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Purpose: Sepsis can induce sepsis-associated encephalopathy (SAE), with Ulinastatin (UTI) serving a critical anti-inflammatory role.
This study aimed to identify the hub genes in an SAE mouse model following UTI intervention and investigate the underlying
molecular mechanisms.

Materials and Methods: Through differential expression analysis to obtain differentially expressed genes (DEGs), ie, UTI vs CLP
(DEGs1) and Con vs CLP (DEGs2). After taking the intersection of the genes with opposite differential trends in these two parts and
immune-related genes (IRGs), DE-IRGs were obtained. Hub genes in the protein-protein interaction (PPI) network were then
determined using six algorithms from the Cytohubba plugin in Cytoscape. Gene set enrichment analysis (GSEA) was employed to
explore the functional relevance of these hub genes. Additionally, the immune microenvironment across the three groups was
compared, and hub gene-related drugs were predicted using an online database. Finally, qRT-PCR was used to validate the expression
of the hub genes in hippocampal tissue from CLP mice.

Results: RNA sequencing obtained 864 differentially expressed genes (DEGs) (CLP vs Con) and 279 DEGs (UTI vs CLP). Taking
the intersection of DEGs with opposite expression trends yielded 165 DEGs. Six key genes (ICAM - 1, IRF7, IL - 18, CCL2, IL - 6
and SOCS3) were screened by six algorithms. Immune infiltration analysis found that Treg cells were reversed after treatment with
UTI in the diseased state. A total of 106 hub - gene - related drugs were predicted, among which BINDARIT - CCL2 and
LIFITEGRAST - ICAM1 showed particularly high affinities. The qRT - PCR verification results were consistent with the sequencing
results.

Conclusion: In conclusion, ICAM-1, IRF7, IL-1f, CCL2, IL-6, and SOCS3 were identified as potential therapeutic targets in SAE
mice treated with UTL. This study offers theoretical support for UTI as a treatment option for SAE.

Keywords: sepsis-associated encephalopathy, ulinastatin, immune, Treg cells, RNA sequencing

Introduction

Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to infection.' Between 30% and
70% of individuals diagnosed with sepsis are likely to develop sepsis-associated encephalopathy (SAE), a condition
marked by widespread cerebral dysfunction.* SAE typically occurs in critically ill patients within intensive care units,
where it often results in rapid mental decline, manifesting as cognitive impairment, confusion, disorientation, stupor, or
coma.” Clinically, SAE has been linked to significantly worse prognoses, including an elevated risk of permanent

neurocognitive deficits.*” SAE further exacerbates mortality rates, increases in-hospital costs, and prolongs
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hospitalization, often accompanied by persistent cognitive and physical limitations.® The pathogenesis of SAE is
multifactorial, involving inflammatory cytokines, blood-brain barrier disruption, ischemic events, neurotransmitter
imbalances, and mitochondrial dysfunction, though its precise mechanisms remain unclear.” Given this incomplete
understanding, identifying reliable biomarkers is essential for early diagnosis, prevention, and further investigation
into the disease’s underlying mechanisms.

SAE perpetuates a vicious cycle of sepsis-induced immunosuppression.'® Studies indicate that brain dysfunction in
SAE is closely associated with immune dysregulation and impaired neuroendocrine-immune interactions, particularly
those involving the cholinergic anti-inflammatory pathway, the hypothalamic-pituitary-adrenal axis, and the sympathetic
nervous system.'® This dysfunction in neural regulation compromises immune function, affecting critical immune cells
such as neutrophils, macrophages/monocytes, dendritic cells, and T lymphocytes, thereby sustaining a destructive loop of
brain damage and abnormal immune responses.'' Investigating the immune-related mechanisms involved in SAE offers
a promising pathway for the development of novel therapeutic strategies.

Ulinastatin (UTI), a broad-spectrum serine protease inhibitor, exhibits strong immunomodulatory properties, making
it an effective agent for modulating inflammation and protecting vascular endothelial cells. This renders UTI a promising
therapeutic option for conditions like sepsis and postoperative cognitive dysfunction.'>”'* Research has shown that UTI
positively affects sepsis progression in mice by modulating both the quantity and function of regulatory T cells (Tregs)
via the TLR4/NF-kB signaling pathway.'"* Furthermore, UTI may be employed alongside thymosin al (Tal) in
immunotherapeutic strategies to markedly enhance the modulation of inflammatory mediators in sepsis patients.'’
Additionally, UTI can be administered in conjunction with TIENAM to mitigate inflammation and modulate the immune
response, thereby improving outcomes in murine models of sepsis induced by cecal ligation and puncture.'® However, no
current evidence supports UTI as a therapeutic drug for SAE, emphasizing the need to identify specific therapeutic targets
to advance precision medicine, particularly for the Southeast Asian population.

Currently, no bioinformatics studies have explored UTI’s impact on immune-related genes in SAE therapy. Therefore,
this study aimed to identify candidate genes for UTI therapy in SAE mice using animal models and transcriptome
sequencing. Hub genes were identified through the application of six algorithms within the context of protein-protein
interaction (PPI) analysis. Following this, gene function analysis, immune infiltration analysis, and drug prediction were
conducted, focusing on these hub genes. Finally, the diagnostic potential of these hub genes was validated using animal
samples, confirming that UTI enhances the immune-inflammatory microenvironment in sepsis. This study offers critical
insights into the diagnosis and treatment of SAE, serving as a significant reference for research and therapeutic
interventions related to SAE diseases.

Materials and Methods
Grouping and Animal Model

Fifteen male C57 mice (6-8 weeks old, 20-22 g) were obtained from XX and housed in a sterile environment with
adequate food and water. The mice were randomly assigned to three groups: Sepsis (CLP, n = 5), ulinastatin treatment
(UTI, n = 5), and normal control (Con, n = 5). The mouse sepsis model was established using cecal ligation and puncture
(CLP), as described in a previous study.'” Within 12 hours post-surgery, the experimental group showed a marked
decrease in activity, food, and water intake, with a mortality rate of approximately 40% at 24 hours. Under anesthesia,
mice were placed on an operating table, and the mid-to-lower abdominal hair was shaved. After sterilization, a 1 cm
incision was made along the ventral midline, and the cecum was gently manipulated with forceps. Three-quarters of the
cecum was ligated at the base using sterile 3—0 silk. The intestinal contents were evacuated twice using an 18-G needle
before the cecum was repositioned in the abdominal cavity. The incision was then sutured with four layers of mycelium
thread and sterilized again. Mice in the control group underwent the same procedure without cecal ligation or puncture.
Ulinastatin was dissolved in 0.9% saline and administered intravenously at 100,000 U/kg via the caudal vein, 1 hour
before and 6 hours after the CLP procedure.'* After 24 hours, hippocampal tissues were harvested and either stored at
—80°C or fixed in 4% paraformaldehyde for subsequent analysis.
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Neurobehavioral assessments were conducted on mice to evaluate their neural reflexes, thereby confirming the onset
of SAE. As outlined in a prior study,18 a score of “0” denoted an absence of reflexes, “1” indicated diminished reflexes,
and “2” represented normal reflexes. A neurobehavioral score of < 6 is considered one of the diagnostic criteria for
SAE." The evaluated reflexes included the pinna reflex, corneal reflex, righting reflex, tail flexion, and escape response
reflex.

Observation of Hippocampus Tissues Assessment Using Hematoxylin-Eosin Staining
(HE) Staining

Pathological alterations in the hippocampal tissues were evaluated using HE staining. The entire brain specimen was
fixed in paraformaldehyde, dehydrated through an alcohol gradient using an automated dehydration system, and
embedded in paraffin for sectioning. The sections were then dewaxed, stained with hematoxylin and eosin, re-
dehydrated, and mounted with neutral resin. Pathological alterations in the hippocampal tissues were observed using
the BA210 Digital Trinocular Camera Microscopy System from Motic Industrial Group Co., Ltd., which was employed
for image acquisition.

Morris Water Maze Test

As previously described, the Morris water maze test was utilized to assess spatial learning and memory across the three
groups of mice.?® This experiment was conducted 72 hours after CLP. The maze consists of a circular pool, 100 cm in
diameter and 40 cm in height, filled with opaque water to a depth of 28 cm. The experiment spans five days: the first four
days serve as the training phase. During this phase, each mouse is introduced into the water from one of the four
quadrants at 20-minute intervals. Mice are given 60 seconds per trial to locate a hidden platform submerged 0.5 cm
below the surface in the target quadrant. If a mouse fails to reach the platform within the time limit, it is guided manually
to the platform, where it remains for 20 seconds before removal. On the fifth day, the platform is removed, and each
mouse is tested in a 60-second trial. The number of entries into the target quadrant (where the platform was located) and
the total time spent in that quadrant were recorded.

Y-Maze Test

The Y-maze test was conducted to evaluate spontaneous alternation behavior one day postoperatively. The Y-maze
apparatus, made from grey plastic, consists of three identical arms positioned at 120° angles, with each arm measuring
50%10 x 40 cm. Mice were placed in the center of the maze and allowed to explore all three arms for 8 minutes. After
each test, the maze was thoroughly cleaned with 75% ethanol. An arm entry was recorded when the mice placed all four
paws inside an arm, and the sequence and total number of arm entries were documented via a digital camera.

Spontaneous alteration percentage = ((number of spontaneous alterations)/(total arm entries — 2)) x 100%

Transcriptome Sequencing

Total RNA extraction was performed using the Trizol reagent (Thermo Fisher, 15596018) according to the manufac-
turer’s instructions. Only high-quality RNA samples with a RIN above 7.0 were selected for sequencing library
construction, following quantitative and qualitative assessment via the Bioanalyzer 2100 and RNA 6000 Nano
LabChip Kit (Agilent, CA, USA, 5067—1511). After extraction, mRNA was isolated from 5 pg of total RNA using
Dynabeads Oligo (dT) (Thermo Fisher, CA, USA) in a two-step purification process. The purified mRNA was
fragmented into smaller pieces by exposure to divalent cations at elevated temperatures (Magnesium RNA
Fragmentation Module, NEB, cat.e6150, USA) at 94°C for 5-7 minutes. Next, the fragmented RNA was reverse
transcribed to generate cDNA using SuperScript™ II Reverse Transcriptase (Invitrogen, cat. no. 1896649, USA). The
U-labeled second-strand DNA was synthesized from the cDNA libraries using E. coli DNA polymerase I (NEB, cat.
no. M0209, USA), RNase H (NEB, cat. no. M0297, USA), and dUTP solution (Thermo Fisher, cat. no. R0133, USA).
Subsequently, an adenine base was added to the blunt ends of each strand to prepare them for ligation with indexed
adapters. Each adapter featured a T-base overhang to facilitate attachment to the A-tailed DNA fragments. The
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fragments were then ligated with dual-index adapters, followed by size selection using AMPure XP beads. Following
treatment with the heat-sensitive UDG enzyme (NEB, cat.m0280, USA), the U-labeled second-strand cDNA under-
went PCR amplification, starting with initial denaturation at 95°C for 3 minutes, followed by 8 cycles of 98°C for
15 seconds, annealing at 60°C for 15 seconds, and extension at 72°C for 30 seconds, with a final extension at 72°C for
5 minutes. The final cDNA fragment insert size averaged 300+£50 base pairs. Paired-end sequencing (2x150 bp) was
conducted on an Illumina Novaseq™ 6000 (LC-Bio Technology Co., Ltd., Hangzhou, China) according to the
manufacturer’s protocol.

Data Quality Control and Preprocessing

Quality control of sequencing data was performed using FastQC (version 0.11.9), filtering out reads with adaptor
contamination, low-quality bases, or undetermined nucleotides. Clean reads were generated using Trimmomatic (version
0.39). Alignment to the GRCm39 reference genome was executed with HISAT2, and transcript assembly and quantifica-
tion of mRNA expression levels were achieved using StringTie (https://ccb.jhu.edu/software/stringtie) based on FPKM

calculations.

total exon fragments

FPKM = .
mapped reads (millions) x exon length (kB)
The hierarchical clustering analysis was carried out using the R package stats (v. 4.2.2),”' and principal component
analysis (PCA) was performed using uwot package (v. 0.2.2)* to assess sample reproducibility.

Differential Expression Analyses

DEGs between the CLP and Con groups (CLP vs Con), referred to as C-DEGs, were identified using the DESeq2
package (v. 1.38.0).> Similarly, DEGs between the UTI and CLP groups (UTI vs CLP), labeled as U-DEGs, were
screened. The selection criteria for both C-DEGs and U-DEGs were set as |log,fold change (FC)| > 0.8 and p-adj. < 0.05.
The results were subsequently visualized with volcano plots using ggplot2 (v. 3.4.4)** and heatmaps created with the
ComplexHeatmap (v. 2.16.0).”> Genes showing opposite expression trends in both C-DEGs and U-DEGs were con-
sidered key DEGs post-UTI treatment, identified through intersection analysis via ggvenn (v. 0.1.10, https://github.com/

yanlinlin82/ggvenn).

|dentification of Differentially Expressed Immune-Related Genes (DE-IRGs)

A total of 1,793 immune-related genes (IRGs) were sourced from the ImmPort database (https://www.immport.org/
shars-:*d/genelists)26 and converted to 1,646 murine IRGs using the biomaRt (v. 2.58.0) package (https://grch37.ensembl.
org/info/data/biomart/index.html). The intersection of key DEGs and these murine IRGs yielded DE-IRGs, identified
with ggvenn (v. 0.1.10).

Function Enrichment Analyses

Functional enrichment analysis of DE-IRGs, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, was performed using the clusterProfiler (v. 4.8.3) package (p-adj. < 0.05).>” GO
enrichment analysis encompassed biological processes (BP), molecular functions (MF), and cellular compo-
nents (CC).

Protein-Protein Interaction (PPl) Network
A PPI network of DE-IRGs was constructed using the STRING database (https://string-db.org) (Interaction score = 0.4),
and protein interactions were visualized. The CytoHubba plugin in Cytoscape (v. 3.9.1)*® was employed to identify hub

genes, applying six algorithms: maximal clique centrality (MCC), maximum neighborhood component (MNC), edge
percolated component (EPC), degree, closeness, and betweenness. The top 10 DE-IRGs from each algorithm were
overlapped to determine the final hub genes.
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Gene Set Enrichment Analysis (GSEA) and Gene-Gene Interaction (GGI) Network

GSEA of the hub genes was conducted using the clusterProfiler (v. 4.8.3) package®’ to explore their potential functions.
A total of 186 background gene sets were obtained from the MSigDB (v. 7.5.1) package (C2_CP:KEGG; Species: Mus
musculus).”’ Spearman correlation analysis was then performed between the hub genes and all other genes using the
corrplot (v. 0.92) package (https://github.com/taiyun/corrplot), ranking the correlation coefficients. GSEA was applied

with thresholds of [normalized enrichment scores (NES)| > 1 and p-adj. < 0.05. Additionally, the top 20 genes related to
the hub genes were predicted through the GeneMANIA database (http://genemania.org). A GGI network was constructed

for the hub genes and their top 20 related genes, revealing their co-enriched potential pathways.

Evaluation of Infiltrating Immune Cells

To assess whether UTI treatment in sepsis mice induced alterations in the immune microenvironment of hippocampal
tissues, immune cell infiltration analysis was conducted using the InmuCellAI package (v. 0.1.0).%° The infiltration levels
of 36 immune cell types were visualized with ggplot2 (v. 3.4.4).%* Differences in immune cell infiltration among groups
were compared using the Wilcoxon test (p < 0.05). Additionally, Spearman correlation between hub genes and immune
cells was examined (|cor| > 0.3, p < 0.05).

Molecular Regulatory Network

miRNAs associated with hub genes were retrieved from the miRDB database (https://mirdb.org/) based on a target score
> 80, while miRNAs were also predicted from the miRWalk database (http://129.206.7.150/) (binding point = 1). Hub
miRNA-mRNA pairs were determined by intersecting the miRNAs identified by both databases. Transcription factors

(TFs) related to hub genes were predicted using the iRegulon plugin in Cytoscape (v. 3.9.1)*® with NES > 5. Based on the
hub miRNA-mRNA and TF-mRNA pairs, a TF-mRNA-miRNA regulatory network was constructed.

Potential Drugs Prediction and Molecular Docking

To identify potential therapeutic drugs for sepsis, drug-gene interactions were retrieved from the DGIdb database (http://
www.dgidb.org/) (FDA-approved and immunotherapies), using hub genes as keywords. A drug-gene network was
established based on these interactions, and key drugs were identified with an interaction score > 2. Spearman correlation
analysis was then conducted between hub genes and key drugs (|cor| > 0.3, p < 0.05). For drugs with an interaction score
> 5, their 3D structures were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The 3D protein
structures of hub genes were acquired from the RCSB Protein Data Bank (RCSB PDB, http://www.pdb.org/). Docking
simulations with core targets were performed using Autodock-vina (v. 1.5.7),>' and the results were visualized using

PyMol (v. 2.5.5) (https://pymol.org/) and proteins.plus (https://proteins.plus/).

Validation of Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)
To verify the reliability of hub gene expression results, qRT-PCR was carried out on 15 frozen hippocampal tissue
samples (5 sham, 5 control, and 5 UTI samples).

Total RNA was extracted from mouse hippocampal tissue using the TriQuick Reagent kit (Beijing Solaibao Technology Co.,
LTD, China). Reverse transcription was performed with the PrimeScript™ RT reagent kit (Takara, Bao Bioengineering (Dalian)
Co., Ltd., Dalian, China), and quantitative PCR was conducted using TB Green Premix Ex Taq II on a real-time fluorescence
quantitative PCR system. The thermal cycling protocol included an initial denaturation step at 95°C for 30 seconds, followed by
40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. The expression levels of Icam1, Irf7, 111b, Ccl2, 116, and Socs3 in the
hippocampal samples were quantified. GraphPad Prism 5 was used for plotting and statistical analysis to assess significant
differences. GAPDH served as the internal reference gene. The primers used for each key gene are listed in Table 1.

Enzyme-Linked Immunosorbent Assay (Elisa)

Serum medium concentrations of cytokines, including IL-6, IL-1B, were measured using the quantitative ELISA kits
according to the manufacturer’s instructions. The optical density was measured at 450 nm. The standard curve of each
cytokine determined the cytokine concentrations.
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Table | Primers for qRT-PCR Used in the Current Study

Primer Sequence

ICAM-1 Forward (5'-3') | TGGAGACGCAGAGGACCTTAAC
Reverse (5'-3') | CGACGCCGCTCAGAAGAAC

IRF7 Forward (5'-3') | TGAGCGAAGAGAGCGAAGAGG
Reverse (5'-3') | CGTACACCTTATGCGGATCAACTG

IL-6 Forward (5'-3') | GAGAGGAGACTTCACAGAGGATACC
Reverse (5-3) | TCATTTCCACGATTTCCCAGAGAAC

IL-18 Forward (5-3") | AATCTCGCAGCAGCACATCAAC

Reverse (5'-3') | AGGTCCACGGGAAAGACACAG
ccL2 Forward (5'-3") | ACTGCATCTGCCCTAAGGTCTTC
Reverse (5'-3') | TCACTGTCACACTGGTCACTCC
SOCs3 Forward (5-3') | TCTTTGCCACCCACGGAACC
Reverse (5'-3') | TCAGTACCAGCGGAATCTTCTCG
[-actin Forward (5'-3') | TATGCTCTCCCTCACGCCATCC
Reverse (5'-3') | GTCACGCACGATTTCCCTCTCAG

Abbreviations: SAE, sepsis-associated encephalopathy (SAE); UTI, Ulinastatin; GEO,
gene expression omnibus; DEGs, differentially expressed genes; IRGs, immune-related
genes; DE-IRGs, differential expressed immune-related genes; GSEA, Gene set enrich-
ment analysis; PP, protein-protein interaction; Tregs, regulatory T cells; CLP, Cecal
ligation and puncture; HE, hematoxylin eosin; MWM, Morris Water Maze; PCA,
principal component analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes; BP, biological process; CC, cellular components; MF, molecular
functions; MCC, maximal clique centrality; MNC, maximum neighborhood compo-
nent; EPC, edge percolated component; GGI, gene-gene interaction; TFs, transcription
factors; Dgidb, Drug—Gene Interaction Database (DGldb); qRT-PCR, quantitative real-
time polymerase chain reaction; DG, dentate gyrus; TNF, tumor necrosis factor; BBB,
Blood-brain barrier; TLR4, Toll-like receptor 4.

Statistical Analysis
All statistical analyses were performed using R software (v. 4.3.1), with p < 0.05 considered statistically significant (two-
tailed).

Results
Ulinastatin Can Alleviate Hippocampal Neuron Damage, Improve Neurobehavioral

Manifestations and Peripheral Inflammation in Mice with Sepsis

Hippocampal tissue HE staining and light microscopy were performed 24 hours after CLP to evaluate postoperative
morphological changes in neurons within the dentate gyrus (DG) of the mouse hippocampus (Figure 1). In the Con
group, neurons appeared with normal morphology, including abundant cell numbers, well-defined boundaries, regular
arrangement, large, round nuclei, and distinct nucleoli (Figure 1A). Conversely, the DG region in the CLP group showed
significant neuronal damage, characterized by shrunken and hyperchromatic neurons, poorly defined nuclear boundaries,
disorganized arrangement, and evident neuronal shrinkage and necrosis (Figure 1B, black arrows). Following UTI
treatment, the number of shrunken and necrotic neurons in the DG was markedly reduced compared to the CLP group
(Figure 1C, black arrows), suggesting that UTI mitigates hippocampal neuronal injury in septic mice.

Furthermore, we conducted an assessment of the neurobehavioral performance across three distinct groups of mice
(Figure 1D). The findings indicated a progressive decline in neurobehavioral scores within the CLP group following
awakening, with the lowest scores observed at 24 hours post-surgery. In contrast, the Con group consistently maintained
a stable score of 10. Additionally, the UTI group exhibited significantly higher scores compared to the CLP group. Based
on established SAE evaluation criteria, no instances of SAE were identified in either the Con or UTI groups, the CLP
group demonstrated a 70% incidence of SAE, and only those mice diagnosed with SAE were included in subsequent
experimental analyses.
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Figure | Effects of UTI on Hippocampal Neurons, Neurobehavioral Performance and Inflammatory Cytokines in Septic Mice. (A—C) Representative images of HE-stained
hippocampal sections from each group. Black arrows indicate nuclear disorder, neuronal shrinkage, and necrosis. Magnification:x20. (D) Neurobehavioral score. Data is
represented by histograms. Values are expressed as mean * SEM (n = 10 in each group). (E and F) The comparisons of IL-1f, IL-6 in serum in different groups. * p<0.05, **
p<0.01, ¥ p<0.001, *¥*** p<0.0001, n=6.

To evaluate the therapeutic efficacy of UTI on inflammation, serum levels of the proinflammatory cytokines IL-6 and
IL-1B were quantified using ELISA. The results demonstrated that the serum concentrations of IL-6 and IL-1B were
elevated in the CLP group; however, these levels were significantly reduced following UTI treatment. These findings
suggest that UTI treatment has the potential to attenuate inflammation in murine models of sepsis. (Figure 1E and F).

Ulinastatin Can Improve Learning and Cognitive Functions in Mice with SAE

The experimental schedule is outlined in Figure 2A. Hippocampus-dependent spatial learning and memory were evaluated in
each group using the Morris Water Maze (MWM) test. Figure 2B shows representative swimming paths on the final day of
training. Throughout the 4-day training period, mice in the CLP group exhibited a significantly longer escape latency on day 4
compared to the Con group. However, UTI treatment substantially reduced escape latency in the CLP group (Figure 2C).
Additionally, the CLP group demonstrated less time spent in the target quadrant and fewer platform crossings, both of which
were restored by UTI treatment (Figure 2D and E). The Y-maze test was also employed to evaluate hippocampal spatial working
memory, showing that the CLP group had a lower percentage of spontaneous alternation compared to the Con group, while UTI
treatment improved this percentage (Figure 2F). These results suggest that UTI ameliorates cognitive deficits in SAE mice.

A Total of 51 DE-IRGs Were ldentified

In the transcriptomic analysis, PCA of samples from the CLP (n = 5), UTI (n = 5), and Con (n = 5) groups confirmed no
outliers (Figures 3A and S1). Differential expression analysis revealed 864 C-DEGs (CLP vs Con; 637 up-regulated and
227 down-regulated) and 279 U-DEGs (UTI vs CLP; 114 up-regulated and 165 down-regulated) (Figure 3B-E). An
overlap analysis identified 165 key DEGs attributed to UTI treatment (Figure 3F). Additionally, 51 DE-IRGs were
identified by intersecting these 165 key DEGs with 1,646 murine IRGs (Figure 3G).

The DE-IRGs Were Co-Enriched in the Immunoinflammatory Process
Functional enrichment of DE-IRGs was examined through GO and KEGG analyses. In GO analysis, 1,342 GO terms
were significantly enriched (p-adj. < 0.05), including 1,221 BP terms, 38 CC terms, and 83 MF terms, with 19 DE-IRGs
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Figure 2 UTI ameliorates cognitive impairment in SAE mice. (A) The experimental flow of animal model construction. (B) Representative movement trajectories of each
group on the final day of the MWM test. (C) Escape latency times in the MWM test across all groups. (D) Time spent in the target quadrant during the testing phase for each
group. * p < 0.05, n = 6. (E) Number of platform crossings in the testing phase for each group. * p < 0.05, n = 6. (F) Spontaneous alternation in the testing phase for each
group. ¥p < 0.01, ¥ p < 0.001, n = 6.

involved in cytokine-mediated signaling pathways (Figure 4A and Table S1). In KEGG analysis, 50 pathways were
significantly enriched (p-adj. < 0.05), including the TNF signaling pathway, Influenza A, and Epstein-Barr virus
infection, among others (Figure 4B and Table S2).

A Total of Six Hub Genes Were ldentified by the Cytohubba Plugin

Initially, a PPI network consisting of 49 nodes and 401 edges was constructed (Figure 5SA). Among the interactions, the
pairs Fcerlg-Syk, I113ral-1l4ra, Il11a-111b, I12rg-1l4ra, and Lcp2-Syk exhibited the highest combined scores (combined
score = 0.999) (Table S3). Following this, the top 10 DE-IRGs identified by each algorithm were illustrated (Figure 5B—
G). Through overlapping analysis, six hub genes were identified: /CAM-1, IRF7, IL-18, CCL2, IL-6, and SOCS3
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Figure 3 Identification of immune-related differentially expressed genes (DE-IRGs). (A) Principal Component Analysis. (B) Volcano plot depicting DEGs between CLP and
control groups. (C) Heatmap illustrating DEGs between CLP and control groups. (D) Volcano plot of DEGs between CLP and UTI groups. (E) Heatmap of DEGs between
CLP and UTI groups. (F) Venn diagram of differentially expressed genes (DEGs) among control, CLP, and UTI groups. (G) Venn diagram showing the overlap between IRGs
and DEGs.

(Figure 5SH). A GGI network was subsequently constructed based on these hub genes and the top 20 related genes, which
are involved in processes such as cytokine receptor binding and leukocyte migration (Figure 51). Notably, GSEA results
revealed that the six hub genes were co-enriched in pathways related to NK cell-mediated cytotoxicity, leishmaniasis
infection, and apoptosis (Figure 6).

The Infiltration of Treg Cells Was Increased After UTI Treatment
Immune cell infiltration was analyzed across three groups (Figure 7A), with granulocytes consistently scoring the highest
in all groups. Between the CLP and Con groups, nine immune cell types showed significant differences in infiltration (p <

Journal of Inflammation Research 2024:17 hetps: 8761

Dove:


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

Hu et al

Dove
O;
o 02&5 00192 2
(cS) =0 P
o © 0 "0 O,
O o ‘@
N (0¥ 0, “@.
o Q. "
& A8 2 -
N ',. 0 0¢ % ID Description
00 90 7 & oo ® G0:0019221 cytokine-mediated signaling pathway
~ @ , .‘ O  G0:0032680 regulation of tumor necrosis factor production
‘é (&} —Lé GO0:1903555 regulation of tumor necrosis factor superfamily cytokine production
8 :: l K fg & GO:0032640 tumor necrosis factor production
=)
5 © (€] ‘ 00 g GO:0071706 tumor necrosis factor superfamily cytokine production
(0] 7} . .s 00 O G0:0032760 positive regulation of tumor necrosis factor production
(\%‘ .. ©° O Qé'o G0:1903557 positive regulation of tumor necrosis factor superfamily cytokine production
000 ) 0 ’; ) 5}(’0 G0:0030217 T cell differentiation
<b © ’ L) (o) é G0:0030098 lymphocyte differentiation
0 Qo ] 0"00 G0:0002460 adaptive immune response based on somatic recombination of immune receptors
948300 o 90l_\,l— built from immunoglobulin superfamily domains
z-score logFC
_ ® downregulated
decreasing increasing
B 1\NMm,
‘““05\ "04668
é,;* o A .Qo7 D Description
s#s . v’s%‘o mmu04668 TNF signaling pathway — Mus musculus (house mouse)
'§ o " ‘ 3 mmu04060 Cytokine—cytokine receptor interaction — Mus musculus (house mouse)
prao} . f. Co mmu05164 Influenza A - Mus musculus (house mouse)
0
S ‘ I ’ o g mmu05162 Measles — Mus musculus (house mouse)
E o ‘ ' a3 éh mmu04620 Toll-like receptor signaling pathway — Mus musculus (house mouse)
5:9 " . J e& mmu04657 IL-17 signaling pathway — Mus musculus (house mouse)
(909 ' “. .... A ' \c:? mmu05169 Epstein-Barr virus infection - Mus musculus (house mouse)
9(6 R o 0. o > mmu05417 Lipid and atherosclerosis — Mus musculus (house mouse)
199b0nulw ozgvo“ mmu05167 Kaposi sarcoma-associated herpesvirus infection - Mus musculus (house mouse)
mmu05171 Coronavirus disease — COVID-19 - Mus musculus (house mouse)
logFC z-score
® downregulated _
decreasing increasing

Figure 4 Functional analysis of immune-related DE-IRGs. (A) GO term enrichment of DE-IRGs.(B) KEGG pathway enrichment of DE-IRGs.

0.05) (Figure 7B), while two immune cell types differed between the UTI and CLP groups (p < 0.05) (Figure 7C).
Among these, only Treg cells were reduced in the CLP group compared to the Con group, but increased following UTI

treatment (UTI vs CLP). Moreover, Treg cells displayed significant negative correlations with all hub genes except Irf7
(Figure 7D).

BINDARIT-Ccl2 and LIFITEGRAST-lcam| had High Affinity

A total of 76 miRNA-mRNA pairs were identified from the miRDB database, while 1,960 pairs were retrieved from the
miRWalk database. Fourteen hub miRNA-mRNA pairs were confirmed by intersecting the two datasets (Figure 8A).
Additionally, 11 TFs related to the six hub genes were predicted, although no TFs were associated with Irf7. The
resulting TF-mRNA-miRNA regulatory network included interactions such as Hcfc2-Socs3-mmu-miR-7002-3p, Stat4-
I11b-mmu-miR-7064-5p, and Foxp4-Icam-mmu-miR-12181-3p (Figure 8B). A total of 106 hub gene-related drugs were
predicted, comprising 116 drug-gene interactions, though none were associated with Irf7 (Table S4). A drug-gene
network was constructed for the remaining five hub genes (Figure 8C), with CARLUMAB-Ccl2, EMAPTICAP PEGOL-
Ccl2, and ALICAFORSEN-Icam1 exhibiting the highest interaction scores (interaction score = 19.66). Among drugs
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with interaction scores above 5, only BINDARIT and ENLIMOMAB PEGOL were retrieved. Molecular docking
analysis revealed strong affinities for BINDARIT-Ccl2 (binding energy = —6.9 kcal/mol) and LIFITEGRAST-Icaml
(binding energy = —9.0 kcal/mol) (Figure 8D and E).

Expression Validation of the six Hub Genes

qRT-PCR validation confirmed that the expression levels of the six hub genes were consistent with the sequencing
results. All six genes were significantly upregulated in the hippocampal tissue of the CLP group compared to the control
group, while their expression was downregulated in the UTI group relative to the CLP group (Figure 9).

Discussion

SAE represents a significant complication of sepsis, affecting a large proportion of patients and contributing to higher
mortality rates and poor outcomes. The lack of effective therapeutic options for SAE remains a critical challenge.*
Studies have shown that immune response dysregulation plays a pivotal role in SAE development.! UTI functions as an
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Figure 9 Validation of mMRNA expression levels for the six hub genes. (A—F) qRT-PCR validation of ICAM-1, IRF7, IL-1f, CCL2, IL-6, and SOCS3 expression. ** p < 0.0, ***
p < 0.001, *¥¥** p < 0.0001, ns indicates not significant, n = 3-6.

immunomodulator that specifically targets the NLRP3 pathway in neurological disorders,** aiming to mitigate myocar-
dial damage induced by sepsis through the inhibition of NLRP3 inflammasome activation.** While UTI has proven
beneficial in treating sepsis by modulating immune function, its potential application in SAE management has yet to be
explored. This study employed UTI in a sepsis mouse model, performing an in-depth transcriptomic analysis of
hippocampal tissue, which revealed six key immune-related genes associated with UTI treatment in SAE: ICAM-1,
IRF7, IL-1p, CCL2, IL-6, and SOCS3. The expression levels of these genes were further validated through qRT-PCR.
Moreover, Treg cells were identified as significant immune cells involved in UTI-mediated SAE treatment, offering
a novel bioinformatics-based immune perspective on ulinastatin’s therapeutic potential for SAE.

Six immune hub genes involved in UTI treatment of SAE were identified. /[CAM-1, a glycoprotein and adhesion
receptor found on endothelial and immune cells,*® plays a critical role in mediating cell adhesion. Its main function is to
facilitate the recruitment of leukocytes and immune cells to sites of inflammation, making it essential in inflammatory
responses and the pathogenesis of immune-mediated diseases.’’ Studies show that plasma levels of ICAM-1 are
significantly elevated in patients with SAE compared to non-SAE individuals, suggesting it could serve as
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a biomarker for predicting cognitive dysfunction in patients with sepsis.*®*® Additionally, JCAM-1 expression increases
in endothelial and immune cells under inflammatory conditions,*® which is consistent with our findings of elevated
ICAM-1 levels in the hippocampal tissue of septic mice, implying a possible link between increased hippocampal /CAM-
1 expression and SAE. IRF7, a key transcription factor, regulates type I interferon production and innate immune
responses. It is critical in modulating the IFN-I/III signaling pathway, contributing to host defense against viral infections
and immunoregulation.*' In sepsis, /RF7 can upregulate Srg3 expression, leading to enhanced ferroptosis and M1
macrophage polarization, worsening septic lung injury.** Our study also observed upregulation of IRF7 in the hippo-
campal tissue of SAE mice, indicating that /RF7 transcriptional upregulation may be a contributing factor in SAE
pathogenesis. /L-1, a major pro-inflammatory cytokine involved in innate immune responses, plays a pivotal role in
activating microglia and inducing neuroinflammation in SAE.** Our findings corroborate this, showing /L-15 upregula-
tion in the hippocampal tissue of SAE mice. Likewise, CCL2/MCP-1, an early cytokine triggered by LPS-induced
inflammation, is highly expressed in the brain during sepsis and contributes to SAE development.**** Our study supports
this observation, noting high CCL2 expression in the hippocampal tissue of septic mice. /L-6 is a key inflammatory
mediator in sepsis and a useful biomarker for diagnosing the condition.*®*” Research by Jiang et al demonstrated that
inhibiting /L-6 trans-signaling improves survival in septic mice and may offer a potential therapeutic approach for SAE.?°
UTI treatment was also shown to downregulate /L-6 in the hippocampal tissue, reinforcing its potential role in SAE
treatment. SOCS3, a member of the SOCS family, is inducible by inflammatory factors and plays a role in inhibiting
immune response signaling.*® Li et al suggested that SOCS3 could serve as a diagnostic and therapeutic target for SAE
and hepatic encephalopathy due to its association with immune cells, further supporting our research conclusions.*’ In
summary, these six immune-related genes are upregulated and play critical roles in conditions such as sepsis and SAE,
providing a solid theoretical foundation for our predictions. Prior research has demonstrated that individuals who survive
sepsis frequently display anxiety-like behaviors, heightened activity of the hypothalamic-pituitary-adrenal (HPA) axis,
and ongoing systemic and neuroinflammation. Despite the administration of corticosteroids, such as corticosterone,
during the septic episode, these symptoms persist and may adversely impact object memory in female mice, while also
enhancing their active coping behaviors. Furthermore, corticosterone treatment significantly modified the expression
profiles of numerous genes within the hippocampus, notably resulting in the coordinated downregulation of activity-
dependent genes.’® A separate study demonstrated significant alterations in gene expression within the hippocampus of
rats subjected to sepsis, observed 4.5 hours following LPS administration. Notably, there was an up-regulation of
chemokines and endothelial cell-specific molecules. In contrast, norepinephrine treatment resulted in only a slight up-
regulation of chemokine expression, while treatment with the inducible nitric oxide synthase inhibitor, 1,400 W,
exhibited minimal impact on gene expression.”’ These studies offer significant insights into the alterations in hippo-
campal gene expression associated with SAE, thereby establishing a theoretical framework for investigating the precise
molecular mechanisms by which UTIs regulate these genes in SAE.

Gene expression is closely linked to alterations in behavior. The research demonstrated that ICAM-1 conferred
neuroprotection against amyloid beta-induced damage by inhibiting NF-kB, which subsequently led to enhanced
cognitive performance in 5XFAD mice.’? Furthermore, research has indicated that IL-6 plays a role in neural signaling
associated with “sickness behavior”, leading to behavioral alterations such as reduced appetite and diminished activity
levels.”® Currently, there are no documented studies examining the impact of IRF7, IL-1p, CCL2, and SOCS3 on
behavior. In this investigation, mice with sepsis treated with UTI exhibited notable behavioral alterations. Concurrently,
the expression profiles of these four biomarkers demonstrated significant modifications following UTI treatment.
Consequently, it is hypothesized that these genes may play a crucial role in the behavioral changes associated with
SAE. However, further research is required to elucidate the specific mechanisms involved.

GSEA and GeneMANIA analyses of six immune-related genes revealed their enrichment in NK cell-mediated
cytotoxicity, JAK/STAT signaling, and Toll-like receptor (TLR) signaling pathways. The NK cell-mediated cytotoxicity
pathway is implicated in sepsis pathogenesis by amplifying inflammation and contributing to organ damage.’**> This
suggests that it may also play a role in SAE development by interacting with immune-related genes. The JAK-STAT
pathway plays a critical role in modulating immune responses during sepsis.’® Research indicates that JCAM1 expression
impacts blood-brain barrier (BBB) permeability,”” with elevated levels during sepsis exacerbating its disruption.”® The
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JAK-STAT pathway may enhance endothelial cell function by downregulating /CAMI expression,””*® suggesting
a potential role in modulating BBB permeability and SAE via ICAMI regulation. SOCS3, a well-established negative
regulator of the JAK-STAT pathway,"' has been identified as a therapeutic target for improving sepsis and SAE outcomes
by inhibiting JAK-STAT signaling,®” thereby mitigating sepsis-induced multiple organ failure and reducing inflammatory
mediator release.®® Toll-like receptors are key in pathogen recognition and immune activation.®* In LPS-induced SAE
mouse models, activation of the TLR4 signaling pathway in microglial cells exacerbates SAE,®* while this activation is
dependent on the transcriptional expression of JRF7.°® The TLR signaling pathway has also been shown to stimulate
CCL?2 activation in renal tubular epithelial cells, aggravating sepsis-induced renal injury.®” Furthermore, TLR pathway
activation increases the secretion of /L-1f and IL-6, intensifying inflammation and advancing sepsis progression.®®¢’
Modulating the TLR pathway may offer a therapeutic avenue for addressing SAE by targeting /RF7, CCL2, IL-1f, and
IL-6. SAE, characterized by inflammatory dysregulation, is also associated with GO terms such as cytokine receptor
binding, leukocyte migration, and the regulation of leukocyte migration, all linked to the six key immune genes.
Furthermore, the study identified that SAE mice exhibited not only pronounced behavioral abnormalities but also an up-
regulation of inflammatory cytokines in the hippocampus, accompanied by morphological alterations. This finding
further substantiates the strong correlation between SAE and the dysregulation of inflammatory processes.
Concurrently, various metabolic pathways, including those involved in lipid metabolism, amino acid metabolism, glucose
metabolism, and nucleotide metabolism, as well as inflammatory pathways and synaptic dysregulation, were intimately
linked to hippocampal dysfunction in the early stages of SAE. The disruption of these metabolic pathways may
exacerbate the progression of SAE by impairing the normal function of the hippocampus. Consequently, when
investigating treatment strategies for SAE, it is imperative to consider the alterations in these metabolic pathways.
This approach will enhance our understanding of the pathophysiological mechanisms underlying SAE and contribute to
the development of more effective therapeutic interventions.”® In conclusion, these immune genes play pivotal roles in
pathways related to infection, immunity, and inflammation, significantly influencing the progression of SAE.

Previous studies have demonstrated that UTI can alleviate sepsis and related conditions by reducing inflammation,
modulating immune cell activity, and protecting vascular endothelial cells through its effects on the JAK-STAT and TLR
pathways.”'"* UTI has also been shown to lower /CAM-1 expression in endothelial cells,” and reducing ICAM-1 levels
in cerebral vessels and leukocytes has been associated with improved BBB integrity in septic mice and SAE.”® Our
findings suggest that UTI may decrease /CAM-1 expression in the hippocampal tissue of septic mice, with /CAM-1 being
enriched in the JAK-STAT pathway. This supports the hypothesis that UTI could mitigate SAE severity by inhibiting the
JAK-STAT pathway, reducing /CAM-1 expression in both the BBB and hippocampus, decreasing inflammatory mediator
synthesis, and enhancing BBB stability. While SOCS3 is known to inhibit the JAK-STAT pathway and improve sepsis
outcomes,” evidence of UTI’s regulation of SOCS3 remains limited. Our study observed that UTI influences SOCS3
expression in the hippocampal tissue of septic mice, though further research is required to determine whether UTI
ameliorates SAE by modulating SOCS3 to inhibit the JAK-STAT pathway. Additionally, numerous studies have shown
that UTI treatment reduces inflammation and improves sepsis outcomes by downregulating /L-18 and IL-6."7"°
Suppressing IL-1f and IL-6 levels in the hippocampus of septic mice has been found to enhance spatial memory and
improve survival in SAE models.?**° UTI treatment is also known to regulate the TLR4 signaling pathway, reducing the
release of inflammatory mediators such as /L-1f and IL-6."*"* Our study found that UTI is associated with a reduction in
the mRNA levels of /L-1f and IL-6 in the hippocampal tissue of septic mice, both of which are enriched in the TLR
pathway. Thus, it is plausible that UTI attenuates /L-/f and IL-6 expression in the hippocampus by modulating the TLR
pathway, potentially mitigating neuroinflammation and improving SAE outcomes. This study also identified enrichment
of CCL2 and IRF7 in the TLR signaling pathway and observed reduced expression of these genes in the hippocampus of
septic mice following UTI treatment. However, direct regulation of CCL2 and /RF'7 by UTI in the context of sepsis and
SAE requires further investigation. In summary, our findings suggest that UTI may improve cognitive function and
reduce hippocampal damage in septic mice, indicating its potential as a therapeutic option for SAE.

It is noteworthy that UTI possesses extensive anti-inflammatory and immunomodulatory properties, which may
impact SAE through the regulation of various biological processes and pathways. The dysregulation of apoptosis
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a neuroprotective effect by modulating the NLRP3 inflammasome®” and the MAPK/NF-kB signaling pathways.®* Our
study identified that all six hub genes are enriched in the apoptosis pathway, indicating that UTI may modulate the
apoptotic process to improve SAE by influencing the expression of these hub genes. Moreover, numerous studies indicate
that the Nrf2/HO-1 pathway, linked to inflammation and oxidative stress, can be activated by UTI, offering protection

8485 and liver injuries.®® This provides a deeper understanding of the potential

against cerebral ischemia-reperfusion
mechanisms by which UTI may influence the treatment of SAE.

Additionally, significant differences were observed in the composition of infiltrating immune cells among the three
groups, particularly in the decreased proportion of Treg cells in the hippocampal tissue of CLP mice compared to healthy
controls. Following UTI treatment in CLP mice, a notable increase in the infiltration of Treg cells was detected. As
immune suppressor cells derived from the lymphatic system, Treg cells play a pivotal role in modulating the immune
response and maintaining homeostasis.®” Research has shown that infiltrating Treg cells in the brain can effectively
suppress SAE and alleviate SAE-induced psychiatric conditions by reducing neuroinflammation during the later stages of
sepsis.®® Moreover, UTI has been reported to mitigate inflammatory responses by modulating both the quantity and
activity of Treg cells.®*>*° Based on these findings, UTI emerges as a potential therapeutic agent for SAE, with Treg cells
likely being the key immune mediators in this treatment. However, further experimental validation is required to confirm
these effects.

Drug-gene interaction analysis using the DGIdb database identified 116 potential therapeutic drugs or compounds for
SAE. Among these, BINDARIT, a newly discovered compound, has demonstrated the ability to suppress glycosylation
of acute-phase proteins,”’ selectively target monocytes in vivo, and reduce CCL2 production, contributing to its anti-
inflammatory effects in diseases like acute pancreatitis and nephritis.”* Studies have shown that BINDARIT can alleviate
lung and liver damage in septic mice by selectively inhibiting CCL2, and it has also been shown to reduce plasma CCL2
levels in patients with sepsis,”> making it a promising candidate for sepsis treatment. Our study also confirmed molecular
docking between bindarit and CCL2, which is overexpressed in the hippocampal tissue of CLP mice. Thus, bindarit may
improve SAE by selectively inhibiting CCL2 in the hippocampus, though further experimental validation is necessary.
Lifitegrast, a cell adhesion inhibitor, has been shown to reduce and block leukocyte-endothelial adhesion by targeting
ICAMI/ICAM3 suppression, contributing to its efficacy in various conditions.”**> In this study, molecular docking
between lifitegrast and ICAM1 was identified, along with elevated ICAM1 expression in the hippocampal tissue of CLP
mice. Further research is needed to assess the therapeutic potential of this interaction for SAE treatment.

This study has shed light on the potential molecular mechanisms and targets of UTI in treating SAE. UTI may
mitigate SAE by modulating immune function through Treg cell-mediated NK cell cytotoxicity, as well as the JAK/STAT
and Toll-like receptor signaling pathways, thereby reducing inflammation. However, several limitations must be
acknowledged. First, our findings provide only preliminary validation of the key immune genes involved in UTI
treatment of SAE in mice; additional animal and cellular experiments are needed to clarify the underlying mechanisms.
Second, given the use of a sepsis mouse model, potential species-specific variations warrant further investigation with
clinical samples to confirm the expression of these key genes and evaluate UTI’s efficacy in treating human SAE.
Furthermore, we intend to conduct experimental studies in the future focusing on NK cells, Treg cells, JAK/STAT
signaling pathways, and toll-like receptor signaling pathways to enhance the robustness of our conclusions.

Conclusion

In conclusion, this study employed transcriptome sequencing and bioinformatics to identify six key immune genes
(ICAM-1, IRF7, IL-1B, CCL2, IL-6, and SOCS3) associated with UTI treatment in SAE, and their expression was
validated. The regulation of these genes may be influenced by pathways related to NK cell-mediated cytotoxicity, JAK/
STAT signaling, and Toll-like receptor signaling, with Treg cells likely playing a pivotal role in enhancing SAE
outcomes. This research represents the first investigation into the immune mechanisms potentially underlying UTI’s
therapeutic effects on SAE.
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