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Background: Sepsis-associated encephalopathy (SAE) is a common complication of sepsis, marked by neuroinflammation and
cognitive impairment. Remimazolam (Rem), a novel ultra-short-acting benzodiazepine, exhibits potential anti-inflammatory and
neuroprotective effects; however, its molecular mechanisms in SAE remain poorly understood.

Methods: Male mice were randomly assigned to three groups: SHAM (Con, n=6), Sepsis (CLP, n=6), and remimazolam-treated
Sepsis (Rem, n=6). Hippocampal tissues were collected for RNA sequencing. Differential expression analysis was performed to
identify genes modulated by Rem treatment. To further screen candidate genes, weighted gene co-expression network analysis
(WGCNA) and protein—protein interaction (PPI) networks were utilized, and functional enrichment was assessed through gene set
enrichment analysis (GSEA). Immune microenvironment alterations were compared across groups, and potential therapeutic com-
pounds targeting hub genes were predicted using public drug—gene interaction databases. Hub gene expression was validated at both
mRNA (qRT-PCR) and protein levels.

Results: RNA-seq identified 3397 and 914 differentially expressed genes (DEGs) in the Sepsis (CLP vs Con) and remimazolam-
treated (Rem vs CLP) groups, respectively. A total of 647 key DEGs with opposing expression trends were screened. Through
WGCNA and PPI analysis, five hub genes—ICAMI, TIr2, Cd274, FOS, and SOCS3—were identified. Pathways related to inflam-
matory response, IL6/JAK/STAT3 signaling, and TNFa/NF-«kB signaling were significantly enriched with these genes, suggesting their
potential role in the pathogenesis of SAE. Among the twenty-one candidate drugs predicted to target these hub genes, AVELUMAB-
CD274 and LIFITEGRAST-ICAM1 exhibited high binding affinity. The expressions of ICAM1, TIr2, Cd274, and SOCS3 were further
validated at both mRNA (qRT-PCR) and protein levels, corroborating the transcriptomic findings.

Conclusion: This study reveals that ICAM1, Tlr2, Cd274, and SOCS3 are key molecular correlates of remimazolam treatment in
a murine SAE model. Our transcriptomic analysis offers insights into the molecular basis of remimazolam’s protective effects,
highlighting these genes and pathways for future research.
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Introduction

Sepsis-associated encephalopathy (SAE) is a neurological complication often seen in sepsis, characterized by diffuse
brain dysfunction caused by systemic infection and inflammation.' Clinically, SAE presents as a spectrum of con-
sciousness disturbances, ranging from mild disorientation to deep coma, and is often accompanied by persistent cognitive
deficits. These neurocognitive impairments substantially reduce patients’ quality of life and impose significant psycho-
logical and economic burdens on both families and healthcare systems.>* Despite its high prevalence and clinical
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relevance, the underlying pathophysiological mechanisms remain incompletely elucidated. Current evidence suggests
that SAE involves a multifaceted interplay of systemic and neuroinflammatory responses. Crucially, the activation of
central nervous system (CNS) resident immune cells—primarily microglia and astrocytes—is a key driver of this
process. Excessive microglial activation contributes to neuroinflammation, neuronal damage, and cognitive
dysfunction,™® while astrocytic dysregulation disrupts metabolic and homeostatic support for neurons, exacerbating
pathology.” Other implicated mechanisms include elevated cytokine levels, disruption of the blood—brain barrier, cerebral
hypoperfusion, neurotransmitter imbalance, and mitochondrial dysfunction.® ' Given these complexities, the identifica-
tion of reliable biomarkers is crucial for early diagnosis, risk stratification, and mechanistic insight into SAE progression.

Remimazolam is a novel ultra-short-acting benzodiazepine with key pharmacological benefits due to its rapid onset
and brief duration, making it ideal for anesthesia and sedation with quick recovery.'®!" It acts on GABA_A receptors and
is metabolized by tissue esterases, not relying on liver or kidney function, making it safe for patients with hepatic or renal
issues.'? Recent research has illuminated its anti-inflammatory and organ-protective properties in sepsis-related models. "
In a lipopolysaccharide (LPS)-induced neuronal injury model, by activating the Nrf2/HO-1 signaling pathway, remima-
zolam was shown to reduce oxidative stress and neuronal apoptosis, which in turn improved cognitive abilities and
reduced anxiety-like behaviors.'* In a separate model of sepsis-associated acute liver injury (SALI), remimazolam was
found to suppress the release of pro-inflammatory cytokines by inhibiting p38 phosphorylation via activation of the
peripheral benzodiazepine receptor (PBR).'® Collectively, these findings highlight remimazolam’s therapeutic potential in
the context of sepsis and its complications; however, its precise molecular mechanisms, particularly within the central
nervous system, require further elucidation.

Although the neuroprotective potential of remimazolam has been preliminarily demonstrated, the precise molecular
mechanisms underlying its cognitive benefits in SAE remain to be defined. To address this gap, we posited that
remimazolam provides neuroprotection in SAE by modulating critical pathways involved in neuroinflammation. The
objective of this study was twofold: to rigorously assess this hypothesis by evaluating the cognitive benefits of
remimazolam, and to elucidate its molecular mechanisms through transcriptomic analysis in a murine model of SAE.
In this study, a CLP-induced SAE mouse model was established, and transcriptome sequencing was conducted to identify
gene expression changes following remimazolam treatment. Hub genes were screened using an integrated approach
combining WGCNA and five PPI-based algorithms. Functional enrichment, pathway analysis, and drug—gene interaction
prediction were subsequently performed to elucidate their biological roles. The expression of selected hub genes was
further validated at both transcript and protein levels, providing new insights into the molecular basis of remimazolam’s
protective effects in SAE.

Materials and Methods

Grouping and Animal Model

A total of thirty male C57BL/6 mice (8 weeks old, 20-24 g) were obtained from the Laboratory Animal Center of
Guizhou Medical University (License No. SYXK [Guizhou] 2025-0001). All experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of Guizhou Medical University (Approval No. 2503078) and
were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Animals were kept in a sterile setting with free access to food and water. Mice were divided into three groups:
Sham-operated control (Con, n=10), Sepsis (CLP, n=10), and Sepsis with remimazolam treatment (Rem, n=10). Sepsis
was induced in the CLP and Rem groups using the cecal ligation and puncture (CLP) method.'® Within 12 hours post-
surgery, sepsis mice showed reduced activity and food and water intake, with about 40% mortality by 24 hours, leaving at
least six surviving mice per group for analysis. After anesthesia, the mice were positioned on their backs, and their lower
abdomen was shaved and cleaned. A 1 cm midline incision was made, and the cecum was exposed with blunt forceps.
Approximately 75% of the cecum was tied off with sterile 3—0 silk suture, punctured twice with an 18-gauge needle, and
returned to the peritoneal cavity. The abdominal wall was sutured in four layers and disinfected. Before the incision,
remimazolam was given intraperitoneally at 16 mg/kg.'” Approximately 40% of mice in the CLP and Rem groups died
within 24 hours as expected. Subsequent analyses used the surviving mice, with a final count of n=6 per group (Con:6,
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CLP:6, Rem:6). These biological replicates were used for hippocampal RNA-seq, HE staining, and Western blot.
Hippocampal tissues were collected after 24 hours, either stored at —80°C or fixed in 4% paraformaldehyde. At the
experiment’s end, mice were euthanized with an overdose of pentobarbital sodium (150 mg/kg) following ethical
guidelines. See the ARRIVE checklist in Supplementary File 1.

Mice were tested for neural reflexes to confirm SAE development. A prior study18 defined scores as “0” for no
reflexes, “1” for reduced reflexes, and “2” for normal reflexes. A score under 6 indicates SAE.'? Reflexes tested included
pinna, corneal, righting, tail flexion, and escape response.

Histopathological Assessment of the Hippocampus via Hematoxylin and Eosin (H&E)
Staining

The hippocampus morphology was histologically analyzed using H&E staining. Brain samples were preserved in 4%
paraformaldehyde, dehydrated with graded ethanol, and embedded in paraffin. The tissue blocks were sectioned,
deparaffinized, and stained with H&E. After dehydration and mounting, sections were examined and imaged using
a Motic BA210 digital trinocular microscope.

Morris Water Maze Test

The Morris water maze (MWM) test assessed spatial learning and memory in three groups.?® Testing began four days
before CLP using a 100 cm wide, 40 cm tall circular pool with 28 cm deep opaque water. Over four days, each mouse
entered the pool from one of four points every 20 minutes, searching for a platform submerged 0.5 cm below the surface
for up to 60 seconds. If unsuccessful, mice were guided to the platform for 20 seconds. Twenty-four hours post-surgery,
the platform was removed for a 60-second free-swim probe trial, measuring memory retention by counting crossings over
the former platform location and the latency period.

Y-Maze Test

Spontaneous alternation behavior was evaluated in a Y-maze made of grey plastic with three equal arms (50 x 10x40 cm)
at 120° angles, one day post-surgery. Mice were placed in the maze center and allowed to explore for 8 minutes, with an
entry defined as all four paws entering an arm. A digital video system tracked the entry sequence and number. The maze
was cleaned with 75% ethanol between trials to remove scents. The spontaneous alternation percentage was calculated
using a specific formula:

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

This calculation uses animals’ natural preference for unfamiliar areas, based on short-term spatial memory. The
numerator counts valid alternations, indicating memory-driven exploration, while the denominator (total entries — 2)
represents the maximum possible alternations, normalizing exploration differences. This standardization converts data to
a percentage (random level = 50%), assessing spatial working memory and cognitive flexibility.

Transcriptome Sequencing

Total RNA was isolated from mouse hippocampal tissue using TRIzol® Reagent (Magen, China) according to the
manufacturer’s protocol. RNA purity was assessed by measuring the A260/A280 absorbance ratio with a Nanodrop
ND-2000 spectrophotometer (Thermo Scientific, USA), and RNA integrity was evaluated using an Agilent 4150
Bioanalyzer system (Agilent Technologies, CA, USA). Only samples with an RNA integrity number (RIN) > 7.0 and
an A260/A280 ratio between 1.8 and 2.2 were used for library construction. Paired-end sequencing libraries were
generated using the VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina (Vazyme, China) following the
manufacturer’s instructions. Briefly, polyadenylated mRNA was enriched from 1 pg of total RNA using oligo(dT)-
attached magnetic beads and subsequently fragmented in the presence of divalent cations under elevated temperature in
ABclonal First Strand Synthesis Reaction Buffer. First-strand cDNA was synthesized from the fragmented mRNA
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using random hexamer primers and reverse transcriptase (RNase H), followed by second-strand cDNA synthesis with
DNA polymerase I, RNase H, buffer, and dNTPs. The resulting double-stranded cDNA underwent end-repair,
A-tailing, and adaptor ligation, after which adaptor-ligated fragments were amplified by PCR. PCR products were
purified with the AMPure XP system (Beckman Coulter, USA), and library quality was confirmed using an Agilent
4150 Bioanalyzer. Qualified libraries were sequenced on an Illumina NovaSeq 6000 (or MGISEQ-T7) platform to
generate 150-bp paired-end reads.

Data Quality Control and Preprocessing

Raw sequencing data in FASTQ format generated from the [llumina (or BGI) platform were subjected to quality control using in-
house Perl scripts provided by Shanghai Applied Protein Technology (Shanghai, China). Adapter sequences were removed and
reads containing more than 60% of bases with a Phred quality score < 25, as well as reads with an undetermined base (N) content
exceeding 5%, were discarded. The resulting high-quality clean reads were used for downstream analyses. Clean reads were
aligned to the reference genome in a strand-specific mode using HISAT?2 (http://dachwankimlab.github.io/hisat2/). Read counts

for each gene were obtained with FeatureCounts (http://subread.sourceforge.net/), and gene expression levels were calculated as

fragments per kilobase of transcript per million mapped reads (FPKM) based on gene length and mapped read counts.

FPKM — total exon fragments

mapped reads (millions) length (kB)

Finally, the principal component analysis (PCA) was used in R (v. 4.3.1) software for the reproducibility of samples.

Differential Expression Analyses

Differential expression was analyzed with the DESeq2 package, version 1.38.0.>! Comparisons were made between the
CLP group and the control group (CLP vs Con, designated as DEGs1), and between the remimazolam-treated group and the
CLP group (Rem vs CLP, designated as DEGs2). Genes with a [log, fold change| greater than 0.8 and an adjusted p-value
less than 0.05 were identified as differentially expressed in both comparisons. Volcano plots and heatmaps were created
using ggplot2 (v.3.4.4)** and ComplexHeatmap (v.2.16.0),> packages, respectively, to visualize expression patterns. Genes
with inverse expression trends between DEGs1 and DEGs2 were identified as remimazolam-responsive key DEGs, and
their intersection was visualized using ggvenn (v.0.1.10, https://github.com/yanlinlin82/ggvenn).

Function Enrichment Analyses

Using the clusterProfiler package (v4.6.0), DEGs1 and DEGs2 underwent Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses.”* A significance level of p < 0.05 was used, and GO annotations
were divided into three categories: biological processes (BP), cellular components (CC), and molecular functions (MF).
Using the enrichplot package, enriched GO terms and KEGG pathways were visualized.?

Weighted Gene Co-Expression Network Analysis (WGCNA)

The WGCNA package (version 1.71) was utilized to conduct a weighted gene co-expression network analysis,* to identify gene
modules associated with SAE and remimazolam intervention. Initially, hierarchical clustering of all samples was conducted
based on Euclidean distances derived from gene expression levels to detect and remove potential outliers. A soft-thresholding
power (B) was selected by evaluating the relationship between { and the scale-free topology fit index (R?), aiming for R? > 0.9
and low mean connectivity. Based on the selected 3, a scale-free co-expression network was constructed. Genes were grouped
into modules using the following parameters: minimum module size = 200, deepSplit = 2, and mergeCutHeight = 0.25. Modules
were assigned different colors for distinction. Pearson correlation analysis was used to assess the associations between each
module and experimental traits (sepsis and treatment groups). The module most strongly correlated with both phenotypes
(|correlation coefficient| > 0.4, p < 0.05) was defined as the key module. Genes within this module were extracted, and their
intersection with SAE treatment—related genes was used to identify candidate genes.
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Construction of a Protein—Protein Interaction Network and Detection of Central Genes
To explain the interactions among proteins encoded by the candidate genes, a PPI network was built using the STRING
database (https://string-db.org) with a minimum confidence score of 0.4. The interaction landscape was visually

represented by the resulting network, and hub genes were identified through the CytoHubba plugin in Cytoscape
software (v3.9.1).?” The application of five topological algorithms was carried out, namely maximum neighborhood
component (MNC), edge percolated component (EPC), degree, closeness, and betweenness. Each algorithm’s top 10
genes were selected, and those found in more than one algorithm were identified as hub genes.

Hub Genes Analyzed Through Gene Set Enrichment Analysis (GSEA)

In order to examine the potential biological functions of hub genes, the clusterProfiler package (v4.8.3) was used to
conduct gene set enrichment analysis (GSEA).?® A total of 186 gene sets were obtained from the C2_CP:KEGG category
(species: Mus musculus) via the msigdbr package (v7.5.1).>” Spearman correlation analysis between each hub gene and
all other genes was performed using the corrplot package (v0.92, https://github.com/taiyun/corrplot). Genes were ranked

based on correlation coefficients, GSEA was performed using these criteria: an absolute normalized enrichment score
(NES) greater than 1 and an adjusted p-value less than 0.05.

Immune Cell Infiltration Analysis

To assess whether remimazolam treatment influenced the immune microenvironment in the hippocampus of septic mice,
immune cell infiltration was analyzed using the ImmuCellAI package (v0.1.0).>° A total of 22 immune cell types were
profiled, and the infiltration landscape was visualized with the ggplot2 package (v3.4.4).> A comparison of the
infiltration levels of 22 immune cell subsets between groups was conducted using the Wilcoxon rank-sum test (p <
0.05). Spearman correlation analysis was also carried out to determine the connections between hub gene expression and
immune cell abundance, with significance marked by |correlation coefficient| > 0.3 and p < 0.05.

Identifying miRNAs and Transcription Factors Connected to Core Genes

MicroRNAs predicted to target the hub genes were acquired from the miRDB database (https://mirdb.org/) with a target
score of 80 or above. Concurrently, the miRWalk database (http://129.206.7.150/) was used to predict miIRNA-mRNA
interactions by selecting interactions with a binding site score of 1.

Drug Prediction and Molecular Docking Analysis

Candidate drugs targeting hub genes were retrieved from the Drug—Gene Interaction Database (DGIdb, http://www.
dgidb.org/) to identify potential sepsis treatments, focusing on FDA-approved and immunotherapy-related compounds.
After constructing a drug-gene interaction network, key drugs were selected based on having an interaction score over 2.
The analysis of Spearman correlation was carried out between these drugs and hub genes, with the criteria set at |
correlation coefficient| > 0.3 and p < 0.05. Further analysis was done on compounds with interaction scores exceeding 5.
3D chemical structures were collected from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), and the 3D

protein structures of hub genes were retrieved from the RCSB Protein Data Bank (http://www.pdb.org/). AutoDock Vina

(v1.5.7) facilitated the molecular docking process.>’ PyMOL (v2.5.5, https://pymol.org/) and the Proteins.plus platform

(https://proteins.plus/) were used to visualize the docking results.

Confirmation Through Quantitative Real-Time PCR (qRT-PCR)

QRT-PCR assessed hub gene expression in hippocampal tissues from 18 mice divided into SAE, control, and remima-
zolam-treated groups (n=6 each). Total RNA was extracted using the TriQuick Reagent Kit, and cDNA was synthesized
with the PrimeScript™ RT Reagent Kit. gPCR was performed with TB Green Premix Ex Taq II, following a thermal
cycle of 95 °C for 30 seconds, then 40 cycles of 95 °C for 5 seconds and 60 °C for 30 seconds. ICAM1, Tlr2, Cd274, and
SOCS3 mRNA levels were measured, using GAPDH as the control. GraphPad Prism 5 was used for statistical analysis
and plotting, with primer sequences listed in Table 1.
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Table | Sequences of Primers Used for Quantitative Real-
Time PCR

Primer Name Primer Sequence (5’to3’)

Socs3 Forward Primer | GGACCAAGAACCTACGCATCCA
Socs3 Reverse Primer | CACCAGCTTGAGTACACAGTCG
TLR2 Forward Primer | ACAGCAAGGTCTTCCTGGTTCC
TLR2 Reverse Primer | GCTCCCTTACAGGCTGAGTTCT
lcam| Forward Primer | AAACCAGACCCTGGAACTGCAC
lcam Reverse Primer | GCCTGGCATTTCAGAGTCTGCT
CD274 | Forward Primer | TGCGGACTACAAGCGAATCACG
CD274 | Reverse Primer | CTCAGCTTCTGGATAACCCTCG

Western Blot Analysis

Protein expression levels of the hub genes ICAMI1, Tlr2, Cd274, and SOCS3 in hippocampal tissues were verified via
Western blotting. Total protein was extracted from frozen samples using RIPA lysis buffer and protease inhibitors, and
concentrations were determined with the BCA Protein Assay Kit. Proteins were separated by SDS-PAGE: 10% gels for
ICAMI1 and TLR2, and 12% gels for CD274 and SOCS3, then transferred to PVDF membranes. Membranes were
blocked with 5% non-fat milk in TBST and incubated overnight at 4°C with primary antibodies for the target proteins and
GAPDH as a loading control. After washing, membranes were treated with HRP-conjugated secondary antibodies for
one hour at room temperature. Protein bands were visualized using ECL reagents and captured with a gel documentation
system. Band intensities were quantified with ImagelJ, and protein expression was normalized to GAPDH. Statistical
analysis was performed using GraphPad Prism 5.

Enzyme-Linked Immunosorbent Assay (Elisa)
Using commercial ELISA kits and following the manufacturer’s protocols, hippocampal tissue levels of cytokines like
IL-6 and TNF-o were quantified. A microplate reader was used to measure absorbance at 450 nm, and cytokine levels
were calculated using standard curves for each target analyte.

Statistical Analysis
The R software (v. 4.3.1) was used for all statistical analyses, with a p-value of less than 0.05 indicating statistical
significance in every case (two-tailed).

Results
Remimazolam Alleviates Hippocampal Neuronal Injury, Improves Neurobehavioral

Outcomes, and Mitigates Central Neuroinflammation in Septic Mice

To assess the neuroprotective effects of remimazolam (Rem) following sepsis, H&E staining of the hippocampal dentate
gyrus (DG) was performed 24 hours post-CLP (Figure 1A—C). The control group exhibited well-preserved hippocampal
architecture with abundant, orderly arranged neurons and distinct nuclei. In contrast, the CLP group demonstrated
notable pathological changes, including neuronal shrinkage, deepened staining, and irregular morphology, particularly in
the CA3 region. Remimazolam treatment mitigated these abnormalities, suggesting its protective effect against sepsis-
induced neuronal damage. Neurological scoring (Figure 1D) further demonstrated that CLP mice exhibited significant
functional impairment, peaking at 24 hours. Rem administration significantly improved neurological performance.
According to SAE diagnostic criteria, no SAE cases were observed in the control or Rem groups, while 70% of CLP
mice met SAE criteria. Only SAE-positive animals were included in downstream analyses. To evaluate neuroinflamma-
tion, hippocampal IL-6 and TNF-a levels were measured (Figure 1E and F). Both cytokines were markedly elevated in
the CLP group and significantly reduced by Rem treatment, suggesting that remimazolam mitigates central inflammatory
responses in septic encephalopathy.
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Figure | Effects of remimazolam on hippocampal neurons, neurobehavioral performance, and inflammatory cytokines in septic mice. (A—C) Representative HE-stained
hippocampal sections from each group. Black arrows indicate nuclear disorganization, neuronal shrinkage, and necrosis. (D) Neurobehavioral score. (E and F) Levels of IL-6
and TNF-a in hippocampal tissue across different groups. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, n=6.

Remimazolam Aids in Enhancing Cognitive Function in Mice Affected by
Encephalopathy Due to Sepsis

The experimental timeline is shown in Figure 2A. Spatial learning and memory, both dependent on hippocampal function,
were assessed using the Morris Water Maze (MWM). Representative swimming paths during the probe trial are presented in
Figure 2B. Over the four-day training period, all groups exhibited progressively reduced latency to locate the hidden platform,
with no significant differences in average escape latency among the Con, CLP, and Rem groups (Figure 2C), indicating that
basic spatial learning ability was preserved. In contrast, during the probe test, mice in the CLP group spent significantly less
time in the target quadrant and had fewer platform crossings compared to controls, reflecting impaired memory retention.
These deficits were notably alleviated by remimazolam treatment (Figure 2D and E). Additionally, in the Y-maze test, the CLP
group showed a marked reduction in spontaneous alternation percentage, which was significantly improved following
remimazolam administration (Figure 2F). Collectively, these findings suggest that while spatial learning acquisition remained
intact, remimazolam effectively mitigated memory and working memory impairments in SAE mice.

Data Evaluation
All samples showed high-quality alignment, with over 90% of reads uniquely mapped, indicating reliable sequencing
performance (Supplementary Table 1). Principal component analysis (PCA) confirmed strong intra-group consistency,

with no discernible outliers among the samples (Supplementary Figure 1).

Identification and Functional Profiling of Remimazolam-Responsive Genes in SAE
Between the CLP and control groups, transcriptomic analysis identified 3397 genes with differential expression, including
1753 that were upregulated and 1644 that were downregulated (Figure 3A and B). Comparison between the remimazolam and
CLP groups revealed 914 DEGs, with 463 upregulated and 451 downregulated transcripts (Figure 3C and D). Through the
intersection of DEGs with differing trends in the two comparisons, 647 genes potentially regulated by remimazolam were
identified (Figure 3E). GO enrichment analysis showed that these genes were mainly involved in inflammatory responses,
particularly to bacterial molecules and lipopolysaccharide. Molecular function terms included CARD domain binding, GTP
binding, and GTPase activity, suggesting a role in innate immune signaling (Figure 3F). Further analysis of KEGG pathways
revealed a notable enrichment in the TNF signaling and NOD-like receptor pathways (Figure 3G), indicating that remima-
zolam may exert neuroprotective effects in SAE by modulating central inflammation and key immune signaling cascades.
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Figure 2 Remimazolam attenuates cognitive deficits in SAE mice. (A) Schematic illustration of the experimental design for establishing the SAE mouse model. (B) Representative
swimming paths of each group in the MWM test. (C) Escape latency times in the MWM test across all groups. (D) Latency times in the target quadrant during the testing phase for
each group. (E) Number of platform crossings in the testing phase for each group. (F) Spontaneous alternation in the testing phase for each group. *p <0.05, *p <0.01, ***p < 0.001,
sofciok =

p < 0.0001,n=6.

Identification of Candidate Genes Through WGCNA

To uncover gene modules associated with sepsis progression and remimazolam response, WGCNA was conducted. Sample
clustering confirmed the absence of outliers, ensuring a robust foundation for network construction (Figure 4A). With
a soft-threshold power of p = 8, the network exhibited a scale-free topology (R* = 0.9), meeting standard WGCNA criteria
(Figure 4B). Three co-expression modules were identified, among which the blue module showed the strongest correlation
with both sepsis (cor=0.94, p= le °®) and remimazolam treatment (cor=-0.61, p= 0.008) (Figure 4C and D). Given its
relevance to both disease and therapeutic response, this module (containing 54. genes) was selected for further analysis. By
intersecting this module’s genes with the 647 DEGs exhibiting reversed expression trends between CLP and Rem groups,
300 overlapping genes were identified as candidate targets potentially involved in both SAE pathology and remimazolam’s

neuroprotective effects (Figure 4E).
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Figure 3 Identification of differentially expressed genes (DEGs). (A) Volcano plot depicting DEGs between CLP and control groups. (B) Heatmap illustrating DEGs between
CLP and control groups. (C) Volcano plot of DEGs between CLP and Rem groups. (D) Heatmap of DEGs between CLP and Rem groups. (E) Venn diagram of DEGs among
control, CLP, and Rem groups. (F) GO term enrichment of DEGs. (G) KEGG pathway enrichment of DEGs.

ICAMI, Tlr2, Cd274, FOS, and SOCS3 Were Hub Genes

To clarify key regulatory genes involved in remimazolam’s therapeutic mechanism, a PPI network was constructed based on
the 300 candidate genes, generating a network with 96 nodes and 474 edges (Figure 5A). Five topological algorithms—MNC,
EPC, Degree, Closeness, and Betweenness—were applied via CytoHubba to rank core genes. After visualizing the top 10
genes from each algorithm (Figure 5B-F), five genes—ICAMI, Tlr2, Cd274, FOS, and SOCS3—were consistently over-
lapping and identified as hub genes (Figure 5G). Expression analysis showed all five hub genes were significantly upregulated
in the CLP group, while remimazolam treatment effectively reversed their expression toward control levels (Figure 5H),
suggesting their involvement in SAE pathogenesis and sensitivity to intervention. GSEA revealed these hub genes were
commonly enriched in inflammatory and apoptotic pathways, including IL6/JAK/STAT3, TNF-o/NF-kB, and apoptosis
(Figure 51), indicating their central roles in neuroinflammation and immune dysregulation during SAE.

Correlations Between Differential Immune Cells and Hub Genes

CIBERSORT-based analysis revealed significant immune landscape alterations following CLP-induced sepsis. In com-
parison with the control group, the CLP group displayed marked differences in the infiltration proportions of NK cells,
T cells, and monocytes (Figure 6A and B). There was a significant rise in monocytes, activated myeloid dendritic cells,
and eosinophils within the CLP group (Figure 6C), indicating immune dysregulation during disease progression. Despite
remimazolam treatment partially normalizing these deviations, there were no significant statistical changes between the
CLP and Rem groups (Figure 6D and E), suggesting that remimazolam modulates immune cell composition without
causing major changes. Correlation analysis between hub genes and immune cell subsets demonstrated that T follicular
helper cells were negatively correlated with Fos and Socs3, while activated myeloid dendritic cells showed negative
associations with ICAM1, SOCS3, and Tlr2 (Figure 6F). These findings imply that dysregulated expression of these hub
genes may contribute to the disruption of both innate and adaptive immune responses in SAE, and that remimazolam’s
neuroprotective effect may partially involve the indirect modulation of immune activity.

AVELUMAB with CD274 and LIFITEGRAST-lcam| Had High Affinity

In order to explain post-transcriptional regulatory mechanisms, miRNA-mRNA interaction data were sourced from the
miRDB and miRWalk databases. A total of 68 and 786 potential pairs were initially identified, respectively. Upon
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intersection, 20 robust miRNA-mRNA pairs targeting the hub genes were retained (Figure 7A and B). Subsequently,
drug—gene interaction analysis focusing on four of the five identified hub genes (excluding SOCS3, due to lack of direct
drug associations) was performed using relevant pharmacogenomic databases. This yielded a set of candidate com-
pounds, from which drugs with interaction scores above the threshold (>5) were shortlisted for docking evaluation.
Among these, AVELUMAB, targeting CD274, and LIFITEGRAST, targeting I[CAM1, were selected for molecular
docking analysis. Three-dimensional structural modeling and docking simulations demonstrated strong binding affinities
for both drug—target pairs: AVELUMAB-CD274 and LIFITEGRAST-ICAMI, as evidenced by favorable binding
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energies (Figure 7C—E). These results indicate that these compounds could be potential therapeutic candidates for
influencing key immune checkpoints and adhesion molecules involved in SAE pathophysiology.

Expression Validation of the Hub Genes

To validate transcriptomic findings, qRT-PCR and Western blot assays were conducted to assess the expression of four
hub genes—ICAMI, TIr2, Cd274, and SOCS3—in hippocampal tissue. The mRNA levels of all four genes were
significantly increased in the CLP group compared to the control but were notably decreased after remimazolam
treatment (Figure 8A—D). These trends were mostly in line with the RNA-seq findings, supporting the trustworthiness
of the sequencing data.

At the protein level, Tlr2 and SOCS3 exhibited significant elevation in the CLP group and a marked reduction after
remimazolam administration, mirroring mRNA trends. However, for ICAM1 and Cd274, although a downward trend was
observed post-remimazolam, the decrease did not reach statistical significance relative to the CLP group (Figure 8E-I).
These findings suggest that while remimazolam effectively suppresses the transcriptional upregulation of key inflamma-
tory mediators in SAE, post-transcriptional regulation or protein stability may modulate the final protein expression
outcomes.

Discussion

A prevalent and serious complication of sepsis, sepsis-associated encephalopathy (SAE) is characterized by widespread
brain dysfunction, including changes in consciousness, neuroinflammation, and cognitive deficits.** Affecting up to 70%
of individuals with sepsis, SAE is significantly correlated with increased mortality rates.”® Current therapeutic
approaches for SAE predominantly focus on supportive care for systemic sepsis, with limited pharmacological inter-
ventions specifically addressing the neurological manifestations. This underscores the critical necessity for the develop-
ment of novel therapeutic strategies for SAE. In this regard, remimazolam, an innovative ultra-short-acting
benzodiazepine, has garnered significant interest due to its anti-inflammatory and neuroprotective properties.’*>>
Nevertheless, its precise mechanisms of action in the context of SAE remain largely undefined. In this study, we
conducted a detailed transcriptomic analysis of hippocampal tissues from a sepsis-induced mouse model treated with
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Figure 7 Prediction of potential therapeutic drugs targeting the five hub genes. (A) Venn diagram of common mRNA-miRNA interaction pairs predicted for the five hub
genes. (B) mMRNA-miRNA regulatory network of the five hub genes. (C) Drug-target network of the four hub genes. (D) Molecular docking results of AVELUMAB with
CD274. (E) Molecular docking results of LIFITEGRAST with ICAMI.
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remimazolam to explore its therapeutic mechanisms in SAE. Using RNA sequencing, WGCNA, and PPI network
construction, we identified five inflammation-related hub genes—ICAMI1, TIr2, Cd274, FOS, and SOCS3—Ilinked to
remimazolam treatment. These genes’ expression levels were confirmed by qRT-PCR and Western blot analysis,
supporting their role in remimazolam’s neuroprotective effects. These findings provide insights and highlight potential
therapeutic targets for future SAE clinical interventions.

Four inflammation-related hub genes involved in remimazolam treatment of SAE were identified. ICAMI,
a transmembrane glycoprotein, is mainly found on endothelial and immune cells but increases significantly during
neuroinflammation.’*>* It interacts with integrins to facilitate leukocyte adhesion and migration, essential for immune
response and inflammation.*” Upregulated ICAMI is associated with proinflammatory cytokine release, neuronal damage,
and blood-brain barrier disruption.***' Studies show increased ICAM1 expression in SAE patients’ brain tissue, suggesting its
role in disease progression.*>** In murine sepsis models, elevated ICAM1 leads to more leukocyte infiltration, neuronal injury,
and blood-brain barrier disruption.**** These findings are consistent with our observations of elevated ICAMI levels in the
hippocampal tissue of septic mice, suggesting a possible association between hippocampal ICAM1 upregulation and the
pathogenesis of SAE. Toll-like receptor 2 (TLR2) serves as a crucial pattern recognition receptor within the innate immune
system, adept at identifying a wide array of pathogen-associated and damage-associated molecular patterns (PAMPs and
DAMPs) via its leucine-rich repeat (LRR) domains and through heterodimerization with TLR1 or TLR6.%** Prior research
has indicated that activation of TLR2 exacerbates neuroinflammation compromises the integrity of the blood-brain barrier and
facilitates neuronal damage in the context of sepsis.*’** Moreover, the expression levels of TLR2 have been shown to
correlate with the severity and prognosis of the disease in septic patients, underscoring its dual role as a pathogenic mediator
and a prognostic biomarker in SAE.”° In alignment with these findings, our study identified a marked upregulation of TLR2 in
the hippocampal tissue of mice with SAE, implying that TLR2 activation may play a contributory role in the pathogenesis of
SAE associated encephalopathy. CD274 (PD-L1) is a transmembrane protein characterized by an IgV-like domain that
interacts with PD-1 to initiate immunosuppressive signaling pathways.”' In the context of sepsis, there is a significant
upregulation of CD274 expression on monocytes and neutrophils, which contributes to immune cell dysfunction and
immunoparalysis.”>>* Previous research has demonstrated a positive correlation between elevated CD274 levels and both
disease severity and Sequential Organ Failure Assessment (SOFA) scores in septic patients, indicating its potential utility as
a prognostic biomarker.”* Furthermore, CD274-mediated T cell exhaustion may exacerbate immunosuppression, underscoring

its importance as a marker of immune dysregulation and as a potential therapeutic target in sepsis.”>>> In alignment with these
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findings, our study observed an upregulation of CD274 in the hippocampal tissue of mice with SAE, suggesting that CD274-
driven immunosuppressive mechanisms may play a pivotal role in the pathogenesis of SAE. SOCS3 is a crucial negative
regulator of the JAK/STAT pathway, featuring an SH2 domain, SOCS box, and kinase inhibitory region.’® It mitigates
inflammation by inhibiting cytokine signaling, particularly in microglia, astrocytes, and neurons.’® During early sepsis,
SOCS3 is quickly upregulated to reduce neuroinflammation in the hippocampus and cortex, but its later downregulation may
lead to neuronal damage and cognitive issues.”’* Lower SOCS3 levels are linked to more severe disease and cognitive
decline in septic patients, highlighting its role as a neuroprotective agent and prognostic marker in SAE.?*>° These findings
align with our current results, supporting our transcriptomic predictions. It is noteworthy that for ICAM1 and CD274, the clear
mRNA expression trends did not translate into statistically significant changes at the protein level in our assay. This may reflect
biologically relevant post-transcriptional regulation or differences in protein turnover, rather than undermining the validity of
the transcriptional findings. Such a discrepancy highlights the complexity of gene expression regulation and warrants further
investigation.

Our study identified a significant association between the upregulation of four hub genes and the manifestation of
behavioral changes and cognitive impairments in septic mice. Notably, increased expression of ICAMI1 has been
implicated in the pathogenesis of neurodegenerative diseases, including Alzheimer’s disease (AD),*® Parkinson’s disease
(PD),*! and multiple sclerosis (MS).*? In the context of AD, ICAM1 overexpression has been linked to B-amyloid (AP)
deposition and abnormal tau phosphorylation, indicating its role in amyloidogenic and tau-related neurotoxicity.**
Mechanistically, ICAM1 may worsen neurodegeneration by promoting inflammation, neuronal apoptosis, and disrupting
cell communication, contributing to cognitive decline.®> 3 TLR2 activation is increasingly seen as harmful to cognitive
function.®®®” This immune receptor not only detects pathogens but also triggers neuroinflammation linked to cognitive
decline.®®® In diseases like AD, TLR2 interacts with amyloid-B, activating microglia and astrocytes, which release pro-
inflammatory cytokines that damage synapses and neurons, impairing memory and cognition.®®’® In PD, TLR2 activa-
tion worsens cognitive deficits, with its expression negatively affecting cognitive performance.”’"’* The upregulation of
CD274 (PD-L1) is significantly correlated with the onset and advancement of numerous neurodegenerative disorders.”
Research indicates that CD274 may impact cognitive function in diseases such as Alzheimer’s and Parkinson’s by
affecting neuronal survival, maintaining synaptic integrity, and modulating neuroinflammatory responses.”*’® SOCS3
might provide neuroprotection in the central nervous system by controlling neuroinflammation, the activation of
microglia and astrocytes, and associated processes, thereby influencing cognitive abilities.”””® Collectively, these four
hub genes may be important in boosting cognitive function and behavior associated with SAE.

GSEA revealed that the four hub genes were significantly enriched in the inflammatory Response, IL6/JAK/STAT3 and TNF-
o/NF-«B signaling pathway. The IL6/JAK/STAT3 signaling pathway is critically involved in the pathogenesis of SAE by
facilitating neuroinflammation and compromising the integrity of the BBB.***! Elevated levels of IL-6 activate the JAK/STAT3
pathway, leading to microglial activation and the subsequent release of pro-inflammatory cytokines such as TNF-a and IL-15,
which exacerbate neuronal damage and contribute to cognitive decline.**** Additionally, the expression of ICAM1, modulated
by IL-6 through the JAK/STAT3 pathway, influences BBB permeability. During sepsis, increased ICAM1 expression further
disrupts the BBB, underscoring the role of IL-6 in SAE pathogenesis by altering BBB permeability via ICAM1.%*%” The TNF-o/
NF-kB pathway is crucial in SAE. Increased TNF-a activates NF-kB in microglia and astrocytes, releasing proinflammatory
cytokines, increasing matrix metalloproteinases, and reducing tight junction proteins like Claudin-5, which weakens BBB
permeability.** °° This pathway’s persistent activation also leads to neuronal damage and cognitive decline by initiating apoptosis
and affecting synaptic plasticity.*>' Recent findings indicate that the TNF-o/NF-kB signaling pathway is crucial for increasing
CD274 expression.””> TNF-o, a proinflammatory cytokine, boosts CD274 expression during sepsis and promotes its transcription
in microglia and neurons through NF-kB activation.’? This upregulation likely helps moderate immune responses in the central
nervous system, reducing neuroinflammation and sepsis-related neurological harm.” In summary, these hub genes are essential
in pathways linked to inflammation, having a significant impact on the progression of SAE.

Prior research has demonstrated that remimazolam can mitigate inflammation, safeguard the BBB, and decrease neuronal
apoptosis and tissue damage by interacting with peripheral benzodiazepine receptors, the HMGB1-TLR4-NF-kB signaling
pathway, a7 nicotinic acetylcholine receptors, and other mechanisms and these effects contribute to the amelioration of sepsis
and SAE.'>**** This study is the first to demonstrate that remimazolam attenuates ICAM-1 expression in the hippocampus of

Journal of Inflammation Research 2026:19 hetps: 15



Zhou et al

septic mice, with ICAM-1 being enriched in the IL-6/JAK/STAT3 and TNF-o/NF-«B signaling pathways. These findings
support the hypothesis that remimazolam may mitigate the severity of SAE by inhibiting IL-6/JAK/STAT3 and TNF-o/NF-«xB
pathways, thereby downregulating ICAM-1 expression in the hippocampus and reducing the synthesis and release of
inflammatory mediators. Numerous studies have demonstrated that the activation of TLR2 can induce neuroinflammation
through the NF-kB signaling pathway and can synergize with other receptors to amplify inflammatory responses and neuronal
injury, thereby contributing to the pathogenesis of SAE.”> 7 Our research is the first to reveal that remimazolam reduces both
mRNA and protein expression of TLR2 in the hippocampus of septic mice, with TLR2 also being enriched in theTNF-o/NF-
kB pathway. These findings suggest that remimazolam may mitigate neuroinflammation and neuronal damage in SAE by
inhibiting TLR2 and its downstream inflammatory signaling pathways. While SOCS3 is recognized for inhibiting the JAK-
STAT pathway and benefiting sepsis outcomes, no studies have shown remimazolam’s effect on SOCS3 expression until now.
Our research is the first to reveal that remimazolam changes SOCS3 mRNA and protein levels in the hippocampus of septic
mice. Further investigation is required to confirm if remimazolam improve SAE by influencing SOCS3 and inhibiting the
JAK-STAT pathway. While CD274 is a known biomarker for SAE, its interaction with remimazolam has not been studied
until now. Our research reveals that remimazolam significantly reduces CD274 expression in the hippocampus of septic mice,
indicating a possible neuroprotective effect. Further investigation is required to understand the exact regulatory mechanisms.
Opverall, our findings indicate that remimazolam improves cognitive function and attenuates hippocampal damage in septic
mice, highlighting its potential as a therapeutic candidate for SAE.

The translational significance of our principal findings is further underscored by the analysis of drug-gene interactions. An
examination utilizing the DGIdb database identified AVELUMAB and LIFITEGRAST as potential therapeutic agents for the
treatment of SAE. AVELUMAB, a monoclonal antibody that targets PD-L1 (encoded by the CD274 gene), is anticipated to
inhibit this pathway.”® Preclinical studies have demonstrated that inhibition of PD-L1 can enhance cognitive outcomes in SAE
models,” thereby supporting the potential importance of CD274 dysregulation. Similarly, LIFITEGRAST functions as an
inhibitor of intercellular adhesion molecules, with predicted efficacy against ICAM1.'°*'°! Our molecular docking analysis
corroborates this interaction. These predictions clearly illustrate how the hub genes identified in our study, CD274 and
ICAMLI, can serve as actionable targets for the development of novel therapies for SAE.

In this study, we conducted a comprehensive investigation into the neuroprotective mechanisms of remimazolam in SAE.
Our findings indicate that remimazolam may mitigate SAE pathology by modulating several inflammatory signaling path-
ways, including IL6/JAK/STAT3, TNF-o/NF-kB. This modulation results in the attenuation of neuroinflammation, preserva-
tion of blood-brain barrier integrity, and reduction of neuronal apoptosis. Concurrently, we identified a few immune-related
genes, such as ICAM1, CD274, TLR2, and SOCS3, whose expression levels were significantly altered by remimazolam,
suggesting their potential roles as mediators of its therapeutic effects. Moreover, drug-gene interaction analyses identified
AVELUMAB and LIFITEGRAST as potential agents targeting CD274 and ICAMI, respectively, thereby providing new
avenues for SAE intervention. However, this study has several limitations. First, while key molecular targets were identified,
their precise mechanistic roles require further validation through functional experiments. Specifically, the hub gene FOS was
excluded from the final validation panel as it is primarily associated with broad cellular activation and acute stress responses,
whereas our study focused on dissecting specific, sustained neuroinflammatory pathways in SAE. Consequently, we
prioritized the validation of genes (ICAM1, TLR2, CD274, and SOCS3) with more direct and established links to the immune
and inflammatory pathways central to our transcriptomic findings. Second, our current validation at the transcriptional and
protein levels could be complemented in the future by spatial techniques, such as immunohistochemistry, to resolve the
cellular localization of these targets within the hippocampus. Third, the study’s statistical power is constrained by the sample
size (n=6 per group), a common limitation in intensive rodent models of sepsis such as CLP, which may account for the lack of
statistical significance in some protein-level validation trends. Finally, due to potential interspecies differences, the transla-
tional relevance of these findings awaits confirmation in clinical SAE contexts.

Conclusion

In conclusion, this study utilized transcriptome sequencing and bioinformatics approaches to identify four key hub genes—
ICAM1, TLR2, CD274, and SOCS3—whose expression in the hippocampus was associated with remimazolam treatment
in a murine SAE model. These genes are enriched in pathways related to IL-6/JAK/STAT3 and TNF-o/NF-«B signaling.
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Our findings suggest an association between remimazolam’s neuroprotective effects and the regulation of these specific
genes and pathways, highlighting them as potential targets for future SAE research.
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