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Neuroinflammation mediates the progression of neonate hypoxia-ischemia brain damage to Alzheimer’s disease: a bioinformatics and experimental study
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Background: Traumatic brain injury (TBI) can generally be divided into focal damage and diffuse damage, and neonate Hypoxia-Ischemia Brain Damage (nHIBD) is one of the causes of diffuse damage. Patients with nHIBD are at an increased risk of developing Alzheimer’s disease (AD). However, the shared pathogenesis of patients affected with both neurological disorders has not been fully elucidated.

Purpose: We here aim to identify the shared molecular signatures between nHIBD and AD. We used an integrated analysis of the cortex gene expression data, targeting differential expression of genes related to the mechanisms of neurodegeneration and cognitive impairment following traumatic brain injury.

Methods: The gene expression profiles of Alzheimer’s disease (GSE203206) and that of Neonate Hypoxia-Ischemia Brain Damage (GSE23317) were obtained from the Gene Expression Omnibus (GEO) database. After identifying the common differentially expressed genes (DEGs) of Alzheimer’s disease and neonate Hypoxia-Ischemia Brain Damage by limma package analysis, five kinds of analyses were performed on them, namely Gene Ontology (GO) and pathway enrichment analysis, protein–protein interaction network, DEG-transcription factor interactions and DEG-microRNA interactions, protein-drug interactions and protein-disease association analysis, and gene-inflammation association analysis and protein-inflammation association analysis.

Results: In total, 12 common DEGs were identified including HSPB1, VIM, MVD, TUBB4A, AACS, ANXA6, DIRAS2, RPH3A, CEND1, KALM, THOP1, AREL1. We also identified 11 hub proteins, three central regulatory transcription factors, and three microRNAs encoded by the DEGs. Protein-drug interaction analysis showed that CYC1 and UQCRFS1 are associated with different drugs. Gene-disease association analysis shows Mammary Neoplasms, Neoplasm Metastasis, Schizophrenia, and Brain Ischemia diseases are the most relevant to the hub proteins we identified. Gene-inflammation association analysis shows that the hub gene AREL1 is related to inflammatory response, while the protein-inflammation association analysis shows that the hub proteins AKT1 and MAPK14 are related to inflammatory response.

Conclusion: This study provides new insights into the shared molecular mechanisms between AD and nHIBD. These common pathways and hub genes could potentially be used to design therapeutic interventions, reducing the likelihood of Alzheimer’s disease development in survivors of neonatal Hypoxic-Ischemia brain injury.
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1 Introduction

Traumatic brain injury (TBI) is one of the major causes of disability and death worldwide. The damages from TBI can generally be divided into focal damage and diffuse damage. Diffuse injuries include hypoxia-ischemic injury, meningitis, and vascular injury. Neonate Hypoxia-Ischemia Brain Damage (nHIBD) is one of the causes of TBI and occurs at the beginning of human life. It is a neurological condition because neonatal hypoxia and ischemia lead to the dysfunction and loss of neuronal, glial, and endothelial cells, which are vital in the human brain. In recent years, the advancement of nHIBD treatment methods has included hypothermia, stem cell therapy, and neuroprotective drugs (Wu et al., 2015; Yang et al., 2020). While hypothermia is a widely acceptable treatment, there are still some neonatal patients suffering from long-term neurological dysfunction after being treated. About 0.7% of premature infants and 0.3% of full-term infants suffer from neonatal hypoxia ischemic encephalopathy, among whom only 60% survive, and 30% of survivors will suffer from neurological dysfunction, including Alzheimer’s disease (AD), in the long term (Douglas-Escobar and Weiss, 2015; Kurinczuk et al., 2010).

AD is the leading form of neurodegenerative disease, mostly affecting the elderly and characterized by a gradual deprivation of cognitive function, ultimately leading to death (Alzheimer’s Association et al., 2017). The Symptoms of AD include depression, repetitive questioning (Huang et al., 2020), aggression, sleep problems, wandering, and a variety of inappropriate behaviors, and 95% of AD occurs sporadically. Postmortem tissue analysis of AD brains revealed the existence of Aβ amyloid plaques and neurofibrillary tangles of hyperphosphorylated Tau (Huang et al., 2019). These constitute the two hallmarks of AD and have distinct features.

It has been reported that patients who experienced neonatal hypoxia-ischemia encephalopathy are more prone to AD than their peers (Tarkowska, 2021), but the exact mechanism by which these two diseases coexist remains unclear. Interestingly, both nHIBD and AD have been demonstrated to be associated with TLR4 and Ferroptosis, and AQP4 level was reported to be decreased in both nHIBD and AD (Chandra et al., 2021; Ruganzu et al., 2022; Wang et al., 2023; Yu et al., 2012; Zhu et al., 2021). However, there are still insufficient bioinformatics studies investigating the relationship between nHIBD and AD. The study of common transcriptional features shows promise as a novel and feasible scheme for investigating the common pathogenic mechanisms of nHIBD and AD at the genetic level. Therefore, the primary aim of this study is to explore the common pathophysiological mechanisms of AD and nHIBD. To achieve our objectives, we analyzed two gene expression datasets (GSE23317 and GSE203206) downloaded from the Gene Expression Ontology (GEO) database to identify the differentially expressed genes (DEGs) for the two datasets, and then the common DEGs genes for the two diseases. The identified common DEGs are the focus of this study and thus are used for further experiments and analyses including:

Gene Ontology (GO) and pathway enrichment analysis to find shared GEGs and pathways;

Construction of protein–protein interaction networks (PPIs) with the STRING database and their analyses with the Cytoscape software to find hub protein;

Analyses of the DEG-transcription factor interactions and DEG-microRNA interactions;

Analyses of the protein-drug and protein-disease interaction network to find potential drugs and potential treatment methods by identifying the transcriptional components of universal DEGs;

Analyses of gene-inflammation and protein-inflammation association to find the relationship between DEGs and inflammation responses.

Therefore, the main objective of this study was to construct a workflow based on bioinformatics approaches to detect potential associations between nHIBD and AD. Determining the nature of these associations may not only provide clues to the molecular processes underlying these diseases but also ultimately help to discover possible treatments that could lead to the generation of disease-modifying drugs. Figure 1 illustrates the sequential workflow of our study.
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FIGURE 1
 Flowchart of the analytical steps of this study. DEGs, differentially expressed genes; GO, Gene Ontology; TF, Transcription factor; miRNA, microRibonucleic acid.




2 Materials and methods


2.1 Data source

GEO1 is a public database that includes a large number of high-throughput sequencing and microarray gene sets (Edgar et al., 2002). Using Alzheimer’s disease (AD) and neonate hypoxia-ischemia brain damage (nHIBD) as keywords, the related gene expression datasets were exhibited and two microarray datasets (GSE23317 and GSE203206) from the cortex genome from GEO (Illumina MouseRef-8 v2.0 GPL6885 platform, Illumina HiSeq 4,000 GPL20301 platform) were downloaded. The GSE23317 dataset contains the genome of neonatal mice aged 8 days with nHIBD treated by Rice-Vannucci (n = 7) and sham control (n = 8) from the cortex. The dataset was processed using high-throughput functions analyzed by Illumina Miseq (Mus musculus) and contributed by Cheung et al. (GEO: GSE23317). GSE203206 consists of the genome from the occipital cortex of patients with early AD (n = 19) and healthy controls (n = 8). The dataset is processed using high-throughput functions of the analysis using Illumina HiSeq (Homo sapiens). This is from a database contributed by Caldwell et al. (2022) and Scheckel et al. (2016).



2.2 Identification of DEGs

Differentially expressed genes (DEGs) were identified using the “Limma” package of R software (Ritchie et al., 2015). Meanwhile, the DEGs of the GSE203206 dataset had a threshold | logFC | > 0.5 and p- value <0.05, and the DEGs of the GSE23317 dataset had a threshold | logFC | > 0.2 and p- value <0.05. The Funrich analysis tool was used to obtain the common DEGs between AD and nHIBD.



2.3 Gene ontology and pathway enrichment analysis

To help understand the function of differentially expressed genes, GO function, KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis, and pathway enrichment analysis were carried out using DAVID software (version 2023q2). GO is a multifaceted annotation of the genome for biological processes, cellular components, and molecular functions. At the same time, the KEGG annotates the genetic pathways of different species in many ways, providing information about biological functions (Masseroli, 2019). Both the GO and KEGG pathways were enriched by the omicshare database. The data we processed used Fisher’s exact test as a statistical method and was corrected by the Benjamini algorithm, with p < 0.05 after correction being considered as a significant difference.



2.4 Protein–protein interaction network analysis

In all living organisms, PPIs are critical for both cellular functions and biological processes. Exploration of protein interactions will facilitate a deeper understanding of pathophysiological pathways of disease conditions as well as the identification of multiple drugs and therapeutically optimized methods (Rain et al., 2001). Using the protein interaction gene retrieval tool2 (version 11.5), the minimum required interaction score was set to 0.4 to mine the interactions between protein-coding genes, relationships between proteins of interest, such as direct binding or coexisting upstream and downstream regulatory pathways could be found, and can help to build a PPI network with complex regulatory relationships to reflect our specified DEGs and how proteins can physically and functionally communicate with each other (Szklarczyk et al., 2019). Due to the relatively small number of common DEGs, the lowest score confidence criterion was set to generate the PPI network for the analysis using network analysis.

Three densely connected modules from the PPI network were identified with the criteria of K-core = 2, degree cutoff = 2, max depth = 100, and node score cutoff = −0.2 by the MCODE plugin of Cytoscape (versions 3.8.0).



2.5 Identification of transcription factors and miRNA with common genetic interactions

NetworkAnalyst tool3 was used to construct the DEG-transcription factor interactions and DEG-microRNA interactions (Xia et al., 2015). Finally, these hub genes, miRNA, and transcription factor were plotted using the NetworkAnalyst tool.



2.6 Assessment of the protein-drug interactions

DrugBank (v5.0) is a unique bioinformatics and cheminformatics resource, which also provides information about the effects of drugs on expressed proteins. Network analysis was utilized for protein-drug interactions to find interactions between the identified DEGs and drugs in the drug library dataset.



2.7 Gene-disease association assessment

DisGeNET is a standardized database of gene-disease associations, which integrates relationships from multiple sources involving different biomedical aspects of the disease and has demonstrated a growing understanding of the human genetic disease. Taking advantage of DisGeNET, network analysis was used to examine gene-disease interactions to identify disease and chronic complications associated with DEGs (Piñero et al., 2017).



2.8 Gene-inflammation and protein-inflammation association analysis

UniProt Knowledgebase4 is a database that provides users with a comprehensive, high-quality, and freely accessible set of protein sequences annotated with functional information (UniProt Consortium et al., 2021). This database was used to analyze each DEG and hub protein we have identified to find the DEG and hub proteins related to the inflammatory response.



2.9 Establishment of a neonatal mouse model of HIBD

Given that most studies have adopted the Rice-Vannucci method which mimics neonatal encephalopathy in term infants (Min et al., 2020; Rice et al., 1981), this method was used to establish the nHIBD mouse model in this study. Pregnant C57BL/6 J mice (aged >15 days of gestation) were procured from the Animal Center of Yunnan University (Kunming, China), All the animals were acclimated under standard laboratory conditions (ventilated room, 25 ± 1°C, 60 ± 5% humidity, 12 h light/dark cycle) and had free access to standard water and food (SCXKK2021-0001). All procedures were conducted in accordance with the “Guiding Principles in the Care and Use of Animals” (China) and were approved by the Laboratory Animal Welfare Ethics Committee Yunnan University (YNU20230470). The obtained C57BL/6 J mice were fed under standardized environmental conditions. After delivery, the pups were anesthetized with isoflurane on postnatal days 9–11 (P9-P11) (4% for induction and 2% for Supplementary material, anesthesia). The artery was cut on the middle skin of the mouse neck, the left carotid artery around the trachea was identified and the left common carotid artery was isolated. Subsequently, double ligation was performed with suture (6.0) and the neck skin was immediately closed. The whole surgical procedure was controlled within 5 min. The pups were then returned to their mother for 1 h. Next, the pups were placed in a hypoxic chamber (8% O2 + 92% N2 humidified) for 40 min and placed in a hypoxic environment to induce hypoxic damage. After completion of the hypoxic insult, the mice were placed around their mother. Mice receiving anesthesia and carotid artery exposure but without ligation were used as controls (Sham).



2.10 Open field test

Two months after the nHIBD model was established, these mice were individually tested in a 45*45*45 cm3 white opaque box with the room temperature kept at 25°C. After each trial, the box was cleaned with 75% alcohol. Each test lasted 5 min, and the mice were allowed to move freely inside the box while the data were collected by video system, VisuTrack (China) after 5 min of adaptation (Kraeuter et al., 2019; Figure 2A). The box was equally divided into 16 grids and 3 parts including the middle, edge, and corner. Then we focused on the duration of time they spent in different areas, and we evaluated their anxiety level by their frequency of standing, urinating and defecating, face scratching, and wall climbing. When the data were normally distributed, we performed a difference analysis using an independent-samples t-test. When the data do not conform to the normal distribution, we perform a difference test using a nonlinear analysis.
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FIGURE 2
 Patterns of behavioral experiments in mice. (A) Open Field test, divide white opaque box into 4*4, the side area including corner area and edge area, the center area including middle area; (B) Novel Object Recognition, divide white opaque box into 4*4, place different objects in the diagonal area (in the center of corner area).




2.11 Novel object recognition test

The Novel Object Recognition test was performed 1 day after the Open Field test in the same place. It consisted of the following phases: an adaptation phase, training phase (a familiar object A and a familiar object B), and testing Phase (a familiar object A and an unfamiliar object C) (Faraco et al., 2019). Episodic memory was tested at 5 min (training phase) after the adaptation phase and another 5 min (testing Phase) after 24 h. Then the number of times the animal touched the two objects and the time spent on the two objects were recorded. The index of novel object recognition was calculated by the following formula: The time of contact with the new object on the next day was divided by the sum of the time of contact with the two objects, or the number of contacts with the new object was divided by the sum of the number of contacts with the two objects (Figure 2B). Then the results were statistically analyzed to judge the short-term learning and memory ability of the mice. When the data were normally distributed, we performed a difference analysis using an independent-samples t-test. When the data do not conform to the normal distribution, we perform a difference test using a nonlinear analysis.



2.12 RT-qPCR

Total RNA content was extracted from the mouse cortex using the TRIzol reagent (15596018CN, ThermoFisher Scientific, Rockford, United States). The RNA concentration was measured by a microplate reader (DG-3022 type A). The cDNA was obtained from RNA by reverse transcription with a reverse transcription kit (AQ601, TransGen Biotech, Beijing, China). The resulting amount of cDNA was 2 μL and was mixed with SYBR Premix Ex Taq (AQ601, TransGen Biotech, Beijing, China) to obtain a standard 20 μL PCR reaction mixture. In the Applied Biosystems real-time PCR system, the annealing temperature was set to perform a real-time quantitative PCR reaction, which was later analyzed according to the final data. The sequences of the quantitative PCR primers used in this study are shown in Table 1. When the data were normally distributed, we performed a difference analysis using an independent-samples t-test. When the data do not conform to the normal distribution, we perform a difference test using a nonlinear analysis.



TABLE 1 Primers employed in this study.
[image: Table1]




3 Results


3.1 Identification of DEGs

In the nHIBD dataset, we analyzed 369 differentially expressed genes at 8 h and 24 h after nHIBD, out of which 334 were up-regulated genes and 35 were down-regulated. In the AD dataset, we identified 2,670 significant DEGs, with 29 DEGs substantially up-regulated and 2,641 DEGs substantially down-regulated. In total, 12 common DEGs (10 down-regulated, 2 up-regulated) were obtained after excluding genes with opposite expression trends between GSE23317 and GSE203206. Although the differential genes of neonatal hypoxia-ischemia are mainly upregulated, and those of AD are mainly downregulated, they share very few common differentially expressed genes with consistent trends. However, this small number of shared differentially expressed genes plays an important role in both conditions (Figure 3), including HSPB1, VIM, MVD, TUBB4A, AACS, ANXA6, DIRAS2, RPH3A, CEND1, KALM, THOP1, AREL1, and HSPB1, VIM are upregulated while others are downregulated.

[image: Figure 3]

FIGURE 3
 Microarray normalization and differential gene analysis in the AD and nHIBD group. (A) The volcano map of AD, blue represents downregulation, and red represents upregulation, | logFC | > 0.5 and p-value <0.05. (B) The volcano map of nHIBD, blue represents downregulation, and red represents upregulation, | logFC | > 0.2 and p-value <0.05. (C) The heatmap of AD. (D) The heatmap of nHIBD. (E) The two datasets showed an overlap of 12 DEGs.




3.2 Analysis of the functional features of common DEGs

In order to clarify the biological functions and pathways involved in the progression of nHIBD to AD, GO functions and KEGG Pathway enrichment analyses were performed to analyze the 12 common DEGs (Table 2). GO analysis results revealed that the common DEGs are involved in 1 biological process (BP), which is the regulation of cellular process; 24 cellular components (CC), including cell-substrate adherent junction, cell-substrate junction, focal adhesion, neuron projection, and extracellular exosome; 19 molecular functions (MF), such as GTP binding, small molecule binding, purine ribonucleoside triphosphate binding, purine ribonucleotide binding, and nucleotide binding (Figure 4A). Nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) is a inflammasome, associated with AD and nHIBD, as well as nucleotide binding (Chen et al., 2023a; Heneka et al., 2013). The results of the pathway enrichment analysis showed that these genes are involved in signaling by Rho GTPases, Miro GTPases, and RHOBTB3, signal transduction, immune system and adaptive immune system (Figure 4B). Since B-cell is an important part of the adaptive immune system, which plays an important role in the pathogenesis of various central nervous system (CNS) diseases, and B cells mediate autoimmune inflammation in the CNS through the release of inflammatory factors (Sabatino et al., 2019). The inductive inference is that inflammatory is involved in the progression of nHIBD to AD.



TABLE 2 LogFC and p-values for each common DEGs.
[image: Table2]
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FIGURE 4
 DEGs enrichment analysis results. (A) The enrichment analysis results of GO, adjusted p-value <0.05 was considered significant. (B) The enrichment analysis results of the KEGG Pathway. X-axis is fold enrichment.




3.3 Construction of PPI networks and identification of hub proteins

PPI networks were constructed for DEGs with a combined score greater than 0.4 using Cytoscape, and this resulted in 42 nodes and 131 edges. In addition, three closely connected gene modules were obtained by the MCODE plug-in of Cytoscape (Figure 5A). Several interconnected nodes in a PPI network are considered to be hub proteins. By studying the Cytohubba plug-in results of Cytoscape identified with different algorithms, a total of 11 hub proteins were detected, including AKT1, TP53, CYCS, HSPB1, CASP9, SNAP25, MDM2, MAPK14, MAP3K5, DAXX, and HSP90AA1 (Figure 5B).

[image: Figure 5]

FIGURE 5
 The PPI network map. (A) The shared PPI network map by nHIBD and AD. (B) The hub protein in the PPI network, and the color scale is points edge count. (C) The relationship between DEGs and hub protein, and the red parts are DEGs or hub protein.




3.4 Identification of transcription factors and miRNA with common genetic interactions

PPI-based methods were used to read the transcription factors (TF), miRNAs, DEGs-TFs, and DEGs-miRNA to identify transcriptional and post-transcriptional regulation of the common DEGs. The association involving the DEGs and the TFs is shown in Figure 6A. The correlation between DEGs and miRNAs is also shown in the figure, and this identified three transcription factors including STAT3, SP1, and NFkB. Among them, STAT3 and NFkB are involved in the classical pathway linking inflammation and cancer. S-sulfhydration of Stat3 attenuates osteopontin-mediated neuroinflammation following hypoxia-ischemia insult in neonatal mice (Li et al., 2022). STAT3 acetylation and activation plays an important part in astrocytic mitochondrial dysfunction progressively induces neuroinflammation and AD (Mi et al., 2023). miR-212-3p attenuates neuroinflammation of rats with AD via regulating the SP1/BACE1/NLRP3/Caspase-1 signaling pathway (Nong et al., 2022). nHIBD activated the NF-kB signaling and NF-κB-mediated cytokine, modulating Inflammatory Response (Sun et al., 2022). NF-kB (p50/p65)-Mediated Pro-Inflammatory microRNA (miRNA) Signaling in AD (Lukiw, 2022). The analysis also identified three miRNAs including mir-17-5p, mir-26b-5p, and mir-16-5p (Figure 6B), among which mir-17-5p and mir-16-5p are associated with tumors, indicating that there are some links between miRNA enriched by DEGs and tumors and inflammation. What’s more, miR-16-5p has been shown to be decreased in AD (Gui et al., 2015), and MiR-16-5p targets TXNIP to regulate LPS-induced oxidative stress and apoptosis in cardiomyocytes (Yu-Cheng et al., 2020). Mir-17-5p inhibition decreased TXNIP/NLRP3 inflammasome activation after neonatal hypoxic–ischemic brain injury in rats (Chen et al., 2018). Mir-17-5p and mir-26b-5p may involved in apoptosis and proinflammatory cytokines in the pathogenesis of AD (Nguyen and Kim, 2022). Mir-16-5p is upregulated by amyloid β deposition in AD models and induces neuronal cell apoptosis through direct targeting and suppression of BCL-2 (Kim et al., 2020). The analysis of DEGs-TFs and DEGs-miRNA predicted that neuroinflammation mediates the progression of nHIBD to AD.

[image: Figure 6]

FIGURE 6
 TFs and miRNA plots and interaction plot between the drugs and the hub proteins. (A) The Gene-TFs interactions, and the blue parts are key transcription factors. (B) The Gene-miRNA interactions, and the blue parts are key miRNA. (C) Interaction plot between the drugs and the hub proteins, and the blue parts are key brugs. (D) Interaction plot between the disease and the hub proteins, and the blue parts are associated diseases, the color scale is points relevance score. TF, Transcription factor; miRNA, microRibonucleic acid.




3.5 Identification of the drug candidates

To identify drug candidates that may affect the progression of nHIBD to AD, we studied protein-drug interactions, the analysis of which is important to understand the essential properties of sensitive receptors (Mahmud et al., 2021). The analysis of protein-drug interactions explains the drug-hub-protein interactions. Figure 6C shows the relationship between the drug UBIQUINONE-2 and FAMOXADONE and the protein CYC1 and UQCRFS1, the drug 17-Dmag and the protein NOS3, the drug Minocycline and the protein MAPKAPK2, and the drug Nedocromil and the protein HSP90AA1. Among the above-mentioned drugs, UBIQUINONE-2 is associated with cancer, FAMOXADONE is an antibacterial agent, 17-Dmag is an anti-tumor agent, and Minocycline has antibacterial and anti-inflammatory properties. It has been shown that Minocycline is potential in the treatment of AD and nHIBD for its anti-inflammatory effect, and the predicted receptor MAPKAPK2 is involved in inflammatory response by regulating tumor necrosis factor (TNF) and IL6 production post-transcriptionally (Tollenaere et al., 2015), which suggests that inflammation is a key mechanism in the development of nHIBD to AD (Min et al., 2020). FAMOXADON will promote the occurrence of AD, is one of the risk factors for the occurrence of neurodegenerative diseases such as AD (Pearson et al., 2016). 17-Dmag is a HSP90 inhibitor, HSP90 is a ubiquitous molecular chaperone, found to have an important role in averting protein misfolding and aggregation through inhibition of apoptotic activity in neuro-inflammatory diseases (Alam et al., 2017). Overactivation of cyclin-dependent kinase 5 (Cdk5) by p25 leads to neuroinflammation that leads to neurodegeneration in Parkinson’s disease (PD) and AD, Minocycline ameliorating Alzheimer’s-like Pathology via Inhibiting Cdk5/p25 Signaling (Zhao et al., 2022). Minocycline has been used in basic research in AD and nHIBD, and its function is associated with the inhibition of neuroinflammation. There are not many studies on the use of other drugs for AD and nHIBD, and whether they are related to neuroinflammation needs to be further verified.



3.6 Identification of gene-disease associations

The hypothesis that various diseases can be interconnected is based on the possibility that they often have one or more DEGs in common. Disease-specific therapeutic interface technology graph reveals the link between genes and disease. According to the network analysis study of gene-disease relationships, mammary neoplasms, neoplasm metastasis, schizophrenia, and brain ischemia diseases are the most relevant to the hub proteins we identified (Figure 6D). These are not only highly related to neurological diseases but also to inflammation. Loss of TP53 triggers WNT-dependent systemic inflammation to drive mammary neoplasms (Wellenstein et al., 2019). Perinatal inflammation promoted schizophrenia (Depino, 2018). Inflammation is increasingly being recognized as contributing negatively to brain ischemia diseases (Tang et al., 2012). We found that inflammation plays an important role in diseases associated with DEGs, which indirectly indicates that the common DEGs of nHIBD and AD and inflammation are closely related, neuroinflammation may play a vital role in the progression of nHIBD to AD.



3.7 Gene-inflammation and protein-inflammation association analysis

While retrieving the UniProt Knowledgebase we found that the DEG AREL1 (Apoptosis-resistant E3 ubiquitin protein ligase 1) and the hub proteins AKT1 and MAPK14 are related to inflammatory response. AREL1 is a DEG whose product is located in the cytosol. It modulates pulmonary inflammation by targeting SOCS2 for ubiquitination and subsequent degradation by the proteasome (Lear et al., 2019) and relates to regulation of neuroinflammatory response according to the GO annotations (GO: 0150077). AKT has an important role in the regulation of NF-kappa-B-dependent gene transcription and positively regulates the activity of CREB1 (cyclic AMP -response element binding protein; Du and Montminy, 1998). The overactivation of PI3K-AKT signaling pathway is caused by AKT1 gene amplification or activating mutations. Interestingly, inhibition of the mGluR5/PI3K-AKT pathway alleviates Alzheimer’s disease-like pathology through the activation of autophagy in 5 × FAD mice (Chen et al., 2023b). MAPK14 is one of the four p38 MAPKs which play an important role in the cascades of cellular responses evoked by extracellular stimuli such as pro-inflammatory cytokines or physical stress leading to direct activation of transcription factors. The promoters of several genes involved in the inflammatory response, such as IL6, IL8 and IL12B, display a p38 MAPK-dependent enrichment of histone H3 phosphorylation on ‘Ser-10’ (H3S10ph) in LPS-stimulated myeloid cells (Reinhardt et al., 2010). Activated MAPK14 protein can also activate downstream protein kinases and transcription factors, to upregulate the expression of inflammatory factors such as TNF-α, IL-2, and IL-4 to mediate apoptotic cell death (Zarubin and Han, 2005).



3.8 Behavioral analysis of nHIBD mice

Compared with the sham group, the nHIBD group showed anxiety behavior and unaffected motor function (Figures 7A–D). For novel object recognition, the nHIBD mouse explored novel objects for less time than the sham group, and the time of exploring novel objects were statistically significant (p < 0.05). These data indicate that the nHIBD mice developed some anxiety and cognitive impairments (Figures 7E–H). Previous results from behavioral experiments showed that 2 months after modeling mice developed anxiety, and inflammation is one of the causes of anxiety (Zhuang et al., 2022). Moreover, studies have indicated that elderly people with anxiety disorders are more likely to have cognitive dysfunction, which is one of the characteristics of AD (Sun et al., 2023). Herein, the open field and novel object recognition results revealed anxiety and cognitive impairments in nHIBD mice, respectively. Anxiety has been shown to be one of the factors contributing to cognitive dysfunction, suggesting that the inflammation that occurs after nHIBD might trigger anxiety and cognitive dysfunction. Therefore, this may be an important mechanism that promotes the occurrence of AD. It has been proved that SD rats after nHIBD developed cognitive impairment 1 month after modeling by Morris water maze test, and our open field and new object recognition experiments are further validated by this experiment (Chen et al., 2024).
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FIGURE 7
 The results of the Open Field and Novel Object Recognition test and the expression levels of four DEGs in cortex tissues detected by RT-qPCR. (A-F), Open Filed test. (A) The number of fecal boli. (B) The times of climbing wall. (C) The times of grooming. (D) Total movement distances. (E) Time spent in side. (F) Time spent in center. (G,H) Novel Object Recognition. (G) The exporation time of A object in the first day. (H) The exporation time of new object in the next day. (I–L) The results of qPCR tests on RNA. (I) The expression levels of DIRAS2 in cortex tissues detected by RT-qPCR. (J) The expression levels of VIM in cortex tissues detected by RT-qPCR. (K) The expression levels of AREL1 in cortex tissues detected by RT-qPCR. (L) The expression levels of RPH3A in cortex tissues detected by RT-qPCR. **p < 0.01. *p < 0.05. (n equal or greater than 8).




3.9 qPCR validation

Through GO and KEGG analysis, we found that these common DEGs are closely related to inflammatory function. Through PPI analysis, we found that DEGs and hub proteins are closely related to AD, MAPK signaling pathway, p53 signaling pathway, PI3K-Akt signaling pathway, and the latter three pathways are mainly involved in the process of inflammation regulation. Through the analysis of DEGs-TFs, DEGs-miRNA, DEGs-drugs, DEGs-diseases, we found that the related TFs, miRNA, drugs and diseases were also associated with inflammation. To demonstrate the accuracy of our genetic predictions, we validated them by performing common DEGs associated with inflammation. By querying, AREL1, VIM, DIRAS2, RPH3A were chosen for qPCR experiments to confirm this prediction. From the GO and KEGG analyses, we know that AREL1 is a gene associated with inflammation, AREL1 can limit inflammation by shrinking the cellular pool of pro-IL-1β (Mishra et al., 2023). VIM is a disease-associated astrocyte gene identified in one AD mouse model (Habib et al., 2020), it has been reported that infecting mouse brain with EV71-induced VIM gene-mediated NLRP3 inflammasome activation, leads to the release of IL-1β and caspase-1, which may be one of the causes of inflammation and neuronal injury in the CNS (Xiao et al., 2018). DIRAS2 involved in the progress of TBEV-infected neurons and astrocytes was revealed that DIRAS2 may be associated with inflammation (Selinger et al., 2022). RPH3A, LCN2, S100A8, S100A9 et al., belonging to pathways related to vasculature development, hypoxia, epithelial cell apoptosis, epithelial mesenchymal transition, and inflammation, support the pachychoroid phenotype and highlight downstream molecular targets (Leclercq et al., 2023). Interestingly, the expression of Diras2 and Arel1 in the sham group was higher than that of the nHIBD group, whereas the expression of Vim in the sham group was lower than that in the nHIBD group. These results are consistent with our gene expression results selected from the GEO database (Figures 7I–L).




4 Discussion

The GEO database was used to download and analyze two gene expression datasets, GSE23317 and GSE203206, and identified the DEGs common to nHIBD and AD. Using genetic data from nHIBD mice and AD patients, we performed bioinformatics analysis to characterize genes that are dysregulated in both diseases which could potentially serve as potential therapeutic candidates or diagnostic biomarkers. The 12 shared DEGs including HSPB1, VIM, MVD, TUBB4A, AACS, ANXA6, DIRAS2, RPH3A, CEND1, KALM, THOP1, AREL1, previous studies have shown that these DEGs are highly correlated with nHIBD and AD. HSPB1 as promising targets involved in the pathological mechanisms of neurodegenerative diseases, is upregulated in AD (Fan et al., 2023). HSPB1 overexpression improves hypoxic–ischemic brain damage by attenuating ferroptosis in rats through promoting G6PD expression (Dai and Hu, 2022). MiR-7a-2-3p plays a crucial role in the hypoxic–ischemic injury, and is associated with regulation of VIM, VIM is upregulated in nHIBD (Zhang et al., 2019). TUBB4A is correlated with tau inclusion formation at both transcriptomic and proteomic levels interact directly with or regulate tau, is downregulated in AD (Ficulle et al., 2022). In the nHIBD group, TWS119 is found to be downregulated. Compared to the nHIBD group without TWS119 treatment, treatment with TWS119 up-regulated the expression of CEND1 and promoted neuronal differentiation and cortical development, as evidenced by the expression of NeuN and TBR1 (Gao et al., 2024). CEND1 is a neuronal specific protein and locates in the presynaptic mitochondria. Depletion of CEND1 leads to increased mitochondrial fission mediated by upregulation of dynamin related protein 1 (Drp1), resulting in abnormal mitochondrial functions. CEND1 deficiency leads to cognitive impairments in mice. Overexpression of CEND1 in the hippocampus of 5 × FAD mice rescued cognitive deficits (Xie et al., 2022). RPH3A loss correlated with dementia severity, cholinergic deafferentation, and increased β-amyloid (Aβ) concentrations (Tan et al., 2014). THOP1 correlated with CSF total tau (t-tau), phosphorylated tau (p-tau), and Aβ40 (Rho >0.540) but not Aβ42 (Hok-A-Hin et al., 2023). The protein expressions of the DEGs mentioned above are consistent with our predictions.

The GO model provides a comprehensive theoretical framework for describing gene functions and their interactions within the field of gene expression, through GO and KEGG analysis, these DEGs were highly correlated with inflammation, this finding also provides the necessary preparation for the subsequent analysis of inflammation. It is progressively developed by gathering scientific knowledge about gene function and regulation, depending on the various GO categories and linguistic connections across categories (Rahman et al., 2021). The enrichment technology is used to explore and annotate three parts of the gene GO database (biological, cell, and molecule) for common genes. The biological component of the enrichment analysis GO includes biological processes like the regulation of the cellular process, cell-substrate adherent junction, cell-substrate junction, focal adhesion, neuron projection, and extracellular exosome, GTP binding, small molecule binding, purine ribonucleoside triphosphate binding, purine ribonucleotide binding, and purine nucleotide binding. The cell part refers to the cellular form in which genes control their activity, whereas the molecular concept refers to the molecular activity of the result of the gene expression. Pathway analysis is a new strategy that explores and reveals how biologically or molecularly complex diseases are related. This pathway is the best way to achieve organismal responses caused by internal changes in Signaling by Rho GTPases, Miro GTPases, and RHOBTB3, Signal Transduction, Adaptive Immune System, and Immune System (Podder et al., 2020). We found the common DEGs are involved in GO analysis and KEGG pathway studies have revealed many mechanisms in neurodegenerative diseases. The analysis showed that these DEGs associated with immune system and adaptive immune system. In addition, this procedure has been successful in identifying other major proteins or hub proteins that are shared between nHIBD and AD. It presents many new avenues of research, such as the possibility of being used for preventive therapy.

PPI experiments are usually performed to reach basic disease-related signaling molecules and pathways that may amplify the disease aspects of model systems (Rahman et al., 2020). Therefore, we performed PPI studies to identify key hubs. Interestingly, 11 hub proteins including AKT 1, TP 53, CYCS, HSPB 1, CASP 9, SNAP25, MDM 2, MAPK14, MAP3K5, DAXX, and HSP90AA1 were identified. In the GO and KEGG analyses, we found that inflammation plays an important role in the common DEGs of nHIBD and AD, so we focused on how the hub protein plays a role through inflammation. These hub proteins are potentially important biomarkers. Looking at the treatment possibilities of the diseases under study, we built a submodule network to better understand the close connection and proximity of the hub proteins with the help of Cytohubba plug-ins. The hub protein is the protein most closely associated with DEGs, and by identifying the hub protein, we can predict proteins that may play a key role in nHIBD and AD. AKT1 involved in IGF-I neuroprotection is downregulated in nHIBD (Brywe et al., 2005), and AKT1 is identified as the most potent regulators of the functional interaction network formed by these immune processes in AD (El Idrissi et al., 2021). TP53-induced glycolysis and apoptosis regulator (TIGAR) can protect neurons after cerebral ischemia/reperfusion (Tan et al., 2021). The roles and activities of miR-34a in the brain are modulated by factors that control its expression (such as Tp53/73), as well as its downstream target genes (such as the sirtuins SIRT1 and SIRT6) and signaling pathways (such as the Notch pathway), and the Notch signaling pathway regulates macrophage polarization (Chua and Tang, 2019). CYCS is pyroptosis-related gene in AD (Xia et al., 2023). HSPB1 is associated with ferroptosis in nHIBD, ferroptosis trigger the innate immune system by releasing inflammation-related damage-related molecules, and immune cells elicit an inflammatory response by recognizing mechanisms of different patterns of cell death (Dai and Hu, 2022). HSPB1 Modulate amyloid-β protein precursor expression in AD (Conway et al., 2014). CASP9 is a protein related with apoptosis and angiogenesis, chronic inflammation is often accompanied by angiogenesis and apoptotic cells control inflammation by selectively releasing metabolic molecules (Kumral et al., 2013). CASP9 is involved in neuronal inflammation and apoptosis in AD (Fang et al., 2018). SNAP25 attenuates neuronal injury via reducing ferroptosis in acute ischemic stroke (Si et al., 2023). SNAP25 is one of biomarker of AD, ameliorates postoperative cognitive dysfunction by facilitating PINK1-dependent mitophagy and impeding caspase-3/GSDME-dependent pyroptosis (Wang et al., 2023). MDM2 is key protein in nicotinic acid supplementation which contributes to the amelioration of AD in mouse models (Wang et al., 2022). MAPK14 is associated with ferroptosis in AD, P38α-MAPK phosphorylates Snapin and reduces Snapin-mediated BACE1 transportation in APP-transgenic mice (Schnöder et al., 2021). MAP3K5 is associated with many signaling pathways, which include endoplasmic reticulum (ER) stress-mediated apoptosis, Aβ-induced neurotoxicity, tau protein phosphorylation, and insulin signal transduction in AD (Song et al., 2014). Estrogen protects against amyloid-β toxicity by estrogen receptor α-mediated inhibition of Daxx translocation (Mateos et al., 2012). HSP90AA1 is involved in pyroptosis in nHIBD, pyroptosis is an inflammatory death of cells (Hou et al., 2020). HSP90AA1 is one of immunogenic cell death-related genes involved in AD (Wang et al., 2024). We can find that these hub proteins are mainly associated with inflammatory processes, pyroptosis, ferroptosis, and apoptosis.

Previous studies have shown that inflammation may play an important role in these two diseases, and for further validation, we analyzed the role of inflammation in common DEGs-related TFs, miRNAs, diseases, and drugs. Through the search of the path on the KEGG website,5 we found that the screened DEGs and hub proteins were mainly concentrated in Alzheimer disease pathway, MAPK signaling pathway, p53 signaling pathway, PI3K-Akt signaling pathway (Figure 5C), the latter three are mainly involved in the regulation of inflammation. To classify the DEG of regulatory molecules, we examined transcription factors and miRNAs of important regulatory molecules. In terms of DEGs-TF interaction, we identified 3 transcription factors, STAT3, SP1, and NFkB. Previous studies have shown that mutations in STAT3 are associated with neurodegenerative diseases such as AD, whereas SP1 is associated with cardiovascular diseases, and NFkB is associated with hypoxic and ischemic disease (Zaghloul et al., 2020; Zhang et al., 2021; Zhang et al., 2018). Previous studies have suggested that advancements in bioinformatics approaches and high-throughput technologies for TF and miRNA target prediction, as well as the integration of multilevel networks, hold promises for the future of medical science even though there are challenges (Zhang et al., 2015). Nowadays, miRNA is becoming increasingly prominent as a biomarker for many complex diseases, including cancer. We here identified three major regulatory miRNAs including mir-17-5p, mir-26b-5p, and mir-16-5p in our study. Among them, microRNA-17-5p is a novel endothelial cell modulator and controls vascular reendothelialization and neointimal lesion formation, whereas MiR-26b-5p regulates the preadipocyte differentiation by targeting FGF21 in goats, and MiR-16-5p regulates postmenopausal osteoporosis by directly targeting VEGFA (Liu et al., 2023; Ma et al., 2021; Yu et al., 2020). Studies of gene-disease interaction networks have identified comorbidities associated with hub genes. The diseases about which we identified central genes that were the most in sync were Mammary Neoplasms, Neoplasm Metastasis, Schizophrenia, and Brain Ischemia diseases. Further, to search for new drugs targeting the hub proteins, we explored protein-drug interactions and our results revealed that CNF1010, 17-Dmag, and Nedocromil were related to the hub protein HSP90AA1, whereas Gambogic acid and Zinc were related to the key common proteins DEGs S100A8 and S100A9. These key genes were found by the gene-drug database and were associated with therapeutic anti-inflammatory drugs such as minocycline, indicating that inflammation plays an important role in the progression of nHIBD to AD. Although the association between these drugs and proteins has been established, more research is needed to determine whether treating patients with nHIBD with these drugs can decrease the likelihood of developing AD. Directly using drugs as variables to judge the curative effect of drugs on diseases is the most direct criterion, and it may also be the direction of follow-up research (Khanal et al., 2024a; Khanal et al., 2023; Khanal et al., 2024b). Finally, we analyzed the inflammation-associated DEGs and hub proteins in an attempt to find a common mechanism as the direct link between these two diseases and inflammation. As illustrated by open field and novel object recognition behavior tests, mice developed anxiety and cognitive dysfunction after nHIBD. This indicates that brain inflammation in nHIBD mice leads to anxiety, and anxiety plays an important role in the development of cognitive dysfunction which to a certain extent may develop into AD. Consistently, a previous study revealed that common neuropsychiatric symptoms such as irritability seen in AD patients are the consequence of brain inflammation rather than Aβ and tau pathologies (Schaffer Aguzzoli et al., 2023), and the qPCR results verified the DEGs.



5 Conclusion

Bioinformatics studies identified DEGs common to nHIBD and AD that were related to inflammation, indicating that inflammation plays an important role in the pathogenesis of nHIBD and AD. Data from behavioral experiments showed that nHIBD mice exhibit anxiety and cognitive impairments, and patients with anxiety disorders are more likely to develop AD. Therefore, we propose a mechanism for nHIBD progression to AD and offer a potential therapeutic approach (Figure 8).

[image: Figure 8]

FIGURE 8
 Proposed model of development of AD from nHIBD with neuroinflammation playing an important role.


The clinical enlightenment of this pathogenesis is that we can reduce inflammation by paying attention to the inflammation and anxiety of nHIBD patients, through relevant drug treatment, and intervening in the screened inflammation-related genes, and we can judge the clinical treatment effect by observing the anxiety of patients for a long time.

The sample size in some studies may be insufficient to describe all essential disease-related genes required to identify frequent DEGs. But the innovation of our research is that we connect early on-stage diseases with end-stage diseases in the hope of finding treatments during brain development. With the deepening of research, it is of great significance to clinical research.
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