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A B S T R A C T

Background: The occurrence of immunity and inflammation outside the central nervous system
frequently results in acute cognitive impairment among elderly patients. However, there is
currently a lack of standardized methods for diagnosing acute cognitive impairment. The
objective of our study was to identify potential mRNA biomarkers and investigate the patho-
genesis of acute cognitive impairment in mice brains.
Methods: To analyze changes in hub genes associated with acute cognitive impairment, bioin-
formatics analysis was performed on the mouse brain injury data of sterile saline control group
and lipopolysaccharide (LPS) induced experimental group in Gene Expression Omnibus (GEO).
Functional analysis was conducted using Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), which facilitated to identify some potential mRNA biomarkers for hub gene
expression in mice brains. Additionally, the "CIBERSORT X″ R kit was employed to examine
immune cell infiltrations of mice brains in LPS group and saline group.
Results: In the LPS and saline group, 102 significantly upregulated differentially expressed genes
(DEGs) and 32 downregulated DEGs were identified. The pathway enrichment analysis using GO
and KEGG revealed that these DEGs were mainly related to the regulation of cytokine, cytokine-
cytokine receptor interaction, as well as protein interaction with cytokine and cytokine receptor.
Immune cell infiltration analysis indicated potential involvement of M1 macrophages, NK cells
resting, T cells CD4 memory, and T cells CD8 naive in the process of cognitive impairment. By
constructing a protein-protein interaction (PPI) network, five hub genes (Cxcl10, Cxcl12, Cxcr3,
Gbp2, and Ifih1) showed significant associations with immune cell types by using a threshold
Spearman’s rank correlation coefficient of R > 0.50 and p < 0.05.
Conclusion: The mRNA expression profile of the mice brain tissues in the LPS group differed from
that in the normal saline group. These significantly expressed mRNAs may act an importance in
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the pathogenesis of acute cognitive impairment through mechanisms involving immunity and
neuroinflammation.

1. Introduction

Acute cognitive decline is a prevalent condition observed in elderly patients visiting the emergency department, often caused by
infections outside of the central nervous system (CNS). Peripheral immune system activation triggers microglia in the brain to generate
inflammatory cytokines, which are accountable for inducing behavioral impairments. Several literature reviews have extensively
explored the association between cognitive decline and changes in immunity [1–3], indicating that there existed a complex interplay
between physical activity, cognition, amyloid beta (Aβ) accumulation, and the adaptive immune system in cognitive impairment. The
cellular components of the immune system play a significant role in both the onset and development of cognitive decline. Current
research has primarily focused on three pathophysiological mechanisms underlying acute cognitive decline [4–6]: acute cognitive
decline resulting from cerebral alterations such as brain shrinkage and changes in pathways or axes, neuroinflammation, and modi-
fications to genes within the hippocampus. The precise pathophysiological mechanisms contributing to cognitive impairment remain
unclear at present time, thereby limiting available treatment options and imposing substantial burdens on public health and economy.

Fig. 1. Flow chart of the study.
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Over the past few decades, an abundance of biomarkers has been proposed for the detection of cognitive impairment [7,8].
However, so far none has demonstrated adequate sensitivity or specificity to be utilized in clinical practice. In recent years, many
studies have found that a variety of genes and cell signaling pathways are involved in the occurrence and development of cognitive
decline [9,10], but still do not know exactly how this potential relationship works at present. With advances in high-throughput
sequencing technology and molecular biology methods, it may be now feasible to explore disease pathogenesis at a molecular level.

To gain insights into the molecular mechanisms that regulate neuronal activity and establish an objective diagnostic method, our
study aimed to discover new indicators of potential molecular processes and predict brain tissue molecular biomarkers in mice with
cognitive impairment. Our goal was to employ bioinformatics techniques through the Gene Expression Omnibus (GEO) database to
identify key mRNA molecules associated with cognitive impairment and investigate their expression, functionality, and interactions.

2. Methods

2.1. Microarray data

The microarray dataset GSE3253, submitted by Godbout JP et al., was obtained from GEO database (www.ncbi.nlm.nih.gov/geo/)
for the purpose of identifying genes expressed in cognitive impairment samples induced by lipopolysaccharide in mice compared to
control brain tissues treated with sterile saline. GEO is an open-access repository for functional genomics data, including high-
throughput gene expression data, chips, and microarrays. The study utilized GPL1261 [Affymetrix Mouse Genome 430 2.0 Array]
as the platform for conducting expression profiling arrays. A total of 12 samples were analyzed: 6 from mice injected with lipo-
polysaccharide (LPS group) and 6 frommice injected with sterile saline group (Fig. 1). The raw text file and probe annotation file were
acquired and subsequently matched the probes to their corresponding gene symbols based on the platform’s annotation information.
The entire dataset was made available online without the authors’ involvement in conducting any human or animal experiments.

2.2. Data processing and identification of DGEs mRNAs

The GSE3253 dataset’s series matrix files contained normalized log-expression values, which were useful for conducting differ-
ential gene expression analysis. The reproducibility of the data was confirmed by conducting principal component analysis (PCA), and
PCA plots were generated using the ’ggord’ package in R. Normalization and differential expression analysis of genes in LPS samples
and control samples were performed using the ‘limma’ package. Differentially expressed genes (DEGs) were considered significant if
they had an adjusted P-value below 0.01 and a |log fold change (FC)| greater than 2. To visualize the DEGs, R was used to create a
heatmap and volcano plot.

2.3. Functional enrichment analysis

The utilization of Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis is widely
employed for conducting comprehensive studies on functional enrichment at a large scale. To further investigate potential biological
processes (BP), molecular functions (MF), and cellular components (CC), KEGG pathway enrichment analysis is utilized. The ’clus-
terProfiler’ package was utilized to perform GO term and KEGG (www.kegg.jp/kegg/kegg1.html) pathway enrichment analyses using
DEGs, with a significance threshold set at 0.05.

2.4. Screening of hub genes

To systematically examine the biological functionalities of the DEGs identified between the two groups, we utilized an online
search tool called STRING database (STRING, V11.0; https://string-db.org/) to predict the protein functional correlations and protein-
protein interactions (PPIs) with a highly reliable filtering condition (score >0.7). We obtained the interaction file (string_interactions.
tsv) and used the Perl programming language to derive the network file. Subsequently, Cytoscape software (version 3.9.0; Institute for
Systems Biology, Seattle, WA, USA) was employed to assign scores to each gene node based on top five algorithms: Degree, Maximal
Clique Centrality (MCC), Density of Maximum Neighborhood Component (DMNC), Maximum Neighborhood Component (MNC), and
Edge Percolated Component (EPC). Finally, we determined hub genes by identifying common genes through intersecting them using a
Venn diagram.

2.5. Immunoinfiltration analysis

The CIBERSORTx algorithmwas utilized in this study to estimate the relative proportions of 22 immune cell subtypes based on gene
expression levels. The algorithm was configured with a threshold value of 1000. In order to obtain a more comprehensive under-
standing of immune cell infiltration in both the LPS and control groups, we employed the CIBERSORTx algorithm to accurately
ascertain the relative proportions of infiltrating immune cells. Subsequently, we conducted aWilcoxon test to compare the proportions
of infiltrating immune cells between the LPS group and control group, with a significance level set at p < 0.05. The estimated pro-
portions for each type of immune cell were visualized using the ’ggplot2′package. We utilized the Pearson correlation coefficient test to
explore the relationship among significant immune infiltrating cells.
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2.6. Correlation analysis between hub gens and immune cells

The connection between the identified hub genes and levels of infiltrating immune cells was evaluated using Spearman’s rank
correlation analysis in R software. To visualize these associations, we employed a charting technique with the ‘ggplot2’ package. A
significance threshold was set at p < 0.05, along with a minimum Spearman’s rank correlation coefficient requirement of R > 0.5.

3. Results

3.1. Differentially expressed genes

The data consistency of the GSE3253 group was assessed using PCA, which indicated a high level of data reproducibility
(Fig. 2A–B). The correlation heatmap of the GSE3253 dataset displayed significant associations among samples in both the LPS group
and control group (Fig. 3A). In this investigation, microarray dataset fromGSE3253 was identified a total of 21,381 independent genes.
Employing the limma package for analyzing differential expression, 134 DEGs between mice induced with LPS and control mice were
detected, consisting of 102 upregulated genes and 32 downregulated genes (Fig. 3B).

3.2. GO functional and KEGG pathway enrichment analysis of DEGs

The results on GO and KEGG pathway enrichment analyses were showed in Fig. 4A–D. The results from the GO enrichment analysis
revealed that BP was predominantly enriched in cytokine, defense response, and immune response. CC showed significant enrichment
in symbiont-containing vacuole membrane, host cell cytoplasm, and symbiont-containing vacuole membrane. MF exhibited notable
enrichment in chemokine activity, cytokine activity, and CXCR chemokine receptor binding. Furthermore, the KEGG analysis high-
lighted that the pathways primarily focused on Viral protein interaction with cytokine and cytokine receptor, Cytokine-cytokine re-
ceptor interaction, as well as TNF signaling pathway.

3.3. PPI network construction and hub gene identification

The PPI network results of DEGs were obtained using the STRING database (Table .1). Subsequently, five different algorithms were
utilized to calculate the scores for each gene within the network. Finally, by applying these five algorithms through insertional
cytoHubba, we identified the top 10 hub genes (Fig. 5A). The overlapping hub genes from all five algorithms were analyzed using a
Venn diagram approach, leading to the identification of five common hub genes: Cxcl10, Gbp2, Cxcl12, Cxcr3, and Ifih1 (Fig. 5B).

3.4. Immune cells infiltration assessment

We compared the disparities in immune cell proportions between LPS mice and the control group through generating a violin plot
(Fig. 6A–B). The results of this analysis demonstrated a significant reduction inM1macrophages, NK resting cells, T cells CD4memory,
and T cells CD8 naive in the LPS group when compared to the control group. Additionally, the correlation analysis revealed that there
was a positive association between NK resting cells and T cells CD4 memory; conversely, there was a negative correlation between NK

Fig. 2. Data normalization and the distribution of differentially expressed genes (DEGs). (A) Box plots illustrated data normalization, the data
distributions were neat after background adjustment and normalization. (B) Principal component analysis (PCA), each point in the PCA diagram
represented a sample, and the inter-distance between samples reflected the difference. After performing batch correction, individuals with similar
genetic backgrounds were effectively clustered together, revealing clear stratification between samples from individuals with cognitive impairment
and control tissues.
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resting and M1 macrophages, also NK resting and T cells CD8 Naive. Moreover, there was a negative correlation between T cells CD4
memory and M1 macrophages (Fig. 6C–D).

3.5. Correlation between hub genes and differential immune cells

The study examined the interaction between five hub genes (Cxcl10, Gbp2, Cxcl12, Cxcr3, Ifih1) and four distinct immune cell
types (M1 macrophages, NK resting cells, memory CD4 T cells, naive CD8 T cells) in mice brain tissues affected by cognitive
impairment. The correlation results are illustrated in Fig. 7A–O. Key genes and immune cell types that exhibited significant associ-
ations were identified using a threshold of R > 0.50 and p < 0.05.

4. Discussion

The well-established correlation between various risk factors for cognitive impairment and immune and inflammation-related
mechanisms in the CNS is undeniable. Inflammatory elements have the ability to cause inflammation in the CNS by directly
crossing the blood-brain barrier (BBB), compromising BBB integrity, or activating multiple signaling pathways [11–13]. The increased
brain presence of proinflammatory cytokines leads to excessive activation of microglia and triggers the subsequent release of addi-
tional inflammatory mediators within the brain. This inflammation in the CNS further impairs neuronal cells through persistent
inflammation, direct effects of inflammatory elements, or indirect influence from non-inflammatory mediators, and ultimately impacts
cognitive function and contributes to cognitive impairment. Existing literature analysis revealed a simultaneous upregulation in
TNF-α, IL-6, and IL-1β expression in tumor-bearing mice’s hippocampus at that same time point, with mRNA levels aligning with
observed plasma cytokine increases [12]. These findings suggest that long-term central inflammation resulting from enhanced pe-
ripheral innate immunity may be responsible for observed cognitive impairment following surgery among tumor-bearing mice [14].
Compared to the control group, the anesthesia group exhibited significantly elevated levels of polarized M1 mRNA expression in
macrophages, along with markedly higher mRNA expression levels of TNF-α, monocyte chemoattractant protein 1, and interleukin-6
[15]. The expression of silent information regulator 1(SIRT1) experienced a notable decline subsequent to the induction of post-
operative cognitive dysfunction (POCD) induced by cardiac surgery in mice. Administration of SRT1720 effectively suppressed plasma
inflammatory cytokine levels and downregulated TLR4 and P65 protein expressions in the hippocampus of POCD mice [16]. Based on
these findings, we hypothesize that these abnormal mRNAs may play an essential role in patients suffering from cognitive impairment.
Hence, it is imperative to delve into the underlying molecular mechanisms associated with inflammation in the CNS as well as
cognitive impairment.

In this study, we initially conducted an independent analysis of genes that were expressed differently in brain tissue samples from
mice with LPS-induced cognitive impairment, with the aim of discerning any distinctions between cognitive impairment and control
mice. The results revealed a total of 102 up-regulated genes and 32 down-regulated genes that distinguished cognitive impairment
mice from their normal counterparts. Subsequently, separate analyses were conducted to ascertain the functions and pathways
associated with these differentially expressed genes in both groups. Our findings showed significant enrichment in biological processes
related to cytokine response, defense response, immune response, etc., while cellular components exhibited enrichment in symbiont-
containing vacuole membrane, host cell cytoplasm, etc. Molecular functions also displayed significant enrichment in chemokine

Fig. 3. Gene expression profile of GSE3253 is visualized in volcano plots. Differentially expressed genes (DEGs) were marked by colored dots, which
represents a DEG met with the criteria of P < 0.05 and |log FC| > 2. Heat map visualization showed alternation for the full range of gene expression
patterns between samples with cognitive impairment and control tissues (sterile saline). Purple indicated upregulated genes, and green indicated
downregulated genes. The horizontal axis showed clusters of DEGs, and the right vertical axis represented each sample. Gene expression levels were
indicated by colors, red (high expression level) and blue (low expression level).
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Fig. 4. GO and KEGG enrichment analysis. The results of GO were presented by bar plot and circle charts (A and B). The results of KEGG were
visualized by bubble and circle graphs (C and D).

Table 01
The Top 10 Genes by Cytoscape Software Assign Scores on Top five Algorithms.

method EPC Degree DMNC MNC MCC

Cxcl10 Cxcl10 Usp18 Cxcl1 Cxcl10
Cxcl1 Cxcl1 Rsad2 Ifit1 Ifit2
Ifit2 Ifit1 Ccl7 Ifit2 Ifit1
Ifit1 Ifit2 Cxcl9 Cxcl10 Ifih1
Ifih1 Gbp3 Cxcl12 Gbp2 Usp18
Cxcl12 Gbp2 Ifih1 Cxcl12 Gbp3
Gbp3 Cxcl12 Cxcl2 Cxcr3 Gbp2
Cxcr3 Cxcr3 Cxcl10 Ifih1 Cxcl1
Gbp2 Ifih1 Gbp2 Gbp3 Cxcl12
Cxcl9 Icam1 Cxcr3 Cxcl2 Cxcr3

Note: Edge Percolated Component = EPC, Maximum Neighborhood Component = MNC, Density of Maximum Neighborhood Component = DMNC,
Maximal Clique Centrality = MCC.
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activity, cytokine activity, and CXCR chemokine receptor binding, etc. Furthermore, our analysis using the KEGG database revealed
the enrichment of viral protein interaction with cytokines and cytokine receptors, as well as pathways such as Cytokine-cytokine
receptor interaction, TNF signaling pathway, IL-17 signaling pathway and Chemokine signaling pathway. Interestingly, previous
studies have suggested that alterations in inflammatory processes within the CNS and cellular immunity play a crucial role in cognitive
impairment [17,18], with specifically focus on cell-mediated immunity [19]. Based on our analysis results, it is reasonable to speculate
that the involvement of the cellular immune system may significantly contribute to the occurrence and progression of cognitive
impairment.

By utilizing the PPI network and conducting key module analysis, we have successfully identified five significant genes in mice with
cognitive impairment. These genes include Cxcl10, Gbp2, Cxcl12, Cxcr3, and Ifih1. Notably, Cxcl10, Cxcl12, and Cxcr3 belong to the
chemokine family - a group of small cytokines or signaling proteins that are secreted by cells [20,21]. Chemokines play a crucial role in
immune and inflammatory responses by swiftly being released at sites of inflammation to recruit effector cells into the affected tissue.
Specifically, Cxcl10 exhibits potent inhibition of angiogenesis while also significantly impacting thymus function. The upregulation of
Cxcl10 expression is observed in spinal cord injury. Although it exerts deleterious effects on cell viability, the presence of Cxcl10 does
not hinder the process of scratch healing in HT22 and NSC34 cells [22]. On the other hand, the CXC chemokine receptor 3 (CXCR3),
belonging to the G-protein-coupled receptor family, is encompassed within the broader category of CXC chemokine receptors. The
expression of this molecule is primarily observed on activated T lymphocytes, NK cells, as well as certain epithelial cells. Extensive
researches have demonstrated that interactions between Cxcl10 and its corresponding receptor CXCR3 are pivotal in comprehending
various organ-specific autoimmune diseases such as type 1 diabetes, autoimmune thyroiditis, ocular disorders alongside systemic
conditions like rheumatoid arthritis, psoriatic arthritis, and systemic lupus erythematosus [23–25]. Cxcl12 (also called as stromal cell
derived factor-1 or SDF-1), is widely expressed across different tissues and cell types where it plays an essential role in nerve devel-
opment, blood vessel formation, hematopoiesis, and immunogenesis. Finally, the GBP2 gene belongs to guanine-binding protein (GBP)
family which encodes for interferon-induced proteins responsible for hydrolyzing GTP into GDP. GBP protein regulates inflammasome
activation, thereby influencing infection mechanisms caused by diverse pathogens [26].The Ifih1 gene holds immense significance
within our bodies due to its implications in autoimmune disorders and viral infections [27].

The distribution of immune cells in the cognitive impairment group and control group was assessed using the CIBERSORT algo-
rithm. Comparison to the control group, there was a significant increase in the proportion of M1 macrophages and CD8 T cells naive
within the impairment group, while there was a noticeable decrease in resting NK cells and CD4 memory T cells. The correlation
analysis further revealed a negative correlation between Resting NK cells and M1 macrophages (R = − 0.67), as well as T cells CD8
Naïve (R = − 0.6). Additionally, a positive correlation was observed between Resting NK cells and T cells CD4 memory (R = 0.68).
Moreover, there was a negative correlation between T cells CD4 memory and M1 macrophages(R = − 0.58). Limited researches have
been conducted on immune cell subpopulations in cognitive impairment mice which has led to inconsistent findings [28,29]. The M2
macrophages levels in elderly mice undergoing surgery were lower than that of adult mice surgery and EM-P surgery mice, and the
exaggerated cognitive decline and inflammatory response among elderly mice were closely linked with dysfunction of the cholinergic
anti-inflammatory pathway [30]. Surgical intervention for tibial fractures triggers the release of mast cells, activation of microglia, and
production of inflammatory cytokines, resulting in an acute inflammatory reaction in the brain and subsequent neuronal death, as well
as cognitive deterioration. These findings suggest that activation mast cells can initiate microglial activation and cause neuronal
damage, thereby contributing to inflammation within the central nervous system (CNS) [31]. The brain tissues of POCD mice were an

Fig. 5. Screening of hub genes. Cytoscape software was employed to assign scores to each gene node based on top five algorithms and hub genes
were identified through intersecting of a Venn diagram (A). Hub genes were listed(B). Maximal Clique Centrality = MCC, Density of Maximum
Neighborhood Component = DMNC, Maximum Neighborhood Component = MNC, and Edge Percolated Component = EPC.

W. Qiang et al.



Heliyon 10 (2024) e37101

8

(caption on next page)

W. Qiang et al.



Heliyon 10 (2024) e37101

9

observed rise in CD4-positive cells concentration along with NK cells in the hippocampus of POCD mice compared to control mice.
These findings indicate that peripheral immune cells may contribute to the inflammatory response within the hippocampus following
disruption of blood-brain barrier [32].

Given the significant role played by immunoinfiltrating cells and hub genes in cognitive impairment, we further analyzed to explore
the relationship between five potential biomarkers (Cxcl10, Cxcl12, Cxcr3, Gbp2, and Ifih1) and immune cell populations that
exhibited notable variances in mice with cognitive impairment. The expression of the Cxcl10 gene demonstrated a positive correlation
with M1 macrophages, while displaying a negative correlation with T cell CD8 naive and resting NK cells. Conversely, the Cxcl12 gene
showed an inverse correlation with M1macrophages, but displayed a positive association with resting NK cells and T cell CD4memory.
Due to the expression of C-X-C motif chemokine ligand 10 plays a multifaceted role in the pathogenesis and progression of this
condition. Furthermore, Cxcl10 antagonists have demonstrated effective suppression of inflammatory immune responses while pro-
moting neuronal regeneration and facilitating functional recovery [33]. The expression of the CXCR3 gene was negatively correlated
with M1 giant cells, while positively associated with resting NK cells. The GBP2 gene, on the contrary, exhibited a positive correlation
with M1 macrophages and T cell CD8 while demonstrating a negative correlation with T cell CD4 memory. Furthermore, the
expression of the IFIH1 gene indicated a positive correlation with M1 Macrophages, but revealed a negative association with resting
NK cells and CD4 Memory T cells. In hyperglycemic groups, there was an increase in both transcriptional activity and protein
expression levels of markers related to oxidative stress as well as inflammatory cytokines, such as those involved in the Cxcl10/CXCR3
pathway. Long-term evaluation indicated altered dendritic structure within hyperglycemic rats’ hippocampus, accompanied by
abnormal performance on neurobehavioral tests like Barnes Maze [34]. Cxcl12 triggered the migration of OPCs through the activation
of CXCR4-mediated MEK/ERK and PI3K/AKT signaling cascades, ultimately promoting myelin regeneration. The investigation pro-
vided evidence that CXCR3 functions as a receptor for chemokines, playing a partial role in facilitating the positive effects of systemic
PF4 on the aging brain [35]. The study highlighted the significance of Cxcl12/CXCR4 signaling in spinal dynamics and cognitive
flexibility, suggesting that spinal loss could potential for reversibility through targeting RAC1-dependent processes within cortical
neurons [36]. The findings of the document suggest that GBP2 gene may potentially play a role in immune function related to the
etiology of schizophrenia, whichmay impact risk assessment, prevention, and treatment strategies [37]. Aicardi-Goutieres syndrome is
classified as a monogenic interferon disease resulting from an aberrant mechanism involving intracellular nucleic acid sensing
mediated by TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR1 or IFIH1 [38].

This study has certain limitations that should be acknowledged. Firstly, future research would benefit from a larger sample size and
the inclusion of additional datasets to enhance the validity of these findings. Secondly, due to the utilization of publicly available
sources for mice data, there is a lack of information regarding age, health status, and personal medication usage. Lastly, it is imperative
to conduct further investigate these mRNA discrepancies by developing relevant animal models in order to confirm our results.

5. Conclusion

This bioinformatics analysis has successfully identified five valuable molecular targets that warrant further investigation into the
mechanisms and selection of biomarkers for cognitive impairment in mice induced by LPS. Several important biological processes and
pathways, such as the interaction between cytokines and their receptors, as well as protein interactions involving cytokines and
cytokine receptors, may offer novel perspective into the development and progression of cognitive impairment. Furthermore, our
findings suggest that factors related to immunity and neuroinflammation play a role in implication of cognitive impairment. To further
validate the functionality of these hub genes in relation to cognitive impairment, our team plans to conduct additional molecular
biological experiments.
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Fig. 6. Immune cell infiltration in cognitive impairment and control brain tissues. The composition of 22 kinds of immune cells in each sample was
showed in a histogram (A). The 22 types of immune cells between cognitive impairment and control tissues was evaluated, and had 4 significantly
differential immune cells (M1 macrophages, NK resting cells, memory CD4 T cells, naive CD8 T cells) (B). The Pearson correlation was calculated
among 4 significant immune infiltrating cells (C–D). The color red indicated a positive correlation, while blue represented a negative correlation.
The intensity of the color reflected the strength of the correlation.
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Fig. 7. Correlation analysis between hub gens and immune cells. The correlation results were showed in butterfly bat plot(A) and significantly
related genes and immune cells by R＞0.5 and P＜0.05(B–O). Red represented a positive correlation, blue represented a negative correlation. The
color intensity directly corresponded to the magnitude of the correlation.
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A. Abrol, V.D. Calhoun, F.C. Goldstein, I. Hajjar, A.M. Fagan, D. Galasko, S.D. Edland, J. Hanfelt, J.J. Lah, D. Weinshenker, A phase II study repurposing
atomoxetine for neuroprotection in mild cognitive impairment, Brain 145 (6) (2022) 1924–1938, https://doi.org/10.1093/brain/awab452.

[3] J. Miyanohara, M. Kakae, K. Nagayasu, T. Nakagawa, Y. Mori, K. Arai, H. Shirakawa, S. Kaneko, TRPM2 channel aggravates CNS inflammation and cognitive
impairment via activation of microglia in chronic cerebral hypoperfusion, J. Neurosci. 38 (14) (2018) 3520–3533, https://doi.org/10.1523/JNEUROSCI.2451-
17.2018.

[4] N. Piehl, L. van Olst, A. Ramakrishnan, V. Teregulova, B. Simonton, Z. Zhang, E. Tapp, D. Channappa, H. Oh, P.M. Losada, J. Rutledge, A.N. Trelle, E.
C. Mormino, F. Elahi, D.R. Galasko, V.W. Henderson, A.D. Wagner, T. Wyss-Coray, D. Gate, Cerebrospinal fluid immune dysregulation during healthy brain
aging and cognitive impairment, Cell 185 (26) (2022) 5028–5039.e13, https://doi.org/10.1016/j.cell.2022.11.019.

[5] J. Zhao, W. Bi, S. Xiao, X. Lan, X. Cheng, J. Zhang, D. Lu, W. Wei, Y. Wang, H. Li, Y. Fu, L. Zhu, Neuroinflammation induced by lipopolysaccharide causes
cognitive impairment in mice, Sci. Rep. 9 (1) (2019) 5790, https://doi.org/10.1038/s41598-019-42286-8. Apr 8.

[6] Y. Xie, K. Zhi, X. Meng, Effects and mechanisms of synaptotagmin-7 in the Hippocampus on cognitive impairment in aging mice, Mol. Neurobiol. 58 (11) (2021)
5756–5771, https://doi.org/10.1007/s12035-021-02528-1.

[7] J. Eyamu, W.S. Kim, K. Kim, K.H. Lee, J.U. Kim, Prefrontal event-related potential markers in association with mild cognitive impairment, Front. Aging
Neurosci. 15 (2023) 1273008, https://doi.org/10.3389/fnagi.2023.1273008.

[8] D.Q. Ng, I. Cheng, C. Wang, C.J. Tan, Y.L. Toh, Y.Q. Koh, Y. Ke, K.M. Foo, R.J. Chan, H.K. Ho, L. Chew, M.F. Bin Harunal Rashid, A. Chan, Brain-derived
neurotrophic factor as a biomarker in cancer-related cognitive impairment among adolescent and young adult cancer patients, Sci. Rep. 13 (1) (2023) 16298,
https://doi.org/10.1038/s41598-023-43581-1.

[9] J.S. Baek, Y.J. Shin, X. Ma, H.S. Park, Y.H. Hwang, D.H. Kim, Bifidobacterium bifidum and Lactobacillus paracasei alleviate sarcopenia and cognitive
impairment in aged mice by regulating gut microbiota-mediated AKT, NF-κB, and FOXO3a signaling pathways, Immun. Ageing 20 (1) (2023) 56, https://doi.
org/10.1186/s12979-023-00381-5.

[10] X. Feng, J. Hu, F. Zhan, D. Luo, F. Hua, G. Xu, MicroRNA-138-5p regulates hippocampal neuroinflammation and cognitive impairment by NLRP3/caspase-1
signaling pathway in rats, J. Inflamm. Res. 14 (2021) 1125–1143, https://doi.org/10.2147/JIR.S304461.

[11] G. Barisano, A. Montagne, K. Kisler, J.A. Schneider, J.M. Wardlaw, B.V. Zlokovic, Blood-brain barrier link to human cognitive impairment and Alzheimer’s
Disease, Nat Cardiovasc Res 1 (2) (2022) 108–115, https://doi.org/10.1038/s44161-021-00014-4.

[12] J. Kim, H.J. Lee, J.H. Park, B.Y. Cha, H.S. Hoe, Nilotinib modulates LPS-induced cognitive impairment and neuroinflammatory responses by regulating P38/
STAT3 signaling, J. Neuroinflammation 19 (1) (2022) 187, https://doi.org/10.1186/s12974-022-02549-0.

[13] M. Zhang, H. Chen, W. Zhang, Y. Liu, L. Ding, J. Gong, R. Ma, S. Zheng, Y. Zhang, Biomimetic remodeling of microglial riboflavin metabolism ameliorates
cognitive impairment by modulating neuroinflammation, Adv. Sci. 10 (12) (2023) e2300180, https://doi.org/10.1002/advs.202300180.

[14] T. Wu, X. Wang, R. Zhang, Y. Jiao, W. Yu, D. Su, Y. Zhao, J. Tian, Mice with pre-existing tumors are vulnerable to postoperative cognitive dysfunction, Brain Res.
1732 (2020) 146650, https://doi.org/10.1016/j.brainres.2020.146650.

[15] J.B. Fu, Z.H. Wang, Y.Y. Ren, Forkhead Box O1-p21 mediates macrophage polarization in postoperative cognitive dysfunction induced by sevoflurane, Curr
Neurovasc 17 (1) (2020) 79–85, https://doi.org/10.2174/1567202617666200128142728.

[16] J. Shi, X. Zou, K. Jiang, F. Wang, SIRT1 mediates improvement of cardiac surgery-induced postoperative cognitive dysfunction via the TLR4/NF-κB pathway,
World J Biol Psychiatry 21 (10) (2020) 757–765, https://doi.org/10.1080/15622975.2019.1656820.

[17] A.M. Stowe, S.J. Ireland, S.B. Ortega, D. Chen, R.M. Huebinger, T. Tarumi, T.S. Harris, C.M. Cullum, R. Rosenberg, N.L. Monson, R. Zhang, Adaptive lymphocyte
profiles correlate to brain Aβ burden in patients with mild cognitive impairment, J. Neuroinflammation 14 (1) (2017) 149, https://doi.org/10.1186/s12974-
017-0910-x.

[18] J.H. Wang, X.R. Cheng, X.R. Zhang, T.X. Wang, W.J. Xu, F. Li, F. Liu, J.P. Cheng, X.C. Bo, S.Q. Wang, W.X. Zhou, Y.X. Zhang, Pswe/PS1ΔE9 mice: potential
mechanism underlying cognitive impairment, Oncotarget 7 (17) (2016) 22988–23005, https://doi.org/10.18632/oncotarget.8453.

[19] D.C. Parker, M.M. Mielke, Q. Yu, P.B. Rosenberg, A. Jain, C.G. Lyketsos, N.S. Fedarko, E.S. Oh, Plasma neopterin level as a marker of peripheral immune
activation in amnestic mild cognitive impairment and Alzheimer’s disease, Int J Geriatr Psychiatry 28 (2) (2013) 149–154, https://doi.org/10.1002/gps.3802.

[20] A. Harbuzariu, S. Pitts, J.C. Cespedes, K.O. Harp, A. Nti, A.P. Shaw, M. Liu, J.K. Stiles, Modelling heme-mediated brain injury associated with cerebral malaria in
human brain cortical organoids, Sci. Rep. 9 (1) (2019) 19162, https://doi.org/10.1038/s41598-019-55631-8.
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