demonstrated that the CLP model sig-
nificantly increased both cardiomyocyte cross-sectional
area and interstitial fibrosis in the heart (Fig. 1B). Serum
was collected 24 h after induction of the model. To deter-
mine the extent of sepsis-induced heart injury, we mea-
sured the expression levels of CK-MB, LDH, and cTnT in
serum, all of which were overtly elevated by sepsis (Fig.
1C). All of these findings revealed that CLP was associ-
ated with cardiac dysfunction.

Identification and analysis of proteins

To gain a global view of DE proteins, we performed TMT
labeled peptides to mark the proteins. In the CLP and
Control (Ctr) groups, a total of 4,206 proteins were iden-
tified (Table S1). Of the 4206 proteins studied, 118 sig-
nificantly changed between the CLP and the Ctr groups
(Table S2). In comparison to the Ctr group, the CLP
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Fig. 2 The identification and analysis of differentially expressed proteins.
A Depicts the volcano map. B The GO analysis. C The analysis of proteins
using hierarchical clustering. D The KEGG analysis. E The protein-protein
interaction (PPI) network analysis. The red color indicates the upregulat-
ed molecule, whereas the blue molecule represents the downregulated
molecule
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group showed an increase in 75 proteins and a decrease
in 43 proteins (Fig. 2A). Using hierarchical cluster analy-
sis, we were also able to locate proteins with similar levels
of expression across various samples (Fig. 2B). To detect
and classify the proteins related to their biological func-
tions, we used a Gene Ontology (GO) analysis of 118
proteins and GO concepts tied to different proteins. In
total, 118 GO terms were annotated, and the results of
the studies revealed that 306 GO terms in biological pro-
cesses (BP), 53 GO terms in cell components (CC), and
89 GO terms in molecular functions were significantly
enriched (Fig. 2C). Blood microparticles, fibrinogen,
intracellular ferritin, iron ion transport, and acute-phase
response were among the GO keywords associated with
these processes. In addition, to GO categorization, the
proteins with the most significant differences in abun-
dance were also annotated by KEGG (Fig. 2D). These
pathways emerged directly from the significantly altered
proteins and reflect inflammatory activation, coagulopa-
thy, and iron-dependent stress processes associated with
septic cardiomyopathy. Together, these enriched cat-
egories reflect known biological disturbances in septic
cardiac injury. In particular, ferroptosis enrichment sug-
gests enhanced lipid peroxidation and redox imbalance,
whereas complement and coagulation cascades highlight
the inflammatory and pro-thrombotic milieu charac-
teristic of sepsis. We created a network of protein-pro-
tein interactions to show how the differently abundant
proteins interact (Fig. 2E). An analysis of the network
revealed the presence of several proteins that may be cru-
cial to the SICM process, including the proteins Fgg, Fb,
Fth1, Itih3, Serpin 3n, and Apob.

Identification and analysis of metabolites

Untargeted metabolomics using UHPLC-MS/MS tech-
nology was used to visualize cardiac tissues’ metabolic
profiles. The PCA offers valuable insights into the cluster-
ing and separation of two groups, which may potentially
reflect a more effective outcome of the samples (Fig. 3A).
The findings of the PLS-DA analysis indicated that the
CLP and Ctr groups were segregated in both positive
and negative modes, demonstrating an accurate illustra-
tion of the data and high probability. Additionally, per-
mutation testing confirmed that the PLS-DA model did
not overfit the data, indicating that septic cardiomyopa-
thy resulted in significant metabolic differences across
groups (Fig. 3B). Following that, a total of 190 DE metab-
olites were detected between the groups using the VIP > 1
and fold change>1.5 and p<0.05 criterion (Table S3).
174 metabolites were elevated, while 16 were downregu-
lated (Fig. 3C). Additionally, metabolites annotated with
MetaboAnalyst were primarily categorized as Linoleic
acid metabolism, Taurine and hypotaurine metabolism,
Phenylalanine metabolism, and Glycerophospholipid
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Fig. 3 Depicts the identification and analysis metabolites. A PCA, B Illustrates the PLS-DA for the models in the positive (left) and negative (right) ion
modes. The CLP mice (green dots) and control mice (red dots) were categorized, and their hearts 2D were recorded. C The volcano map of metabolites.
D KEGG analysis. E The metabolite-metabolite interaction network. The orange color indicates the upregulated metabolites, whereas the blue molecule

represents the downregulated metabolites

metabolism (Fig. 3D). Moreover, to display the interac-
tion of the metabolites, a network of metabolite-metabo-
lite interactions was also created (Fig. 3E).

Integrated analysis of proteomics and metabolomics

To explore associations between metabolites and pro-
teins, we generated loading plots of variables located in
the joint component from both omics data. The load-
ing number indicates the variable’s ability to explain
the difference between groups in each component, i.e.,
the degree to which the variable (metabolite/protein)
contributes to the difference between groups (Fig. 4A).
We analyzed cardiac tissues for DE proteins and DE
metabolites to aid in the molecular interpretation of
sepsis-induced cardiac failure. The top twenty common
pathways between DE proteins and DE metabolites were
identified (Table S4). Additionally, the shared pathway
between DE proteins and DE metabolites was used to
analyze the metabolite-transcript network (Fig. 4B). Sig-
nificant changes (P<0.05) in the pathway enrichment
analysis of essential biological systems associated with
platelet activation and mineral absorption. The enrich-
ment of platelet activation pathways is consistent with

sepsis-related endothelial activation and pro-coagulant
signaling, further supporting the integrative findings.
These proteins (Fgg, Fgb, Plcb3, Spl, Acoxl, etc.) may
also play an essential role in these metabolites (Fig. 4C),
as shown by a protein-metabolite interactions network
(Prostaglandin H2, Prostaglandin 12, Thromboxane
A2, 4-Hydroxybutanoic acid, Glycerophosphocholine,
Citrate, Isocitrate, etc.).

Discussion

At present, no specific therapy is available for SICM. Elu-
cidating the molecular characteristics of SICM therefore
remains essential for understanding its pathophysiology
and identifying potential therapeutic targets [13]. The
pathophysiological causes of septic cardiomyopathy must
be understood to develop a viable strategy for dealing
with SICM and the rising septic death rate [14, 15]. Our
research generated a sepsis mouse model based on echo-
cardiography, heart morphology, and the expression of
myocardial enzymes [16, 17]. The integrated proteomics
and metabolomics investigation of septic cardiomyopa-
thy tissues was confirmed based on the underlying mech-
anism in the protein-metabolite interaction pathway.
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that the proteins and metabolites are involved in multiple pathways

In this study, proteomic analysis identified 118 differen-
tially expressed proteins in septic cardiac tissue, includ-
ing increased levels of Snca, Prpsapl, Spl, Qsox1, Lcpl,
Arhgdib, Cfh, Gda, H1-3, and Prph. Notably, Prpsapl,
Qsox1, and Prph proteins are three unique upregulated
DE proteins that have not been described before. Prpsapl
has been implicated in nucleotide metabolism and cellu-
lar stress responses, suggesting a potential link to meta-
bolic imbalance during sepsis. Qsox1, a known regulator
of oxidative protein folding, may contribute to ER stress
and redox dysregulation observed in septic myocardium.
Prph, an intermediate filament protein traditionally asso-
ciated with neuronal integrity, has recently been linked
to cytoskeletal remodeling and cellular stress responses,
raising the possibility that it participates in cardiomyo-
cyte structural instability during sepsis. While these
associations remain preliminary, they offer mechanistic
hypotheses for future functional studies. Several of the
identified proteins are mechanistically linked to path-
ways relevant to sepsis and inflammation. For example,
Snca has been associated with impaired host defense and
autophagic-lysosomal dysfunction during infection [18,
19]. Transcription factors such as Spl have been shown
to mediate lipopolysaccharide-induced signaling through

calcium and cAMP-dependent pathways and to regulate
cardiomyocyte apoptosis [20, 21]. In addition, Cfh has
been proposed as a possible biomarker in severe infec-
tious states [22]. Together, these findings highlight a
network of both known and novel proteins that may con-
tribute to the pathogenesis of SICM.

Metabolomic analysis further demonstrated substantial
metabolic reprogramming in septic cardiac tissue, con-
sistent with the recognized role of metabolic dysregula-
tion in cardiovascular disease and sepsis [23]. Alterations
in amino acid metabolism and lipid-derived signal-
ing molecules were prominent, supporting the concept
that energy metabolism and inflammatory signaling are
tightly coupled in septic myocardium. Although meta-
bolic alterations such as glutamine depletion and lipid
mediator dysregulation have been reported in systemic
sepsis [24], their specific manifestation in cardiac tissue
has been less well characterized. Our findings extend
these observations by highlighting cardiac-specific meta-
bolic signatures associated with SICM.

In terms of clinical relevance, several metabolites iden-
tified in our integrated analysis, particularly prostaglan-
din derivatives and L-glutamine, have been associated
with inflammatory severity and metabolic recovery in
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septic patients. Prostaglandin-related lipids reflect endo-
thelial activation and platelet-vascular signaling, whereas
L-glutamine depletion has been linked to impaired meta-
bolic resilience in critical illness. These findings suggest
potential translational value for risk stratification or met-
abolic monitoring in sepsis-related cardiac dysfunction.
Our findings shed light on new ways in which platelet
activation and mineral absorption may influence cardiac
metabolism. Our integrated analysis identified several
genes within protein—metabolite interaction networks
that have not previously been associated with septic
cardiomyopathy, including Fgg, Fgb, Rapla, Plcb3, and
TXA2. These factors are closely linked to platelet activa-
tion and inflammatory signaling, suggesting a potential
role for platelet—cardiac crosstalk in septic myocardial
dysfunction. Among them, Rapla, a small GTPase that
transduces extracellular stimuli into intracellular
responses, has been shown to regulate inflammatory
signaling and cardiac fibroblast activity [25-27]. Plate-
let activation during endotoxemia requires coordinated
stimulation by agonists such as ADP, collagen, and TXA2
and has been reported to influence cardiac function by
modulating leukocyte-endothelial interactions [28-30].
Collectively, these findings suggest coordinated interac-
tions between proteins and their associated metabolites
that may contribute to cardiac dysfunction in sepsis.

In conclusion, we sought to better understand sep-
tic cardiomyopathy by performing a protein-metabolite
interaction investigation on cardiac tissues. The func-
tional roles of network components suggest potential
mechanistic contributions to cardiac metabolic altera-
tions in sepsis, which merit further investigation. These
findings demonstrate overlapping metabolic pathways
affected in cardiac tissues and provide insight into the
molecular changes associated with sepsis-induced heart
dysfunction. Given the preclinical nature of this study,
these results primarily offer mechanistic understanding
rather than immediate clinical application. Once the rela-
tionship between the altered proteins/metabolites and
the underlying pathophysiology of sepsis are established,
this may inform future targeted investigations. Overall,
our work contributes to the identification of novel bio-
markers and lays a foundation for mechanistic studies in
septic cardiomyopathy.

Limitations

This study has several limitations. First, the proteomic
and metabolomic analyses were conducted with a rela-
tively small number of biological replicates. Although
the sample size meets commonly accepted standards for
discovery-based sequencing studies, the findings should
still be interpreted with appropriate caution. Second,
while integrative multi-omics analyses identified multiple
candidate molecules and pathways potentially involved
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in SICM, these findings remain largely descriptive and
lack direct experimental validation. Future studies will be
required to validate and functionally characterize the key
molecular candidates identified here. Third, all validation
work was performed in animals, since obtaining human
cardiac tissue from septic patients is not feasible in prac-
tice. This limitation, while unavoidable, places certain
constraints on direct clinical translation. Finally, although
KEGG and GO pathway enrichment highlighted bio-
logically meaningful processes such as ferroptosis and
platelet activation, this study focused on reporting unbi-
ased multi-omics results rather than providing in-depth
mechanistic exploration, which should be addressed in
future targeted studies.
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