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Background: As the number of elderly patients grew, perioperative neurocognitive disorder (PND) from drug - induced anesthesia 
and surgery drew more attention. Studies showed remimazolam could reduce PND. Thus, exploring key target genes in remimazolam’s 
intervention of PND was crucial.
Methods: In this study, behavioral observations were conducted using the PND model. Hippocampal tissues from 15 mice (5 PND, 5 PND, 
and 5 intervention groups) were collected for total RNA extraction and mRNA sequencing. Candidate genes were identified via differential 
expression analysis and intersection. Key genes were determined through overlapping three algorithms in protein-protein interaction (PPI) 
analysis and expression verification. Functional enrichment, immune infiltration, and molecular docking analyses were performed, with 
their expression levels further validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Results: There were significant differences in the behavior of mice among different groups. Based on the intersection of up-and down- 
regulated genes in 357 differentially expressed genes1 (DEGs1) and 323 DEGs2, a total of 38 candidate genes were identified. Finally, 
we selected Jph3 and Caly as the key genes for subsequent study. Moreover, the PCR results showed that the expression of key genes 
in the PNG group was nearly twice that of the control group (p < 0.05). In-depth research revealed that pathways like glutamate 
receptor binding, tau protein binding, and GABA-gated chloride ion channel activity played important roles in disease occurrence. 
Meanwhile, 5 immune cells (including dendritic cells, macrophages, and gamma delta T cells) showed substantial differences between 
the model and PND groups, potentially contributing to disease development. Additionally, only Jph3 was regulated by mmu-miR 
-6969-5p and mmu-miR-186-5p. Both Jph3 and Caly had good binding abilities with remimazolam (< −5.0 kcal/mol), highlighting 
their potential as therapeutic agents for PND.
Conclusion: This study identified 2 validated key genes (Jph3 and Caly), providing potential therapeutic targets for PND patients.
Keywords: Cognitive dysfunction, Postoperative cognitive complications, Neuropsychological tests, Remimazolam, Transcriptomics

Introduction
Perioperative neurocognitive disorder (PND) involves cognitive alterations that may happen prior to and/or following 
surgery. Such changes might encompass cognitive decline prior to surgery, delirium occurring post-surgery, delayed 
neurocognitive recovery, and cognitive dysfunction after surgery, with symptoms including memory problems, mood 
disturbances, anxiety, and personality changes.1 Clinical research has demonstrated that a range of surgical interventions 
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are linked to an elevated risk of PND, with joint replacement following hip fracture exemplifying this association. For 
example, a cohort study focusing on patients aged over 80 years with hip fractures revealed that the incidence of PND 
within 30 days post-surgery was as high as 45%, and this was significantly correlated with increased mortality within 
one year.2 PND predominantly affects elderly population (individuals over the age of 65) and contributes to increased 
hospitalization rates, mortality and escalating healthcare costs.3 Pathological investigations have uncovered several PND 
traits, such as hippocampal neuroinflammation, neurotransmitter and synaptic issues, blood-brain barrier compromise, 
oxidative stress, and harm to neurons.4–7 Among the proposed mechanisms underlying PND, surgery-induced inflam
matory responses represent a particularly promising area of research.8 Notably, a significant study conducted by the 
Glumac team demonstrated that preoperative administration of corticosteroids mitigates the inflammatory response 
triggered by surgery, thereby reducing the incidence and severity of cognitive impairment.9 Despite these insights, the 
precise mechanisms underlying PND remain poorly understood, and there is an absence of effective preventive or 
therapeutic strategies are lacking. Anesthetics, particularly benzodiazepines, have emerged as important contributors to 
PND, with increasing evidence highlighting their effects on cognitive function.10,11 Given the widespread use of 
benzodiazepines in the perioperative setting, further investigation is essential to identify key genes associated with 
their use and the development of PND. Understanding the molecular mechanisms and identifying potential therapeutic 
targets are crucial for creating more effective treatments for this debilitating condition.

Remimazolam is a novel, rapidly acting benzodiazepine that attaches to GABA receptors in the central nervous 
system, resulting in sedative and anesthetic effects.12 As a general anesthetic, remimazolam has recently been the subject 
of much attention for its ability to alter cognitive function during the perioperative period. Numerous clinical studies 
have shown that perioperative administration of remimazolam for induction and maintenance of anaesthesia may 
facilitate the recovery of postoperative neurocognitive function in elderly patients, possibly due to its ability to attenuate 
inflammatory responses.11,13,14 In research, remimazolam reduced neurological harm in rats following deep hypothermic 
circulatory arrest by blocking the HMGB1-TLR4-NF-κB signaling pathway, which enhanced memory and learning 
skills.15 Moreover, remimazolam can enhance the expression of α7nAChR, Cyto-Nrf2, HO-1, and proteins related to 
cognition (CREB, BDNF, PSD95), reduce M1 microglia, improve neuroinflammation or systemic inflammation, and 
counteract cognitive impairment.16 These findings suggest that remimazolam not only provides significant clinical 
benefits in anesthesia and sedation but may also play a pivotal role in neuroprotection. Nonetheless, direct interactions 
between remimazolam and genes associated with PND, including validation at the molecular docking level, have not yet 
been documented. This lack of evidence constrains our comprehension of its specific therapeutic mechanisms. 
Consequently, identifying the key target genes implicated in remimazolam-mediated intervention in PND and elucidating 
the associated molecular pathways constitute significant gaps that require attention in ongoing research.

In this study, we utilized hippocampal transcriptome sequencing data from an aged mouse model of PND and 
performed comprehensive bioinformatic analyses, including PPI network construction, expression profiling, functional 
enrichment, immune infiltration, GeneMANIA analysis, m6A modification assessment, regulatory network mapping, and 
molecular docking. Through these approaches, we identified key genes associated with the alleviation of PND by 
remimazolam administered during surgery and explored their potential molecular mechanisms. These findings provide 
a robust basis for elucidating the molecular underpinnings of remimazolam’s neuroprotective effects and for guiding the 
development of novel therapeutic strategies aimed at reducing PND incidence and enabling personalised treatment. We 
hypothesize that remimazolam mitigates PND in aged mice by modulating specific target genes, particularly those 
involved in synaptic function and inflammatory responses, and that alterations in the expression of these genes are 
closely linked to surgery-induced neuroinflammation and synaptic injury. By identifying these critical targets and 
delineating their associated pathways, the present study addresses an important gap in current knowledge, as the direct 
molecular targets of remimazolam in PND—and their connections to surgical stress–related pathways—have not been 
systematically characterized to date. Integrating transcriptomic profiling with experimental validation, this research aims 
to clarify the mechanistic basis of remimazolam’s effects and to inform future translational applications.
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Materials and Methods
Construction of Perioperative Neurocognitive Dysfunction (PND) Mouse Model
The construction of the animal model for this study was conducted at the Animal Center of Guizhou Medical University in 
Guiyang, China, spanning the period from July 2024 to July 2025. Subsequent research was conducted based on transcrip
tome sequencing data of the animal model, combined with bioinformatics analysis and experimental verification. A selection 
of 15 male C57 mice, each weighing between 25g and 35g and aged 18 months, was made. The core rationale for selecting 
mice at this age is that they can effectively simulate the physiological state of elderly patients (> 65 years old), and advanced 
age is the most important clinical risk factor for PND in humans.17 These SPF-grade mice were obtained from Jinan Pengyue 
Laboratory Animal Breeding Co. Ltd, with the production license number SCXK (Lu) 2022–0006. Approval for the 
experimental protocol (2403666) was granted by the Animal Center of Guizhou Medical University, with all procedures 
conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Following 
a week of regular feeding, the mice were divided randomly into three groups: PND group (5 mice), model group (5 mice), 
and intervention group (5 mice).18–20 The mice in the PND group were anesthetized, underwent a median opening, and 
received lidocaine gel paste for pain relief, without any additional surgical procedures or treatments. In the model group, the 
mice were put under anesthesia using sevoflurane (2–3%, 1 L/min) and positioned on a warming mat, after median opening, 
the intestinal tract was exposed, and microvascular clips were applied to the superior mesenteric artery to constrict it and 
closed for 20 min, and the clips were loosened.21,22 After the clip was released, the bowel was put back into the abdominal 
cavity, and 0.25% ropivacaine was infiltrated into the abdominal wall along the incision, and then the operative incision was 
joined together with a sterile suture. The surgical procedures performed on the mice in the intervention group were similar to 
those on the mice in the model group. Prior to surgery, they were given remimazolam through a tail-vein injection at a dose of 
10mg/kg.16 After being anesthetized, the mice were euthanized, and their hippocampal tissues were collected. All cognitive 
tests were performed in well-lit environments.

Sample Collection
In this study, 15 hippocampal tissue samples from 3 groups of mice in the mouse model were collected for RNA 
sequencing. Three groups were formed from these samples: the model group, the intervention group, and the PND group.

RNA Sequencing and Data Preprocessing
We extracted total RNA from 15 hippocampal tissue samples using TRIzol (Invitrogen, CA, USA). Following this, the 
NanoDrop ND - 1000 spectrophotometer (NanoDrop, Wilmington, DE, USA) was employed to measure the total RNA’s 
amount and integrity, and the Bioanalyzer 2100 system (Agilent, CA, USA) was used as well. To be suitable for 
subsequent experiments, samples had to meet the criteria of concentrations over 50 ng/µL, RIN values more than 7.0, OD 
260/280 ratios surpassing 1.8, and total RNA greater than 1 µg. Using Dynabeads Oligo (dT)25–61005 (Thermo Fisher, 
CA, USA), Poly(A) RNA was isolated from 1 µg of total RNA with a two-round purification method. Afterward, the 
poly(A) RNA was fragmented into smaller parts using the Magnesium RNA Fragmentation Module (NEB, cat. e6150, 
USA) at 94°C for 5 to 7 minutes. The RNA fragments that were cleaved were transcribed back into cDNA with the help 
of SuperScript™ II Reverse Transcriptase (Invitrogen, cat. 1896649, USA). The Polymerase Chain Reaction (PCR) 
amplification was conducted with these conditions: Initially, a denaturation step was executed at 95°C for 3 minutes. 
Afterward, 8 cycles were performed, each including denaturation at 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 ultimate cDNA 
library featured an average insert size of 300 ± 50 base pairs. Sequencing was performed using the Illumina NovaSeq 
6000 platform in paired-end 150 bp (PE150) mode. After the sequencing process, Fastqc software (https://www. 
bioinformatics.babraham.ac.uk/projects/fastqc/) discarded low-quality reads, while Phred software (http://www.phrap. 
org/phredphrapconsed.html) analyzed AT/GC separation. Additionally, Featurecounts was utilized for quantitative 
analysis, with a transformation of the counts matrix. The gene expression distribution across samples was visualized 
using the ggplot2 package (v 3.3.5).23 Principal component analysis (PCA) was performed on samples from the model (5 
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mice), intervention (5 mice), and PND groups (5 mice) using the prcomp function in the R package (version 4.2.2) to 
compare the degree of clustering of the samples between the groups.

Identification of Candidate Genes and Pathway Analyses
To find differentially expressed genes (DEGs) affecting the disease during drug treatments, the DESeq2 package (v 
1.34.0)24 was employed, identifying DEGs with |log2fold change (FC)| > 0 and p < 0.05. Specifically, DEGs1 were 
identified by comparing case samples from model (5 mice) and PND groups (5 mice). DEGs2 were ascertained by 
comparing case samples from intervention (5 mice) and model group samples (5 mice). Afterward, the ggplot2 package 
(v 3.3.5) and pheatmap package (v 1.0.12),25 were utilized to generate a volcano plot and heatmap, respectively, 
highlighting the top 10 DEGs with the highest up- and down-regulation according to |log2FC|.

Afterward, an analysis was conducted on the functions and signal pathways of DEGs1 and DEGs2 for Gene Ontology 
(GO) and KEGG enrichment (p < 0.05) with the clusterProfiler package (v 4.6.0).26 The GO terms were divided into three 
categories: Biological Processes (BPs), Cellular Components (CCs), and Molecular Functions (MFs). Subsequently, the top 5 
pathways with significant p-values from GO terms and the top 15 pathways from KEGG were visualized by the enrichplot 
package (v 1.14.2).27 Subsequently, in order to find out the genes associated with drug intervention in different groups. Using 
the VennDiagram package (v 1.7.1), we identified the overlap between genes with elevated expression in DEGs1 and those 
with reduced expression in DEGs2, as well as the overlap between down-regulated genes in DEGs1 and up-regulated genes 
in DEGs228 and the two overlapping gene sections served as candidate genes related to drug interventions.

Isolation of Key Genes
A PPI network for the candidate genes linked to drug intervention was built using STRING, a tool for retrieving 
interacting genes/proteins, with an interaction score greater than 0.15. Finally, to visualize the network, the Cytoscape (v 
3.7.0)29 was utilized. Following this, three algorithms in the Molecular Complexity Detection (MCODE) plugin Maximal 
Clique Centrality (MCC), Density of Maximum Neighborhood Component (DMNC) and Maximum Neighborhood 
Component (MNC) were used to score the genes in the PPI network and identify candidate key genes by overlapping 
the top 5 scored genes. MCC evaluated the importance of nodes by identifying all maximum cliques in the network; the 
larger the maximum clique a node belonged to, the higher its centrality score. This method was able to focus on the most 
tightly connected gene clusters and explore core modules with highly coordinated functions. DMNC could take both 
local dense connections and module boundary bridging effects into account, assign higher scores to the inter-module 
regulatory functions of nodes, and was more suitable for capturing key nodes in modular network structures. MNC had 
a simple structure and high computational efficiency, making it suitable for quickly screening out genes with high 
connectivity. To moreover clarify the expression of the candidate key genes, the Wilcoxon test was applied to analyze the 
differences in the expression levels of the candidate key genes among the model group (5 mice) and the PND group (5 
mice), and among the intervention group (5 mice) and the model group (5 mice) (p<0.05), and the genes with the 
opposite expression trends and significant differences in the two comparison groups were selected as the final key genes.

Gene Set Enrichment Analysis (GSEA)
To elucidate the biological functions and pathways of the key genes in the disease process, we first used m5.go.mf. 
v2024.1.Mm.symbols.gmt and m5.go.bp.v2023.2.Mm.symbols.gmt as the background gene set. Thereafter, with 
the assistance of the corrplot package (v 0.92) (https://rdrr.io/cran/corrplot/), we calculated the Spearman correla
tion coefficients of each key gene with all other genes in all samples of the model and intervention group 
sequencing datasets and sorted the results in descending order. Subsequently, we performed GSEA using the 
clusterProfiler package and visualized the top 5 results in terms of enrichment scores using the enrichplot package 
(v 1.14.2) (|normalized enrichment score (NES)| > 1.0, p < 0.05 and false discovery rate (FDR) < 0.05).
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Gene-Gene Interaction (GGI) Network, m6A Modification and Molecular Regulation 
Network
Furthermore, to better uncover the biological characteristics and interactions of key genes, the GeneMANIA website 
(http://genemania.org/) was applied to analyze and construct a GGI network between key genes and other genes. 
Meanwhile, the Prediction of Mammalian N6-methyladenosine (m6A) Sites Based on Sequence-Derived Features 
(SRAMP) (http://www.cuilab.cn/sramp/) was used to predict the m6A modification sites of key genes to understand 
the RNA methylation modification of key genes. Subsequently, with the intention of probing into the regulatory 
mechanisms of essential genes at the molecular stratum microRNAs (miRNAs) associated with key genes were predicted 
using the Targetscan database and the miRDB database available on the Home-miRWalk website (https://www.uni- 
heidelberg.de/). Finally, the visualization of the regulatory network of key gene-miRNAs was achieved using Cytoscape 
package (v 3.7.0).

Analysis of Immune Infiltration
For the purpose of discerning the variations in immune cells associated with the disease, based on the sequencing data, 
the immunedeconv package (v 2.1.0)30 was resorted to explore the percentage of infiltration of 15 immune cells in the 
samples between the two groups, specifically between the model and PND groups (5 mice) and between the intervention 
group (5 mice) and the model group (5 mice), and then heatmaps were plotted using the ggplot2 package (v 3.3.5). To 
further comprehend the disparities in the immune microenvironment among groups, we compared the immune cells that 
differed significantly between the model and PND groups and between the intervention and model groups using the 
Wilcoxon test (p < 0.05), which was demonstrated by heatmap plotting using the ggplot2 (v 3.3.5), and the correlations 
between the differential immune cells and key genes were analyzed by the corrplot package (v 0.92) were analyzed (| 
correlation coefficient (cor)| > 0.3, p < 0.05).

Molecular Docking
To verify the affinity of remazolam for key genes, the three-dimensional architectures of proteins (key genes) and 
molecular ligands (active ingredients) were obtained from the Protein Data Bank (PDB) at http://www.rcsb.org and the 
PubChem database at https://pubchem.ncbi.nlm.nih.gov/, respectively. Then proteins and ligands were transferred to the 
cb-dock online website to perform molecular docking and their free binding energy were calculated. When the binding 
affinity is lower than −5.0 kcal/mol, it implies that the small ligand molecule binds to the receptor protein spontaneously. 
Moreover, when the binding affinity is lower than - 7.0 kcal/mol, it suggests that the ligand exhibits favorable binding 
activity towards the receptor.

Open Field Test
Prepare a mouse experimental box made of medical - grade ABS material with dimensions of length × width × height = 1 m × 
1 m × 0.4 m. The experiment comprised three groups: the model group (5 mice), PND groups (5 mice), and the intervention 
group (5 mice). The color of the base of the box should be made as different as possible from what belongs to the experimental 
animals. The box’s area is generally divided into four corners, the perimeter, and the central area. Software can automatically 
calculate the activity distance, residence time, entry count, and average speed of the experimental animals in these zones. 
Specifically, the total horizontal movement distance reflects the locomotion of the mice, the aggregate quantity of entries into 
the central zone mirrors the anxiety level of the mice, the residence time in the central area reflects the anxiety level of the 
mice, the quantity of grooming instances mirrors the vertical locomotion of the mice, mainly embodying their exploratory 
behavior, and the number of feces reflects the anxiety level of the mice.

Morris Water Maze Test (MWM)
The backs of the mice’s heads and necks were marked in advance to avoid interference from miscellaneous colors during 
the experiment. The experiment comprised three groups: the model group (5 mice), PND groups (5 mice), and the 
intervention group (5 mice). Prior to beginning the experiment, the circular water maze pool was filled with about 30 cm 
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of water. The escape platform was positioned in the center of a quadrant, 15 cm from the pool’s edge and 1 cm beneath 
the water’s surface. Titanium dioxide powder was thoroughly blended into the water to conceal the underwater platform 
from the test animals, and the water temperature was maintained at 22–24°C. The illumination intensity was maintained 
at 100–150 lux, with uniform lighting from the top, which did not produce strong shadows or glare. Environmental noise 
was controlled at a low level to avoid interference with mouse behaviors from sudden noises. ① In the initial phase of 
the experiment, the mouse was positioned on the platform for 30 seconds to help it recognize extra maze cues. Afterward, 
a quadrant was chosen at random as the starting point, and the mouse was introduced into the water with its head directed 
toward the pool wall (the quadrant’s center). Researchers recorded the time it took for the mouse to discover the 
underwater platform, known as the escape latency. The maximum swim time was capped at 60 seconds. If the mouse 
found the platform within this period, it was immediately removed from the water. If the mouse did not find the platform 
within 60 seconds, it was gently directed to the platform and given 30 seconds to reorient itself using the distant visual 
cues. The training was conducted 4 times daily at the same time for 6 days in a row, with the four quadrants being 
repeated in sequence. Following each training session, the animals were dried and returned to a warm cage to dry off. An 
automated system captured and analyzed the movement paths of the mice. ② Spatial Probe Experiment: After the 
surgery on the 7th day, the spatial probe experiment was conducted on the 1st and 2nd days after the surgery to test the 
mice’s learning and memory ability of the escape platform. After 6 consecutive days of place navigation experiment 
training, the mice had formed a fixed memory of the escape platform. During the spatial probe experiment, the concealed 
underwater platform was taken away, and the mouse was positioned in the water from the quadrant opposing the one 
where the initial platform was situated. The proportion of time the mouse spent in the target quadrant over 60 seconds 
and the frequency of its entries into this quadrant, meaning the percentage of time spent in the target quadrant and the 
count of entries into the escape platform area, were recorded. These were used as the detection indicators of spatial 
memory. On the first day after surgical modeling, the MWM test was used to detect cognitive function. Subsequently, 
according to the experimental design, different groups were given different treatments. In the remimazolam intervention 
group, the calculated dose of remimazolam was diluted with normal saline according to the mouse’s body weight, and 
then 1 mL was taken for intraperitoneal injection. In the case of the PND group and the PND group, 1 mL of normal 
saline was directly injected. After treatment, the MWM experiment was conducted to detect cognitive function.

Y - Maze Experiment
First, a Y - maze was self - made. It consisted of three arms of equal length, with an angle of 120 degrees separating each pair 
of arms. The experiment comprised three groups: the model group (5 mice), PND groups (5 mice), and the intervention group 
(5 mice). There was a movable partition at each central part, and the inner arms and the bottom of the maze were painted 
black. Each arm is 35 cm long, 8 cm wide and 15 cm high. The experimental environmental conditions were controlled as 
follows: Light intensity: maintained at a low light condition of 20–30 lux to reduce the impact of anxiety-like behaviors; 
Room temperature: controlled at 22 ± 1°C; Noise level: the laboratory environment was kept quiet to avoid interference with 
animal behaviors from sudden noises. One mouse was located at the tip of an arbitrary arm of the Y - maze and allowed to 
investigate freely during an 8 - minute period. During the 8 minutes, the behavioral changes of the animal were recorded by 
a camera system, and the subsequent indicators were noted: (1) The overall quantity of arm entries: The frequency with 
which the animal entered the maze arms, with the standard that all four feet of the mouse entering an arm counted as one 
entry. (2) One alternation: It referred to the situation where the mouse successively entered all three arms of the Y - maze in 
sequence. (3) The highest number of alternations: It was computed as the overall number of arm entries minus 2. The score of 
spontaneous alternation behavior was computed as (the total number of alternations / the maximum number of alternations) * 
100%. In the Y - maze experiment, the detection indicators were recorded by an image acquisition system, and the data were 
analyzed using SPSS software (v 30.0.0).31

Expression Validation of Key Genes
To explore the differences in the expression of key genes in the tissue samples of the control (5 mice), model (5 mice) and 
intervention groups (5 mice), the dissimilarities in the manifestation of key genes in the samples of the three groups were 
verified by Reverse Transcription Quantitative Real - Time Polymerase Chain Reaction (RT-qPCR) in the sequencing dataset. 
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We performed a t-test for expression differences between samples (p < 0.05). Moreover, the statistical robustness of the sample 
size of 5 mice per group was verified through power analysis. The expression levels of key genes between samples were tested 
by 2−ΔΔCt. The results were calculated with Graphpad Prism 5 and p-values were calculated. The internal reference gene was 
GAPDH, which was used to normalize the results (Supplementary Table 1).

Enzyme-Linked Immunosorbent Assay (ELISA)
We measured the serum cytokine levels to study the expression of inflammatory factors in the control group (5 mice), 
model group (5 mice), and intervention group (5 mice), following the manufacturer’s protocol, quantitative ELISA kits 
were used to evaluate TNF-α and IL-1β. Optical density was measured at 450 nm, followed by determining cytokine 
concentrations using specific standard curves for each cytokine.

Statistical Analysis
Bioinformatics analyses were carried out utilizing the R language (v 4.2.2). R was designed by Ross Ihaka and Robert 
Gentleman. The Wilcoxon test was employed to assess the differences between two groups, while the t - test was applied 
to contrast the distinctions among the three groups. A p - value (two-tailed test) of less than 0.05 was regarded as 
statistically significant.

Results
High Sequencing Quality and Uniform Sample Distribution
Generally, when the Phred score was 30%, the error probability was 0.1%. The data quality control results indicated that 
the Phred score was generally around 40%, suggesting that the sequencing quality was extremely high (Figure 1A). There 
was no obvious AT or GC separation in the sequencing data. The overall distribution of gene expression levels was 
between 0–2.6 (Log10FPKM, showing a relatively even distribution (Figure 1B). Meanwhile, the PCA results showed 
that the samples among the three groups were well - clustered (Figure 1C).

Evaluation of Animal Models
The experimental timeline for animal model construction is illustrated in Figure 2A and B–D display representative 
trajectory plots from the Morris water maze (MWM), Y-maze, and open field tests for each group of mice. To evaluate 
hippocampus-dependent spatial learning and memory, we employed the MWM test, in which mice in the PND group 
exhibited a reduced number of platform crossings compared to those in the model group, whereas the intervention group 
showed a significantly higher number of platform crossings than the PND group (Figure 2E). To further assess 
hippocampal spatial working memory, the Y-maze test was conducted, demonstrating that the PND group made 
significantly fewer arm entries than the model group, while the intervention group exhibited a marked increase relative 

Figure 1 Sequencing data quality and sample distribution. (A) The distribution of the mean quality value per base in sequencing reads. (B) Density map of gene expression 
values of different samples. (C) PCA, principal components analysis. 
Abbreviation: IV, intervention group.
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to the PND group (Figure 2F). In the open field test, no statistically significant difference in behavioral performance was 
observed between the intervention and model groups (Figure 2G). Histological examination revealed that the model 
group had disorganized hippocampal neuronal architecture, including cellular edema, poorly defined structures, and 
evident neuronal loss. In contrast, mice in the surgical group treated with remimazolam displayed relatively preserved 
neuronal morphology, with organized cellular arrangements, clear structural boundaries, and reduced signs of neuronal 
loss (Figure 2H). Collectively, these findings validate the successful establishment of the PND model and suggest that 
remimazolam confers a degree of neuroprotective and therapeutic benefit in the context of PND.

With 38 Genes Identified as Candidate Genes
Differential expression analysis identified 357 DEGs1 (343 up-regulated and 14 down-regulated genes) in the model and 
PND groups (Figure 3A and B), and 323 DEGs2 (149 up-regulated and 174 down-regulated genes) in the intervention 
and model groups (Figure 3C and D). Subsequently, the enrichment analysis of the DEGs1 indicated that these genes 
were associated with 1200 GO terms, and included 831 BPs, 170 MFs, and 199 CCs, respectively. These terms 
encompassed a wide range of functions for instance regulation of synapse structure or activity, neuron to neuron synapse, 
and actin binding, etc. (Figure 3E and Supplementary Table 2). In total, 42 KEGG pathways were enhanced (p < 0.05), 
and these included endocytosis, cAMP signaling pathway, Amyotrophic lateral sclerosis, and so on (Figure 3F and 
Supplementary Table 3). And the DEGs2 were associated with 569 GO terms, and included 473 BPs, 37 MFs, and 59 
CCs, respectively. These terms encompassed a wide range of functions for instance telencephalon development, neuron 

Figure 2 Remimazolam improves cognitive dysfunction in perioperative neurocognitive disorder (PND) mice. (A) The experimental flow of animal model construction. (B) 
Representative movement trajectories of each group of mice on the last day of the Morris water maze test (MWM) test. (C) Representative movement trajectories of each 
group of mice on the Y-maze test. (D) Representative movement trajectories of each group of mice on the Open field test. (E) Number of platform crossings in the MWM 
test for each group. (F) Number of entries in the Y-maze for mice in each group. (G) The total distance of each groups in open field test. (H) Representative images of HE- 
stained hippocampal sections from mice in each group. n = 5. *represented p < 0.05, **represented p < 0.01, ** represented p < 0.001, ns represented no significance.
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to neuron synapse, and actin filament binding, etc. (Figure 3G and Supplementary Table 4). All in all, 112 KEGG 
pathways were augmented (p < 0.05), and these included neurotrophin signaling pathway, long-term potentiation, 
hypertrophic cardiomyopathy, and so on (Figure 3H and Supplementary Table 5). There were no overlapping genes 
between the down - regulated genes in DEGs1 and the up - regulated genes in DEGs2. By taking the intersection of the 
genes with increased expression in DEGs1 and the genes with decreased expression in DEGs2, 38 treatment - related 
DEGs were obtained, which were used as the candidate genes for this study (Figure 3I). The overlap of genes reflected 
that drugs might have exerted their effects mainly by inhibiting abnormally upregulated genes in the disease, rather than 
producing therapeutic effects by activating abnormally downregulated genes in the disease.

Jph3 and Caly Identified as Key Genes
According to these 38 candidate genes, a sum of 34 nodes and 108 sides were shown in a PPI network diagram (No 
corresponding protein interactions were found for 4 genes) (Figure 4A), the genes Caly, Camk2b, Gria1 and Slc8a2 were 
found to be strongly linked to other genes. Finally, the results of the MCC algorithm, DMNC algorithm, and MNC 
algorithm were intersected, and 2 candidate key genes, Jph3 and Caly, were obtained (Figure 4B and C). Subsequently, 

Figure 3 Identification and functional enrichment analysis of differentially expressed genes in the control, PND group, and PND with remimazolam groups. (A) Volcano Plot 
of differentially expressed genes between control and PND group. (B) Density Heatmap of differentially expressed genes between control and PND group. (C) Volcano Plot 
of differentially expressed genes between PND group and PND with remimazolam groups. (D) Density Heatmap of differentially expressed genes between PND group and 
PND with remimazolam groups. (E) Gene Ontology (GO) comment results of differentially expressed genes between control and PND group (DEGs1). (F) KEGG 
enrichment result of differentially expressed genes between control and PND group (DEGs1). (G) GO comment results of differentially expressed genes between PND 
group and PND with remimazolam groups (DEGs2). (H) KEGG enrichment result of differentially expressed genes between PND group and PND with remimazolam groups 
(DEGs2). (I) Venn diagram of the genes exhibiting opposite expression trends in DEGs1 and DEGs2.
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based on the sequencing data, the candidate key genes Jph3 and Caly were highly expressed in the model group as 
relative to the PND group, whereas within the intervention group versus the model group, the expression of Jph3 and 
Caly was lower in the intervention group in contrast to the model group, suggesting that the two genes received the effect 
of drug intervention, along with a notable disparity in expression among the groups. Therefore, Jph3 and Caly were used 
as the final key genes (Figure 4D).

Enrichment Pathways of Jph3 and Caly
GSEA revealed several signaling pathways and potential biological mechanisms associated with the 2 key genes. 
Specifically, in the model group, the Jph3 gene was enriched to 15 pathways, mainly in glutamate receptor binding, 
structural constituent of cytoskeleton and sulfotransferase activity, while the Caly gene was enriched to 14 pathways, 
mainly in GABA-gated chloride ion channel activity and tau protein binding. In the intervention group, the Jph3 gene 
was enriched to 6 pathways, mainly in the pathways intermediate filament-based process and skin development, and the 
Caly gene was enriched to 37 pathways, mainly in the pathways carbohydrate metabolism and organelle fission 
(Figure 5A-D and Supplementary Table 6).

Correlations Between Differential Immune Cells and Jph3 as Well as Caly
In the sequencing samples, there were differences in the infiltration ratios of 15 types of immune cells in relation to the model 
group and the PND group, in addition to between the intervention group and the model group, such as stem cells, stromal cells, 
and T cells gamma delta (Figure 6A and B). Further examination revealed that there were significant differences in five types 
of cells, namely dendritic cells, granulocytes, macrophages, CD4 Naive and gamma delta T cells, between the model group 
and the PND group. However, there were no differentially expressed immune cells between the intervention group and the 
model group (Figure 6C and D). This indicates that the onset of the disease can lead to changes in the immune microenviron
ment. These 5 types of immune cells may play a certain role in the disease-developing process, and drug intervention can bring 
about some improvement to the disease microenvironment. For the group of model establishment and the group of 
intervention implementation, the inter-relationship analysis for the five differentially immune cells and the key genes revealed 
that the relationship between the essential genes and the immunocytes with differential expression was faint (|cor| < 0.3). The 
infiltration of immune cells is a dynamic process (for example, the recruitment of immune cells after treatment may fluctuate 

Figure 4 Identification of key genes related to PND treatment. (A) Protein-protein interaction network of candidate genes. (B and C) Intersection analysis of results from 
the Maximal Clique Centrality (MCC), Density of Maximum Neighborhood Component (DMNC) and Maximum Neighborhood Component (MNC) algorithms identified 
key genes. (D) Expression profiles of Jph3 and Caly across experimental groups. *represented p < 0.05.
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over time). If samples are collected at only a single time point, the “window period” for the association between genes and 
immune cells may be missed. In addition, differences in the composition of immune cells between mice and humans may lead 
to the failure of the immune regulatory role of key genes shown in the model to be reproduced in clinical data.

Functional Analysis and Network Construction of Key Genes and Molecular Docking
In the GGI network, the 20 genes with the greatest functional similarity to the two genes, Jph3 and Caly, were 
identified, such as Nsg1, Nsg2, and Drd1. The interaction relationships among these genes included physical 
interaction, co-expression, co-localization, and shared protein domains. The functions of these genes mainly 
involve sarcoplasm, regulation of synaptic plasticity, and clathrin binding (Figure 7A). Meanwhile, the m6A 
modification analysis indicated that Jph3 had higher confidence in the ranges of 20,000–30,000 bp as well as 
50,000–60,000 bp compared to Caly, and that Jph3 has more sites that might be modified by methylation 
(Figure 7B). A total of two miRNAs were predicted to target Jph3, which were mmu-miR-6969-5p and mmu- 
miR-186-5p (Figure 7C), and the binding energy between Jph3 and remimazolam was −7.1 kcal/mol, and that 
between Caly and remimazolam was −6.3 kcal/mol, both exhibited good binding energy (Figure 7D).

Figure 5 Identification and Gene Set Enrichment Analysis (GSEA) of key genes. (A–D) GSEA of two key genes. The top five broken lines were line graphs of the gene 
Enrichment Score. The vertical axis was the corresponding Running ES. There was a peak value in the line graph, and this peak value was the Enrichment score of this gene 
set. The genes before the peak were the core genes in this gene set. The horizontal axis represented each gene in this gene set, corresponding to the vertical lines like 
barcodes in the second part, and each vertical line corresponded to a gene in this gene set. The third part was the distribution graph of the rank values of all genes. The 
vertical coordinate was the ranked list metric, and the genes were sorted according to their correlation.
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Expression Verification of Jph3 and Caly
First, a normality test was conducted to verify that the analysis results remained statistically robust under this sample size 
(Shapiro–Wilk test, p > 0.05) (Supplementary Figure 1 and Supplementary Table 7). Furthermore, we observed that the 
expression extents of Jph3 and Caly in the PND group samples were significantly higher compared to the control samples. In 
contrast, when contrasted as opposed to the PND group samples, the expression extents of Jph3 and Caly in the PND with 
remimazolam groups samples had a significant reduction (Figure 8A and B). Moreover, the levels of TNF-α and IL-1β in the 
serum were significantly elevated in the PND group samples compared to the control group samples, while they were 
significantly reduced in the PND with remimazolam groups samples compared to the PND group samples (Figure 8C and D). 
This suggests that treatment with remimazolam can reduce the probability of PND occurrence.

Discussion
This research highlights two important genes (Jph3 and Caly) and possible mechanisms related to remimazolam 
treatment for PND, such as glutamate receptor interaction, tau protein interaction, and GABA-gated chloride channel 
function. PND is a prevalent neurological disorder in older patients during the perioperative phase, greatly hindering their 
recovery and long-term well-being, while placing a heavy burden on families and society.32 Remimazolam, a new drug 
with sedative, anesthetic, and hypnotic effects, has gained interest for its anti-inflammatory benefits and possible 

Figure 6 Immune cell infiltration and correlations with key genes. (A and B) Differential infiltration of immune cell types between control vs model groups and intervention 
vs model groups. (C and D) The difference of 15 immune cells between control vs model groups and intervention vs model groups. * represented p < 0.05, ns represented 
No significance.
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effectiveness in reducing PND.33 Although there is interest, the specific mechanisms of its action are still not completely 
known. This research utilized remimazolam to address PND caused by surgery and anesthesia in elderly mouse models, 
and then conducted an extensive analysis of hippocampal transcriptomic data. We initially identified 38 DEGs associated 
with PND treatment and studied their biological functions and pathways. By analyzing protein-protein interaction (PPI) 
networks, conducting functional enrichment, examining immune infiltration, and constructing microRNA (miRNA) 
networks, We discovered two important genes, Jph3 and Caly, and confirmed their expression levels and patterns 
using quantitative reverse transcription polymerase chain reaction (qRT-PCR).

Using PPI analysis, we discovered two important genes, Jph3 and Caly, that play a role in remimazolam treatment for 
PND. Jph3 is essential for regulating neurodevelopment and neuronal excitability.34 The Jph3-encoded protein belongs to 
the junctophilin family and primarily functions to connect the endoplasmic reticulum membrane with the plasma 
membrane, creating a membrane junction complex.35 This complex is crucial for keeping the two membranes close 
together, forming a structural foundation for communication between the cell membrane and the endoplasmic 
reticulum.36 Additionally, Jph3 plays a role in modulating the activity of ryanodine-sensitive calcium release channels, 
thereby significantly influencing intracellular calcium ion signaling pathways and, consequently, neuronal excitability.37 

Earlier research has identified a strong link between Jph3 and the deterioration of cognitive abilities in several 
neurodegenerative disorders, especially Huntington’s disease type 2 and Alzheimer’s disease.38–40 In mouse models, 
the Jph3 gene significantly influences neuromuscular control, affecting exploratory behavior, learning, movement, and 
balance. Abnormal Jph3 expression or deletion alters neurobehavioral and motor functions. In the HDL2 mouse model, 
CTG/CAG repeat expansion in Jph3 causes progressive motor deficits, neurodegeneration, and ubiquitin-positive nuclear 
inclusions, impacting behavior and motor skills.40 Additionally, Jph3 expression affects motor coordination and learning. 
For instance, Grm1 (crv4) mice lacking the mGlu1 receptor show motor coordination issues linked to mGlu5 receptor 
overexpression, which may enhance glutamate release and affect these abilities.40 Notably, a plasma lipidomics and 
proteomics study of patients progressing from mild cognitive impairment (MCI) to Alzheimer’s disease (AD) revealed: 

Figure 7 Functional networks and molecular interactions of key genes. (A) Gene-gene interaction (GGI) network of Jph3 and Caly. (B) M6A modification analysis of Jph3 and 
Caly. (C) Predicted miRNA targets for Jph3. (D) Molecular docking results of remimazolam with Jph3 and Caly.
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Jph3 was recognized as a key potential target for the progression from MCI to AD via neuronal and glial inflammatory 
pathways.39 These results support our conclusion. Our investigation is the initial one to identify a relationship between 
Jph3 and PND, indicating that Jph3 expression is reduced post-remimazolam treatment. This suggests that remimazo
lam’s effect on PND might include regulating Jph3 to influence neuronal excitability and the development of neuronal 
junction membrane structures.

Caly, a neuron-specific vesicle protein, is essential for vesicle trafficking in neurons.41 It regulates the movement of 
late endosomes and lysosomal-associated organelles in axons by interacting with motor and vesicle coat proteins, which 
are essential for synaptic cargo delivery and clearance of damaged macromolecules.42 Caly collaborates with NEEP21 to 
influence the movement of glutamate receptors at excitatory synapses, the transport of axonal vesicles, and the handling 
of amyloid precursor proteins and neuregulin 1.43 Additionally, Caly binds to calmodulin and affects calcium signaling, 
which is critical for presynaptic targeting. Its interaction with synaptic vesicle proteins can affect synaptic transmission 
and neuronal excitability.44 Consequently, as a neuron-specific vesicle protein, Caly not only plays a pivotal role in 
vesicle transport within neurons but may also have significant biological implications in neurodevelopment and 
neurodegenerative diseases. Research indicates that overexpression of the Caly gene in the forebrain of mice leads to 
several abnormal behaviors, such as increased spontaneous activity, reduced anxiety, and/or impaired harm avoidance.45 

Figure 8 Validation of expression of the mRNA of two key genes. (A and B) qRT-PCR validation of Jph3 and Caly. (C and D) Expression levels of TNF-α and IL-1β in the 
serum of mice from each group. *represented p < 0.05, **represented p < 0.01, ****represented p < 0.0001, n=5.
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Furthermore, the interaction between Caly and amyloid precursor protein could affect the pathological development of 
Alzheimer’s disease, highlighting Caly as an important gene in AD, thus reinforcing our findings.46 This research is the 
first to show that Galy mRNA levels increase in the hippocampus of PND mice, highlighting the essential role of Galy 
remimazolam treatment and introducing a new therapeutic target for PND.

Analyses using GSEA and GeneMANIA reveal that two important genes are enriched in pathways like glutamate 
receptor binding, tau protein binding, and GABA-gated chloride ion channel activity. Glutamate serves as the major 
excitatory neurotransmitter, with its ionotropic receptors, namely AMPA and NMDA, facilitating synaptic transmission, 
while its metabotropic receptors (mGluRs) modulate neuronal excitability via G protein-coupled mechanisms.47,48 Both 
functional and structural abnormalities in these receptor types have the potential to disrupt synaptic plasticity and 
neuronal viability; for instance, dysregulation of mGluR3 has been associated with impairments in working memory.49,50 

Research suggests that overactivation of glutamate receptors in the perioperative period may induce neuronal excito
toxicity, resulting in impaired synaptic signaling and subsequent cognitive decline. As a result, the glutamate receptor 
pathway is strongly associated with cognitive function during the perioperative period.51 Research indicates that the 
methylation of Jph3 may affect its expression in neurons, which in turn may affect glutamate receptor function and 
signalling pathways. Therefore, Jph3 may affect neuronal excitability and synaptic plasticity by regulating the function of 
glutamate receptors and thus be involved in the pathogenesis of PND.52

PND is closely linked to the phosphorylation and unusual buildup of tau protein.53 Neuronal transport and signaling 
are impaired by the destabilization of microtubules caused by tau protein’s phosphorylation and abnormal 
accumulation.54,55 Tau tangles also cause neuroinflammation and stress, exacerbating neuronal damage and death, 
impairing synaptic transmission and plasticity, and leading to cognitive decline.56 Gamma-aminobutyric acid (GABA) 
serves as the primary inhibitory neurotransmitter in the central nervous system, operating via GABA-gated chloride 
channels to regulate standard neuronal function.57 Anesthetic drugs like isoflurane and propofol enhance the inhibitory 
effects of GABA during surgery, which can lead to excessive inhibition and cognitive decline.58 Dysfunction in GABA- 
Cl channels is linked to perioperative neuropsychiatric disorders, as anaesthetics can alter these channels, increasing 
chloride ion influx and disrupting neuronal network regulation, affecting cognitive function.59 Our research indicated that 
the Caly gene is mainly associated with pathways involving tau protein binding and the activity of GABA-gated chloride 
ion channels. This indicates that Caly might play a role in the pathological processes of PND by influencing tau protein 
phosphorylation/aggregation and altering GABA-mediated chloride channel function. To sum up, two vital genes play 
a crucial role in regulating glutamate receptor signaling, tau protein metabolism, and GABA-gated chloride ion channel 
activity pathways, significantly influencing the advancement of PND.

Our study revealed a profound dysregulation of immune cell populations in the hippocampal region of PND mice, 
with the model group showing marked infiltration of macrophages, gamma delta T cells, dendritic cells and granulocytes 
compared to controls. These findings collectively suggest that a coordinated pro-inflammatory cascade drives PND 
pathogenesis. Macrophages are crucial in neuroinflammation and exacerbate neuronal and synaptic problems in perio
perative neurocognitive impairment through the overactivation of NLRP3-IL-1β.60 Removing bone marrow-derived 
macrophages can stop inflammation in the hippocampus and memory issues following tibial fractures.61 Studies indicate 
that monocyte-derived macrophages (MDMs) play a role in the onset of PND in mice suffering from traumatic brain 
injury (TBI). Pre-anaesthetic treatment with dexmedetomidine (DEX) treatment can reduce MDM infiltration into the 
hippocampus and ameliorate PND symptoms, indicating that focusing on macrophages could be a treatment strategy for 
PND.62 Furthermore, gamma delta T cells, known to induce neuronal hyperexcitability via IL-17 secretion in neurode
generative contexts, may directly impair synaptic plasticity, a hallmark of PND-related cognitive decline.63 Dendritic 
cells, acting as immune orchestrators, potentiate neuroinflammation by activating CD4+ T-cell responses, a mechanism 
previously implicated in postoperative cognitive dysfunction.64 In the perioperative phase, the activation of granulocytes 
can trigger the release of various inflammatory mediators like IL-1β, which may worsen neuroinflammation by activating 
NLRP3 inflammasomes.65 This inflammatory response not only affects neuronal function in the hippocampus but can 
also result in excessive microglial activation, thereby negatively impacting cognitive function.66 Together, these immune 
subsets establish a self-reinforcing inflammatory loop within the hippocampus, providing a mechanistic framework for 
PND progression and potential therapeutic targets.
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Nonetheless, it’s crucial to acknowledge certain limitations. Initially, the study offers only preliminary validation of 
these significant genes in a mouse model for remimazolam treatment related to PND. Further investigation using animal 
and cell studies is required to fully understand the underlying mechanisms. For instance, the generation of Jph3- or Caly- 
specific knockout mice via the Cre-LoxP system for conditional knockout in hippocampal neurons allows for the 
examination of their impact on behavioral phenotypes, such as MWM spatial memory and Y-maze spontaneous 
alternation rate, as well as synaptic functions, including glutamate receptor expression and GABA current intensity, 
within the PND model. This approach facilitates the elucidation of the roles of these two genes in PND. Concurrently, 
overexpression experiments can be implemented to ascertain whether these genes are sufficient to ameliorate PND 
symptoms. Also, the PND mouse model may not completely mirror the human condition due to potential inter-species 
differences. Consequently, more clinical validation using human samples is required to confirm gene expression and 
determine the efficacy of remimazolam for treating PND in humans.

Conclusion
Through transcriptomic analysis and experimental validation, this study has identified Jph3 and Caly as critical target genes of 
remimazolam in the context of PND. The research elucidates their potential mechanisms of action, which involve the 
regulation of glutamate receptor signaling, tau protein metabolism, and the GABAergic pathway. These findings address 
a significant research gap concerning the specific target genes and molecular mechanisms of remimazolam in PND, thereby 
offering a novel theoretical foundation and potential targets for the precise treatment of PND. In conclusion, the identification 
of key target genes or the repurposing of existing drugs for new applications will enhance our understanding of the 
pathophysiological processes underlying PND and provide a theoretical basis for future research and therapeutic strategies.
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