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ABSTRACT: This study aimed to identify characteristic proteins
in infantile epileptic spasm syndrome (IESS) patients’ plasma,
offering insights into potential early diagnostic biomarkers and its
underlying causes. Plasma samples were gathered from 60 patients
with IESS and 40 healthy controls. Data-independent acquisition
proteomic analysis was utilized to identify differentially expressed
proteins (DEPs). These DEPs underwent functional annotation
through Gene Ontology (GO) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses. Gene
set enrichment analysis (GSEA) was employed for both GO
(GSEA-GO) and KEGG (GSEA-KEGG) analyses to examine the
gene expression profiles. Receiver operating characteristic (ROC)
curves assessed biomarkers’ discriminatory capacity. A total of 124 DEPs were identified in IESS patients’ plasma, mainly linked to
pathways, encompassing chemokines, cytokines, and oxidative detoxification. GSEA-GO and GSEA-KEGG analyses indicated
significant enrichment of genes associated with cell migration, focal adhesion, and phagosome pathways. ROC curve analysis
demonstrated that the combination of PRSS1 and ACTB, PRSS3, ACTB, and PRSS1 alone exhibited AUC values exceeding 0.7.
This study elucidated the significant contribution of cytokines, chemokines, oxidative detoxification, and phagosomes to the IESS
pathogenesis. The combination of PRSS1 and ACTB holds promise as biomarkers for the early diagnosis of IESS.
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■ INTRODUCTION
Infantile epileptic spasm syndrome (IESS) has been reclassified
by the latest International League Against Epilepsy (ILAE)
classification in 2022 to encompass patients who may not fully
meet the criteria of West syndrome.1 The mandatory diagnostic
criteria for West syndrome include epileptic spasms, interictal
electroencephalography (EEG) demonstrating hypsarrhythmia,
and developmental delay or regression. This encephalopathy
primarily affects infants and young children before the age of 2
years, with a characteristic of strict age dependence during early
infancy.2 The incidence of this condition varies between 2 and 5
per 10,000 successful live births.3 In children diagnosed with
IESS, persistent epileptic activity can lead to progressive
cognitive and behavioral impairments,4,5 significantly affecting
their long-term quality of family life.6 However, intellectual
disability remains a common outcome among IESS patients,
persisting even after the cessation of spasms and hypsar-
rhythmia. The molecular mechanisms underlying the disorder
and its prognosis remain elusive.
Recent advancements in high-throughput proteomics meth-

odologies, such as data-independent acquisition (DIA), have
facilitated extensive profiling of blood proteomics on a large
scale. These technologies have been widely utilized in the study

of central nervous system diseases including epilepsy. As a result,
they led to the identification of novel biomarkers and provided
valuable biological annotations for understanding disease
mechanisms.7,8 There is a scarcity of DIA-mass spectrometry
(DIA-MS) studies concentrating on the plasma proteome
analysis of children with IESS. Hence, this study employed the
DIA proteomics technology to explore and assess differentially
expressed proteins (DEPs) in IESS patients compared with
healthy controls, aiming to unravel the protein regulatory
network associated with IESS. The ultimate objective was to
investigate the protein-level pathogenesis of IESS and discover
biomarkers crucial for diagnosing and predicting the disease.
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■ EXPERIMENTAL SECTION

Participants’ Recruitment and Eligibility Criteria

A total of 60 patients with IESS and 40 healthy controls were
recruited from the Department of Neurology and Children’s
Health Care of Shenzhen Children’s Hospital (Shenzhen,
China) between October 2020 and December 2022. This
study received the approval from the Ethics Committee of the
Shenzhen Children’s Hospital (Approval no. 202200802). Each
patient’s parents or legal guardians provided written informed
consent. Clinical evaluations were conducted by pediatric
neurologists, and diagnosis was made based on seizure type,
electroencephalographic findings, and brain imaging results.
Inclusion criteria comprised age <2 years and diagnosis of IESS
according to the ILAE criteria (2022).1 Exclusion criteria
included patients with seizures likely caused by acquired brain
injuries, such as head trauma, brain tumors, and CNS infections;
those who had received allogeneic blood product transfusion
over the past 2 months; and those with hemolytic disease.
Healthy controls, who were less than 2 years old, had no
personal or family history of epilepsy. All of the recruited
children were of Chinese ethnicity.
Preparation of Proteins

A venous blood sample of 5 mL was collected into an EDTA
blood collection tube and gently mixed by inverting the tube 5−
10 times. The samples were then allowed to stand for 30 min (to
prevent hemolysis, avoiding violent shaking). Afterward, the
samples were centrifuged at 2000g for 10 min at 4 °C using a
swinging bucket rotor. The supernatants were carefully
collected, aliquoted, frozen in liquid nitrogen, and then stored
at −80 °C until use. Before utilization, the stored plasma was
thawed in water for 5−10 min. To prepare the samples for
analysis, the supernatants were supplemented with sample
desalting and treatment (SDT) buffer (4% sodium dodecyl

sulfate, 1 nM dithiothreitol (DTT), 100mMTris−HCl, pH 7.6)
and subjected to a 15 min boil. Following centrifugation at
14,000g for 20 min, the supernatants were quantified using the
BCA protein assay kit (Bio-Rad, Hercules, CA, USA). Each
sample was then supplemented with DTT to reach a final
concentration of 40mMandmixed at 600 rpm for 1.5 h at 37 °C.
Postcooling to room temperature, IAA was added with a final
concentration of 20 mM to block reduced cysteine residues, and
the samples were then left to incubate in darkness for 30 min.
The subsequent steps involved transferring the samples to
Microcon units (10 kDa) and thrice washing with 100 μL of UA
buffer, followed by twice rinsing with 100 μL of 25 mM
NH4HCO3 buffer.
Next, trypsin was introduced to each sample at a trypsin-to-

protein (w/w) ratio of 1:50, and the samples were incubated at
37 °C for 15−18 h (overnight). The resulting peptides were
collected as a filtrate. Following this, the peptides from each
sample underwent desalting using C18 Cartridges [Empore SPE
Cartridges C18 (standard density), bed I.D. 7 mm, volume 3
mL; Sigma-Aldrich, MO, USA], concentrated via vacuum
centrifugation, and dissolved in 40 μL of 0.1% (v/v) formic
acid. The peptide concentration was determined by measuring
the UV absorbance at 280 nm. Indexed retention time (IRT)
calibration peptides were added to the samples for DIA
experiments. The digested pool peptides underwent fractiona-
tion into 10 fractions using a Thermo Scientific Pierce High pH
Reversed-Phase Peptide Fractionation kit, with only low-
abundance components fractionated for serum/plasma samples.
Each fraction was desalted utilizing C18 Cartridges and
reconstituted in 40 μL of 0.1% (v/v) formic acid. Prior to
data-dependent acquisition (DDA) analysis, the samples were
spiked with iRT-Kits peptides from Biognosys (Schlieren,
Switzerland).

Table 1. Demographics Data and Clinical Characteristics of IESS Patients and Age-and-Gender Matched Healthy Controls

IESS patients; n (%) healthy controls; n (%)

Gender
male 33 (55.0) 20 (50.0)
female 27 (44.0) 20 (50.0)

Age (Month)
mean ± SD 8.8 ± 4.9 12.0 ± 4.0
min−max 0.6−25.0 3.0−23.0

Age of Onset (Month)
mean ± SD 5.5 ± 3.7 −
min−max 0−17 −

Developmental Delay
yes 37 (61.7)
no 23 (38.3)

Other Systemic Malformations
yes 23 (38.3) −
no 37 (61.7) −

Abnormal Genetic Results
yes 19 (31.7) −
no 25 (41.7) −
without genetic results 16 (26.6) −

Abnormal Neurological Examination
yes 42 (70.0) −
no 18 (30.0) −

Abnormal MRI
yes 25 (41.7) −
no 35 (58.3) −
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Liquid Chromatography-Tandem Mass Spectrometry
(LC−MS/MS)
The chromatographic separation was conducted using a liquid
chromatograph (Easy-nLC 1200, Thermo Scientific). A C18
analytical column (Thermo Scientific, ES802, 1.9 μm, 75 μm ×
20 cm) was utilized for linear gradient separation, employing
buffer B consisting of 84% acetonitrile and 0.1% formic acid at a
flow rate of 300 nL/min. The MS-SIM full-range scan was set
from 350 to 1800m/zwith a resolution of 60,000. Subsequently,
20 ddMS2 scans were performed according to the provided table
using an isolation window of 1.5 m/z and a resolution of 30,000
(@m/z200). The ddMS2 scans were carried out in the DIA data
acquisition mode, utilizing 44 DIA acquisition windows.
MS Data Analysis and DEP Identification

DEPs were identified through the construction of a library using
the DDA method and subsequent qualitative and quantitative
analyses using the DIA model. Spectronaut 14.4.200727.47784
(Biognosys) software was employed for data retrieval and DIA
data analysis. All reported data met a stringent criterion of 99%
confidence for protein identification, determined by a false
discovery rate ≤ 1%. The fold change (FC) between IESS
patients and healthy controls was calculated as the average
expression rate. DEPs were screened based on criteria of logFC
> 1.5 or logFC < 0.67, with a level of significance set at P < 0.05.

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

To identify significant pathways, the GO and KEEG pathway
enrichment analyses were conducted using the clusterProfiler
package (version 4.10.0). The GO enrichment analysis included
the assessment of the biological process (BP), cellular
component (CC), and molecular function (MF). The GO and
KEEG pathway enrichment analyses were executed with the
Benjamini-Hochberg method to mitigate the bias. A significance
threshold of P < 0.05 was also applied.
Gene Set Enrichment Analysis-Based GO (GSEA-GO) and
GSEA-Based KEGG (GSEA-KEGG) Pathway Analyses

GSEA, a computational approach for genome-wide expression
profile microarray data analysis, was performed by using the
clusterProfiler package (version 4.10.0). The alteration in gene
expression between IESS patients and healthy controls was
calculated, and a gene list was generated based on the absolute
value of the logarithm of the fold change (|log2FC|). GO analysis
and KEGG pathway enrichment analyses were performed by
using gseGO and gseKEGG functions, respectively, through the
clusterProfiler package. A significant threshold of P < 0.05 was
established as the cutoff criterion.

Figure 1.DEPs in plasma of patients with IESS and healthy controls. (A) Volcano plot illustrating DEPs. (B) Heat map illustrating the cluster analysis
of DEPs. Red indicates significant upregulation, while blue indicates significant downregulation.
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Protein−Protein Interaction (PPI) Network
The STRING database (version 12.0, http://string-db.org/)9

was utilized to retrieve the PPI network among the DEPs
(Accession Date: March 15, 2024). The confidence score of the
PPI was 0.4. In total, 24 proteins were selected based on the
criteria of logFC > 1.5 or logFC < 0.67, with a significance
threshold of P < 0.05, for inclusion in the PPI network analysis.
The visualization and analysis of PPI networks of DEPs were
conducted using R package ggraph (version 2.1.0) and igraph
(version 1.5.1). The maximum number of interactions for each
protein was limited to 5.
Receiver Operating Characteristic (ROC) Curves

The plot.roc() function in the pROCR package (version 1.18.5)
was employed to plot the ROC curves. The discriminatory
power of the candidate biomarkers was assessed by calculating
the areas under the curve (AUCs) using the auc() function in
the same package. The ROC curve analysis was carried out
utilizing SPSS 22.0 software (IBM, Armonk, NY, USA).
Statistical Analysis and Data Visualization

The clusterProfiler R package (version 4.10.0) was utilized to
screen the DEPs. DEPs were selected based on criteria,
including logFC greater than 1.5 or less than 0.67, with a
corresponding P < 0.05 determined by either Student’s t-test or
analysis of variance (ANOVA). A significance level of P < 0.05
was regarded as statistically significant. For data visualization,
ComplexHeatmap (version 2.18.0) was employed to generate a
heatmap of the DEPs. Additionally, a volcano plot was drawn
using ggplot2 (version 3.4.4).

■ RESULTS

Demographics and Clinical Characteristics

A total of 60 IESS patients were enrolled, comprising 33 male
patients and 27 female patients. Patients’ ages spanned from 19

days to 25 months, with a mean age of 8.8 months. The age at
seizure onset ranged from 1 day to 17 months, with a mean age
of 5.5 months. Additionally, this study enrolled 40 healthy
controls who matched the age and gender. Demographic and
clinical data are summarized in Table 1.
Identification of DEPs

Using DIA-MS, 1487 shared proteins were identified across all
patients’ plasma samples. Principal component analysis (PCA)
demonstrated a clear separation between IESS patients and
healthy controls, highlighting the diagnostic accuracy of the
samples (Figure S1). A Venn diagram displayed that 142
proteins were exclusive to IESS patients, while 71 proteins were
exclusive to healthy controls (Figure S2). In total, 124 DEPs
were detected in IESS patients’ plasma samples compared with
healthy controls, including 92 upregulated proteins and 32
downregulated proteins (Table S1). A volcano map was used to
visualize the upregulated and downregulatedDEPs (Figure 1.A).
Table 2 summarizes the most significantly enriched DEPs,
comprising 14 upregulated and 10 downregulated proteins.
Furthermore, a hierarchical clustering heat map highlighted
variations in protein expression patterns between IESS patients
and healthy controls (Figure 1.B).
GO and KEGG Pathway Enrichment Analyses

To elucidate the biological roles of the DEPs, GO and KEGG
pathway enrichment analyses were performed on the most
significantly enriched DEPs, which were predicted to be
associated with disease mechanisms. The GO enrichment
analysis revealed that the DEPs in both groups were
predominantly enriched in cellular oxidant detoxification,
leukocyte chemotaxis, and response to chemokine in the BP
category. In terms of CC, enrichment was found in the vesicle
lumen and blood microparticle. In the MF category, enrichment
was noted in chemokine receptor binding, cytokine receptor
binding, haptoglobin binding, and sulfur compound binding

Table 2. 24 Most Significantly Differentially Expressed Proteins (DEPs)

protein gene symbol protein descriptions fold-change P style

P62913 RPL11 60S ribosomal protein L11 3.66 1.57 × 10−2 up
P13645 KRT10 keratin, type I cytoskeletal 10 2.80 1.95 × 10−2 up
P60709 ACTB actin, cytoplasmic 1 2.61 1.93 × 10−2 up
E7EQ64 PRSS1 trypsin-1 2.30 6.32 × 10−7 up
Q6UXB8 PI16 peptidase inhibitor 16 2.08 5.27 × 10−6 up
P02775 PPBP platelet basic protein 1.98 5.16 × 10−4 up
P10720 PF4V1 platelet factor 4 variant 1.87 7.70 × 10−3 up
A0A024R9Q1 THBS1 thrombospondin 1, isoform CRA a 1.70 5.57 × 10−3 up
Q76KX8 ZNF534 zinc finger protein 534 1.63 5.81 × 10−4 up
P00738 HP haptoglobin 1.63 4.80 × 10−4 up
O75460 ERN1 serine/threonine-protein kinase/endoribonuclease IRE1 1.58 3.24 × 10−3 up
A1A508 PRSS3 PRSS3 protein 1.58 8.97 × 10−9 up
A0A1B1CYC5 Gc vitamin D binding protein (fragment) 1.56 4.12 × 10−2 up
P02776 PF4 platelet factor 4 1.53 2.55 × 10−2 up
A0A2U8J8Q0 IgH Ig heavy chain variable region (fragment) 0.66 1.46 × 10−3 down
Q6N092 DKFZp686 K18196 uncharacterized protein DKFZp686 K18196 (fragment) 0.64 1.12 × 10−2 down
A0A075B6I1 IGLV4−60 immunoglobulin lambda variable 4−60 0.63 4.21 × 10−3 down
A0A087WWT3 ALB plasma albumin 0.64 3.44 × 10−3 down
A0A2P9AMP2 BQ8482_280127 uncharacterized protein 0.63 2.21 × 10−6 down
Q96T46 HBA2 hemoglobin alpha 2 (fragment) 0.57 4.07 × 10−4 down
Q86YQ4 HBA1 alpha-1 globin (fragment) 0.56 4.83 × 10−6 down
P68223 HBB hemoglobin subunit beta 0.50 2.44 × 10−4 down
Q7Z351 DKFZp686N02209 uncharacterized protein DKFZp686N02209 0.50 1.43 × 10−2 down
A0A024RAB7 GALE UDP-galactose-4-epimerase, isoform CRA b 0.47 7.28 × 10−8 down
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(Figure 2A). Furthermore, the KEGG pathway analysis revealed
that the DEPs were primarily enriched in pathways linked to the
cytokine−cytokine receptor interaction, the chemokine signal-
ing pathway, and phagosomes between the two groups (Figure
2B). Further details regarding the outcomes of the GO and
KEGG pathway enrichment analyses are presented in Tables S2
and S3, respectively.
GSEA

The GSEA was employed to identify the most significantly
enriched GSEA-GO terms that were predicted to be associated
with disease mechanisms among the BPs of GO. The enriched
GSEA-GO terms are depicted in Figure 3A. Pathways enriched
in cellular response to oxygen-containing compounds and cell
migration were identified in BP. In CC, pathways enriched in the
vesicle and nuclear lumen were noted. Lastly, in MF, pathways
enriched in protein binding, sulfur compound binding, and
endopeptidase activity were found. By employing GSEA to
identify KEGG pathways relevant to IESS samples, it was

revealed that themajority of these genes exhibited enrichment in
focal adhesion, phagosomes, the PI3K-Akt signaling pathway,
ECM-receptor interaction, and actin cytoskeleton regulation
(Figure 3B). GSEA enrichment plots of representative gene sets
on “phagosome” and “PI3K-Akt signaling pathway” are
illustrated in Figure 3C,D, respectively. Further details regarding
GSEA-GO and GSEA-KEEG are presented in Tables S4 and S5,
respectively.
Identification of Hub Proteins by the PPI Network

To comprehensively investigate the molecular mechanism of
IESS, a PPI network analysis was conducted to elucidate the
relationship between proteins. A total of 124 DEPs were
imported into STRING 12.0 software to generate the PPI
network (Figure 4). The results revealed that ACTB, PF4V1,
THBS1, HP, PF4, and PPBP served as hub proteins in the PPI
network, suggesting strong associations of these proteins with
the etiology of IESS.

Figure 2. GO and KEGG pathway analyses of the most significantly enriched DEPs in IESS patients compared with healthy controls. (A) GO
enrichment analysis included BP, CC, and MF categories. (B) KEGG pathway analysis. Each pathway was ranked by GeneRatio.
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ROC Curve Analysis
ROC curve analysis was employed to assess the efficacy of
candidate biomarkers (Figure 5A). The findings indicated that
the combination of PRSS1 and ACTB, PRSS3, ACTB, PRSS1,
and PPBP alone had AUC values above 0.7, while HP, PF4V1,
THBS1, and RPL11 had AUC values above 0.6, with sensitivity
values predominantly surpassing 50% and specificity values
consistently exceeding 80%, and these findings exhibited notable
clinical promise. Importantly, the combination of PRSS1 and
ACTB yielded enhancements in the AUC, sensitivity, and
specificity values. These findings indicated that the combination
of PRSS1 and ACTB may function as biomarkers for the early
diagnosis of IESS. The plasma levels of PRSS3, ACTB, PRSS1,
PPBP, HP, PF4V1, THBS1, and RPL11 in IESS patients were
significantly elevated compared with those in healthy controls
(Figure 5B).

■ DISCUSSION
To date, the etiology and pathogenesis of IESS remain largely
unresolved. Research studies on lesion tissue from epilepsy
patients and animal models have revealed the notable roles of
neuroinflammation and oxidative stress pathways in the
development and occurrence of epilepsy. Corresponding
treatment strategies targeting these mechanisms have been
identified.10,11 Vitchayaporn et al. conducted an analysis of the
plasma proteomics of children with refractory epilepsy and
identified haptoglobin, interferon-c, and interleukin-1b as
promising biomarkers for pediatric refractory epilepsy.7 Ji Sun
et al. conducted a proteomic analysis of children with Rolandic
epilepsy and migraine, uncovering potential contributions of
immune responses, complement, and fibrinogen systems, as well
as glycolytic biological pathways to the genesis of epilepsy.8

However, the proteomic analysis of the pathogenesis of epilepsy,
especially IESS, has rarely been conducted. Employing a
bioenrichment pathway approach could enhance the identi-
fication of proteins or pathways, providing insights into the
potential underlying causes and prognostic mechanisms of IESS.
In the present study, a total of 124 DEPs were detected in IESS
patients compared with healthy controls through DIA
proteomics analysis. Among them, 24 DEPs were identified as
the most prominently differentially expressed, exhibiting both
up and downregulation, suggesting a potential association with
the mechanism of the disorder. This investigation sheds light on
the protein profiles in IESS patients’ plasma samples.
The present study identified the predominant pathways

associated with the DEPs in IESS patients. The GO analysis
revealed enrichment in pathways involving cytokines, chemo-
kines, oxidative detoxification, and haptoglobin binding. The
KEGG pathway analysis highlighted pathways related to the
cytokine−cytokine receptor interaction, the chemokine signal-
ing pathway, and the phagosome. Cytokines and chemokines,
key regulators of inflammation, could be implicated in the
development of epilepsy.12−15 These entities can arise from the
activation of the microglia, the primary immune cells of the
central nervous system,16 leading to simultaneous induction of
diverse inflammatory pathways in the brain.17 Brain inflamma-
tion plays a pivotal role in the pathophysiological mechanisms of
various types of epilepsy, including IESS. Oxidative stress,
associated with refractory epilepsy, could be triggered by
neuroinflammation, yet mitigated by a ketogenic diet through
enhanced levels of antioxidants and detoxification enzymes.18

Moreover, the role of haptoglobin in attenuating neuro-
inflammation is noteworthy, and plasma haptoglobin was
proposed as a potential biomarker for refractory epilepsy.7,19

Figure 3. GSEA-GO and GSEA-KEGG analysis. (A) Most significantly enriched GSEA-GO pathways. (B) Most significantly enriched GSEA-KEEG
pathways. Each pathway was ranked by normalized enrichment scores (NES). (C,D) GSEA-based KEGG-enrichment plots illustrating representative
gene sets, including phagosome and the PI3K-Akt signaling pathway. The red line is indicative of enrichment profile.
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Phagocytosis is central to tissue inflammation, autophagy, and
immune regulation, significantly contributing to inflammatory
responses. The relevance of autophagy mechanisms to the
pathophysiology of epileptogenesis has been demonstrated.20

Phagocytosis plays a crucial role in synaptic pruning, a process of
programmed cell elimination for shaping the brain’s con-
nectivity during development. Microglia, by engaging in
phagocytosis, contribute to the removal of excess synapses,
thereby refining and optimizing the brain’s connections for
proper functioning.21 Dysregulation of synaptic pruning,
whether insufficient or excessive, may be implicated in various
neurodevelopmental disorders, including epilepsy.22 The
significant enrichment of these pathways in IESS patients
indicates that these pathways and BPs may play a regulatory role
in the development of IESS. At present, adrenocorticotropic
hormone (ACTH) remains the primary treatment for IESS.
Previous studies23−26 have demonstrated changes in blood or
CSF levels of different proinflammatory cytokines in IESS
patients treated with ACTH, indicating immunosuppressive and
anti-inflammatory effects of ACTH. ACTH likely exerts its
therapeutic effects by suppressing the inflammatory pathways in
the brain.
Additionally, GSEA-based GO analysis revealed that cell

migration and cellular response to oxygen-containing com-
pounds emerged as pivotal pathways, reinforcing the correlation
among inflammation, oxidative stress, and IESS. Furthermore,

endopeptidase activity, sulfur compound binding, and mental
ion binding were enriched in both GO analysis and GSEA-GO
analysis. Three pathways may impact the pathogenesis of IESS.
Through GSEA-based KEGG pathway analysis, it was found
that the phagosome, PI3K-Akt signaling pathway, and focal
adhesion were associated with IESS. The phagosome pathway,
in conjunction with the aforementioned findings of the KEGG
pathway analysis, further substantiated its potential association
with IESS. The PI3K-Akt signaling pathway has been implicated
in diverse cellular functions, encompassing nutrient uptake, cell
proliferation, growth, autophagy, apoptosis, and migration.27,28

Dysregulation of the pathway has been implicated as a
fundamental factor in numerous neurodevelopmental diseases,
including epilepsy.29 Regarding focal adhesions, a great number
of components have been identified by proteomics in very large
G protein-coupled receptor-1 (VLGR1), which is associated
with epilepsy.30 Hence, the results of GSEA-based GO and
KEEG pathway analyses were consistent with the findings of the
GO and KEEG pathway analyses in several pathways in this
study. These functional analyses of DEPs shed light on the
potential underlying pathogenesis of IESS.
In order to establish a robust predictive model for disease

diagnosis and explore potential plasma biomarkers, ROC curve
analysis was utilized to evaluate the discriminatory ability of
DEPs. Notably, PRSS3, ACTB, and PRSS1 exhibited the highest
prediction scores. The protein encoded by ACTB, known as

Figure 4. Schematic representation of the PPI network of the DEPs. The line width of the interactions corresponds to the combined interaction score
of each interaction, ranging from 0.4 to 1. A wider line indicates a higher score, while a narrower line suggests a lower score. A score of 0.4 represents a
medium score, 0.7 indicates a high level, and 0.9 indicates a very high level of interaction confidence. Additionally, different colors were used to denote
individual proteins based on their fold change (|log2FC|). The confidence score of interaction is 0.4. In the network, ACTB, PF4V1, THBS1, HP, PF4,
and PPBP serve as hub proteins.
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actin beta, plays crucial roles in cellular processes, including cell
motility, cellular morphology maintenance, cell division, and
intracellular transportation mechanisms.31,32 Mutations in this
gene have been found to be linked to epilepsy, developmental
disorders, and malformations.33 There is compelling evidence
linking neuronal migration disorders with epileptogenesis.34,35

The upregulation of this protein may contribute to neuronal
migration disorders, subsequently leading to IESS. The PRSS1
encodes serine protease 1, which is essential in fighting against
infections, activating blood coagulation or blood clot lysis
systems, activating digestive enzymes, and reproduction.36

Mutations in this gene are associated with autosomal dominant
hereditary pancreatitis.37 Liu et al. identified PRSS1 as a
potential key gene linked to cognitive impairment induced by
cadmium exposure in rats,38 indicating that the PRSS1 gene may
contribute to central nervous system disorders. The PRSS3 gene
encodes both mesotrypsinogen and trypsinogen 4. Prior
research demonstrated that trypsin and other trypsin-like serine
proteases are instrumental in neural development, plasticity, and
neurodegeneration.39 In the present study, it was hypothesized
that PRSS3, ACTB, and PRSS1, as well as the other five proteins
verified by ROC curve analysis, could be considered as potential
plasma biomarkers for IESS.
The present proteomic discoveries hold promise in offering

more precise biomarkers for IESS. Changes in protein levels may
precede the structural alterations detectable by brain magnetic
resonance imaging (MRI) or aberrant electrical activity
observed in EEG, particularly in cases with atypical clinical

symptoms. Therefore, proteomic analysis has the potential to
promote the early identification of IESS, even prior to
manifestations evident through conventional diagnostic modal-
ities. Furthermore, integrating the current proteomic data with
established diagnostic methods, such as MRI and EEG, could
enhance the accuracy and reliability of diagnosis, forming a more
comprehensive diagnostic profile. In cases where genetic testing
results are abnormal, proteomic findings may unveil protein
irregularities directly related to genetic variants, thereby
promoting the identification of disease-associated genes and
pathways.40 Moreover, these findings could advance personal-
ized medicine by identifying protein signatures unique to
individual patients,41 thereby providing tailored treatments
based on their specific molecular profiles.
However, the limitations of this study should be pointed out.

This study concentrated solely on the examination of the
proteome in plasma samples from 60 patients with IESS. The
potential diagnostic biomarker was identified based only on the
samples included in this study. Moreover, the differential
proteins identified in this study were not confirmed by other
detection methods. Other analytical techniques are required to
confirm the differential proteins found. To advance the
identified proteins into a biomarker panel for clinical use,
further validation in other models and examination in a larger
population would be necessary.

Figure 5. Validation and assessment of potential biomarkers. (A) Receiver operating characteristic (ROC) curve analysis of IESS samples versus
healthy control samples to validate candidate biomarkers. The models included eight candidate biomarkers and one integrating ACTB + PRSS1. (B)
Quantification of plasma levels of PRSS3, ACTB, PRSS1, PPBP, HP, PF4V1, THBS1, and RPL11 in healthy controls and IESS patients. P < 0.05
indicates a significant difference in quantification between the two groups.
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■ CONCLUSIONS
In conclusion, this study identified 124 DEPs that were
potentially associated with the pathogenesis of IESS through
DIA proteomics analysis of blood samples obtained from IESS
patients and healthy controls. The involvement of inflammation,
cytokines, chemokines, oxidative detoxification, phagosomes,
and other related pathways indicated their potential roles in the
occurrence and development of IESS. Considering the
availability of serine protease 1-related detection kits on the
market, simultaneous detection of β-actin and serine protease 1
may provide novel insights for the identification of potential
plasma biomarkers for diagnosing IESS. The findings high-
lighted potential biomarker candidates for identifying IESS
patients while suggesting therapeutic targets for customized
treatment approaches.
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Boison, D.; Brodie, M. J.; Brooks-Kayal, A. R.; Engel, J., Jr; Forcelli, P.
A.; Hirsch, L. J.; Kaminski, R. M.; Klitgaard, H.; Kobow, K.;
Lowenstein, D. H.; Pearl, P. L.; Pitkänen, A.; Puhakka, N.; Rogawski,
M. A.; Schmidt, D.; Sillanpää, M.; Sloviter, R. S.; Steinhäuser, C.;
Vezzani, A.; Walker, M. C.; Löscher, W. Commonalities in
epileptogenic processes from different acute brain insults: Do they
translate? Epilepsia 2018, 59 (1), 37−66.
(12) Turner, M. D.; Nedjai, B.; Hurst, T.; Pennington, D. J. Cytokines
and chemokines: At the crossroads of cell signalling and inflammatory
disease. Biochim. Biophys. Acta 2014, 1843 (11), 2563−2582.
(13) Barker-Haliski, M. L.; Löscher, W.; White, H. S.; Galanopoulou,
A. S. Neuroinflammation in epileptogenesis: Insights and translational
perspectives from newmodels of epilepsy. Epilepsia 2017, 58 (S3), 39−
47.
(14) Jaseja, H. A plausible explanation for superiority of adreno-
cortico-trophic hormone (ACTH) over oral corticosteroids in
management of infantile spasms (West syndrome). Med. Hypotheses
2006, 67 (4), 721−724.
(15) Vezzani, A.; Balosso, S.; Ravizza, T. Neuroinflammatory
pathways as treatment targets and biomarkers in epilepsy. Nat. Rev.
Neurol. 2019, 15 (8), 459−472.
(16) Scheiblich, H.; Trombly, M.; Ramirez, A.; Heneka, M. T.
Neuroimmune Connections in Aging and Neurodegenerative Diseases.
Trends Immunol. 2020, 41 (4), 300−312.
(17) Vezzani, A.; Aronica, E.; Mazarati, A.; Pittman, Q. J. Epilepsy and
brain inflammation. Exp. Neurol. 2013, 244, 11−21.
(18) Milder, J.; Patel, M. Modulation of oxidative stress and
mitochondrial function by the ketogenic diet. Epilepsy Res. 2012, 100
(3), 295−303.
(19) Tan, H.; Bi, J.; Wang, Y.; Zhang, J.; Zuo, Z. Transfusion of Old
RBCs Induces Neuroinflammation and Cognitive Impairment. Crit.
Care Med. 2015, 43 (8), e276−e286.
(20) Zhu, H.; Wang, W.; Li, Y. Molecular Mechanism and Regulation
of Autophagy and Its Potential Role in Epilepsy. Cells 2022, 11 (17),
2621.
(21) Li, X.; Li, Y.; Jin, Y.; Zhang, Y.; Wu, J.; Xu, Z.; Huang, Y.; Cai, L.;
Gao, S.; Liu, T.; Zeng, F.; Wang, Y.; Wang, W.; Yuan, T. F.; Tian, H.;

Shu, Y.; Guo, F.; Lu, W.; Mao, Y.; Mei, X.; Rao, Y.; Peng, B.
Transcriptional and epigenetic decoding of the microglial aging
process. Nat. Aging 2023, 3 (10), 1288−1311.
(22) Neniskyte, U.; Gross, C. T. Errant gardeners: glial-cell-
dependent synaptic pruning and neurodevelopmental disorders. Nat.
Rev. Neurosci. 2017, 18 (11), 658−670.
(23) Vezzani, A.; French, J.; Bartfai, T.; Baram, T. Z. The role of
inflammation in epilepsy. Nat. Rev. Neurol. 2011, 7 (1), 31−40.
(24) Haginoya, K.; Noguchi, R.; Zhao, Y.; Munakata, M.; Yokoyama,
H.; Tanaka, S.; Hino-Fukuyo, N.; Uematsu, M.; Yamamoto, K.;
Takayanagi, M.; Iinuma, K.; Tsuchiya, S. Reduced levels of interleukin-
1 receptor antagonist in the cerebrospinal fluid in patients with West
syndrome. Epilepsy Res. 2009, 85 (2−3), 314−317.
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