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As the COVID-19 pandemic persists, the increasing evidences suggest that the patients with COVID-19 may face the risks of the neurological complications and sequelae. To address this issue, we conducted a comprehensive study aimed at exploring the relationship between COVID-19 and various neurological disorders, with a particular focus on the shared dysregulated genes and the potential therapeutic targets. We selected six neurological disorders for investigation, including Alzheimer’s disease, epilepsy, stroke, Parkinson’s disease, and the sleep disorders. Through the bioinformatics analysis of the association between these disorders and COVID-19, we aimed to uncover the common molecular mechanisms and the potential treatment pathways. In this study, we utilized the publicly available RNA-Seq and microarray datasets, and employed tools such as Limma and DESeq2 for the differential gene analysis. Through the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis, we explored the common biological features and pathways. Additionally, we focused on analyzing the regulatory roles of miRNA and transcription factors on the shared differentially expressed genes, and predicted the potential drugs interacting with these genes. These analyses contribute to a better understanding of the relationship between COVID-19 and the neurological disorders, and provide a theoretical basis for the future treatment strategies. Through this research, we aim to offer the deeper insights to the scientific community and present the new perspectives for the clinical practice in addressing the challenges of the neurological complications and sequelae faced by the COVID-19 patients.
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1 Introduction

The coronavirus disease 2019 (COVID-19) is an infectious disease primarily affecting the respiratory system caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). As of August 14, 2022, there have been 587 million reported cases globally, with 6.4 million deaths (1). The clinical manifestations of COVID-19 primarily involve respiratory symptoms such as fever, the dry cough and fatigue. Severe cases may lead to the respiratory distress, hypoxemia, the acute respiratory distress syndrome, and even death. Similar to SARS-CoV, SARS-CoV-2 primarily enters the host cells through angiotensin-converting enzyme 2 (ACE2) (2). Given the widespread distribution of ACE2 receptors throughout the body, SARS-CoV-2 can also affect multiple systems beyond the respiratory system, including the digestive, cardiovascular, urinary and nervous systems (3).

With the spread of the COVID-19 pandemic and increasing clinical cases, more and more cases of COVID-19 initially present with the neurological symptoms or have only the neurological symptoms during the mild infections. Among the patients with severe COVID-19, the proportion of those presenting with the neurological symptoms and signs is even higher (4). In a retrospective study by Kacem et al. (5), among 646 included cases out of 1,034 confirmed COVID-19 pneumonia patients, 466 cases (72.1%) had the neurological symptoms (14.5% preceding the respiratory symptoms, 48.1% accompanied by the respiratory symptoms, 27.8% following the respiratory symptoms), and 106 cases (22.7%) had the pure neurological symptoms. The neurological disorders associated with COVID-19 include headaches, anosmia, dysgeusia, delirium, the altered consciousness, the cognitive impairment, seizures, delirium, dizziness, coma, encephalopathy and the potential neurodegenerative diseases (6, 7).

A prospective study in New York City showed that among 4,491 hospitalized COVID-19 patients, 606 (13.5%) developed the new neurological diseases within 2 days of COVID-19 symptom onset, with the most common diagnoses being toxic/metabolic encephalopathy (6.8%), seizures (1.6%), stroke (1.9%) and the hypoxia/ischemic injury (1.4%) (8). A study by the NIH indicated that the novel coronavirus can damage the brain blood vessels without infecting the brain tissue (9). Furthermore, research has confirmed that after the infection with the novel coronavirus, the protein structures in the brain neurons undergo misfolding similar to diseases such as Alzheimer’s disease (AD) and Parkinson’s diseases (PD) (10).

The terrifying aspect of the novel coronavirus lies not only in its rapid spread but also in the various serious sequelae it may bring, known as “long COVID” or “post-acute sequelae of SARS-CoV-2 infection (PASC).” This condition is characterized by the persistence or appearance of new symptoms of COVID-19. Although there is no the formal definition of this condition, PASC is the typically defined as the COVID-19 symptoms persisting for more than 30 days (11–13). The neurological symptoms are a prominent feature of PASC, with the common symptoms including the cognitive impairment, the sleep disorders, the autonomic nervous system disorders, depression, the post-traumatic stress symptoms and the substance use disorders (14, 15).

“Long COVID” may affect any individual with a COVID-19 infection, and it may even develop in the asymptomatic or mildly infected individuals. Even the mildly symptomatic individuals may experience the cognitive impairment syndrome characterized by the impaired attention, the information processing speed, memory and the executive function, a condition often referred to as “COVID-fog” (16). A large study from the Netherlands found that among the adults diagnosed with COVID-19, 21.4% experienced at least one new or worsened symptom within 3 to 5 months after infection, compared to 8.7% in the uninfected individuals during the same period. This suggests that in the general population, one in eight COVID-19 patients (12.7%) may experience the corresponding long-term symptoms due to the COVID-19 infection (17). “Long COVID” can last for 3 months, 6 months, 9 months, or even longer, and this condition has been described as the next emerging public health disaster. However, the mechanisms underlying the neurological symptoms of “long COVID” are still poorly understood.

In conclusion, there is a certain association between COVID-19 and various neurological diseases. The reports of the neurological complications and sequelae during the COVID-19 pandemic suggest that the virus may have the direct or indirect effects on the nervous system. Based on the current various reports about the potential association between COVID-19 and the neurological disorders, it hypothesizes a potential molecular overlap such as a gene- or pathway- level between COVID-19 and the neurodegenerative diseases according to various pieces of evidences. The common occurrence of the cognitive impairment in the COVID-19 patients suggests that the virus might impact the nervous system. Additionally, the neurological complications observed in post-COVID-19, such as the acute encephalopathy, stroke and the long-term cognitive impairment, further support this hypothesis. While these phenomena do not directly prove a genetic or pathway-level overlap between COVID-19 and the neurodegenerative diseases, which suggests a potential connection between COVID-19 and the neurodegenerative diseases. Our research aims to explore this potential molecular overlap through the bioinformatics analysis.

The selection of diseases for our study is not arbitrary but is based on the known clinical associations between COVID-19 and various neurological diseases, such as AD and PD. These diseases share some common features such as neuroinflammation and the oxidative stress, which provide a reasonable basis for our investigation. By comparing the transcriptomic data of these diseases with COVID-19, we aim to uncover their common molecular mechanisms and the potential therapeutic pathways.

In this study, we selected six common COVID-19-related neurological diseases, including the hemorrhagic stroke (HS), the ischemic stroke (IS), PD, AD, epilepsy (EP) and sleep disorders (SD), for the bioinformatics analysis of their interaction with COVID-19. From the perspective of the gene interactions, we aim to elucidate the reasons for the occurrence of the neurological complications during the acute phase of the SARS-CoV-2 infection and the potential pathogenic mechanisms of the long COVID neurological symptoms.

The six neurological diseases we selected (including AD, epilepsy, stroke, PD, and the sleep disorders) may share some commonalities in pathogenesis and pathophysiology, such as the inflammatory responses and apoptosis. Therefore, by analyzing the common dysregulated genes of these diseases and combining the protein–protein interaction network analysis, the gene regulatory network analysis, and the protein-drug interaction network analysis, we can reveal the potential shared biological mechanisms between COVID-19 and the neurological diseases, thereby providing the new insights and strategies for the treatment of the related diseases.



2 Methods

We have combined the gene dysregulation across the different diseases and tissue types based on the hypothesis that COVID-19 may cause the neurological complications across multiple systems. Considering that COVID-19 can induce the pathophysiological changes in the nervous system, the immune system and other organ systems, we believe that an overall analysis of the gene dysregulation between the different diseases and tissue types can offer a more comprehensive perspective, revealing the potential common mechanisms. Furthermore, while the different diseases and tissue types may have the unique pathophysiological features, we believe that there are the shared pathophysiological foundations, especially in the immune regulation and the inflammatory response. These commonalities may lead to the co-occurrence of certain gene dysregulations across the different diseases and tissue types. By integrating the data from the different diseases and tissue types, we can identify these commonly dysregulated genes, thereby enhancing our understanding of the mechanisms underlying the SARS-CoV-2’s role in the neurological complications. Our study design aims to explore the commonly dysregulated genes across the different diseases and tissue types rather than simply merge them into a unified model. We will employ the systems biology approaches and the appropriate statistical analyses to elucidate the similarities and differences between the different diseases and tissue types, strive to provide a deeper understanding of the potential mechanisms underlying the SARS-CoV-2 neurological complications.


2.1 Data acquisition

We selected the datasets corresponding to six neurological diseases from the GEO database (18) for the subsequent analysis. GSE153873 represents the RNA-Seq datasets for AD, with the brain tissue samples from 12 patients and 10 healthy controls. GSE134697 represents the RNA-Seq datasets for epilepsy, with the brain tissue samples from 17 patients and 2 healthy controls. GSE163256 represents the RNA-Seq datasets for the hemorrhagic stroke, with the peripheral blood samples from 189 patients and 12 healthy controls. GSE16561 represents the microarray datasets for the ischemic stroke, with the peripheral blood samples from 39 patients and 24 healthy controls. GSE54536 represents the microarray datasets for PD, with the peripheral blood samples from 4 patients and 5 healthy controls. GSE37667 represents the microarray datasets for the sleep disorders, with the peripheral blood samples from 9 patients and 9 healthy controls. Additionally, we selected two datasets for COVID-19, wherein GSE183533 represents the RNA-Seq datasets from the COVID-19 lung tissue, with samples from 27 patients and 6 healthy controls. Another COVID-19 datasets, E-MTAB-8871, sourced from the AraayExpress database (19), was used to analyze the immune responses in whole blood cells of the COVID-19 patients and the healthy individuals, with the samples from 22 patients and 10 healthy controls. All datasets applied in this study are from the Homo sapiens. The characteristic information for all transcriptome datasets used in this study has been summarized in Table 1.



TABLE 1 Summary table of transcriptome data characteristics.
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2.2 Identification of differentially expressed genes

R (version 4.1.2) was used for the data organization and statistics. The “Limma” package in R was utilized for the differential analysis of the microarray datasets (20), while the “DESeq2” package was used for the differential analysis of the RNA-Seq data (21). To obtain the significant differentially expressed genes (DEGs), the cutoff criteria were set at |log2(Fold Change)| >1 and the adjusted p-value <0.05. The “ggplot2” package was used for the data visualization (22).



2.3 Gene Ontology and pathway enrichment analysis

To determine the biological significance of the DEGs obtained from the differential analysis, we conducted the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. The “clusterProfiler” package (23) in R was employed for analysis, with the cutoff criteria requiring adj. p < 0.05 and q-value <0.2. The “ggplot2” package was used for the data visualization (22).



2.4 Protein–protein interaction analysis

Following the differential analysis, to understand the shared pathogenic mechanisms of these DEGs between COVID-19 and the neurological diseases, we constructed the protein–protein interaction (PPI) networks of these DEGs using the STRING database (24). The “igraph” package (version 1.2.6) and the “ggraph” package (version 2.0.5) were used for the visualization of the PPI results (25, 26).



2.5 Gene regulatory network analysis

Based on the analyzed DEGs, miRNAs were predicted using the miRTarBase database (27), and the transcription factors (TFs) were predicted using the JASPAR database (28). Finally, using the NetworkAnalyst, the predicted TFs, miRNAs and DEGs were separately used to construct the gene regulatory network (GRN) (29). The GRN analysis reveals the molecular mechanisms of the post-transcriptional regulation of DEGs and is an important method for the mechanistic research.



2.6 Protein-drug interaction analysis

In this study, to identify the effective treatments for COVID-19, the DrugBank database was used to predict the drugs interacting with DEGs (30). Additionally, NetworkAnalyst was used to construct the protein-drug interaction network (29), aid in the discovery of more valuable drugs among these predicted drugs.



2.7 Age, vaccinated and the rates of COVID-19 infection and neurological disorders incidence analysis

We conducted a retrospective analysis to retrieve and summarize the past literature (31–35) on the relationship between the factors such as age and vaccination, and the incidence rates of COVID-19 and certain neurological diseases.




3 Results


3.1 Identification of differentially expressed genes reveals links between COVID-19 and neurological complications after SARS-CoV-2 infection

Through the differential analysis, we obtained DEGs from six neurological disease datasets and two COVID-19 datasets. The criteria for selecting the significant DEGs were an adjusted p-value (adj. p-value) of less than 0.05 and an absolute value of log2 fold change (logFC) greater than 1. As shown in the volcano plot in Figure 1, the significant DEGs are marked with the red or blue circles, where the red represents the upregulated genes and the blue represents the downregulated genes. The number of the significant DEGs varies, with the COVID-19 lung tissue datasets having 3,518 DEGs, the SD blood datasets having 1,109 DEGs, the HS neutrophil datasets having 665 DEGs, the AD brain tissue datasets having 578 DEGs, the EP brain tissue datasets having 105 DEGs, the PD peripheral blood datasets having 64 DEGs, the COVID-19 blood immune response datasets having 63 DEGs and the IS whole blood datasets having 21 DEGs (specific DEGs are referenced in Supplementary Table S1). The Figures 2A,B in heatmap illustrate the association between COVID-19 and other diseases based on logFC values and adj. p, showing that COVID-19 shares more DEGs with SD and AD. The further comparison revealed the overlapping DEGs among the different diseases, Figure 3A shows the distribution of the common DEGs between COVID-19 and six common neurological diseases. Notably, COVID-19 shares more genes with SD, HS and AD, with 135, 96 and 58 common genes respectively, while the least common genes are found with IS, with only 3 shared genes.
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FIGURE 1
 Volcano plots (A–H) show the differential genes for SD, HS, AD, ED, PD and IS diseases, and both SARS-CoV-2 and the SARS-CoV-2 immune datasets, respectively. The filtering criteria of adjusted p-value <0.05 and |logFC| >1.
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FIGURE 2
 Heatmap shows the differences between SARS-CoV-2 and SARS-CoV-2 immune datasets and the common differential genes of the six neurological diseases in the terms of logFC (A,C) and corrected (adjusted) p-values (B,D) respectively.
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FIGURE 3
 Upset plots depict the distribution of common differential genes between the six neurological diseases and SARS-CoV-2. (A,B) Shows the SARS-CoV-2 datasets and the SARS-CoV-2 immune response datasets. (C) Shows the PPI of common differential genes between the six neurological diseases and SARS-CoV-2 considering the immune sample, where COV-multi refers to the common differential genes between SARS-CoV-2 and 2 diseases, COVID-neurodegenerative diseases (COV-ND) refers to the common differential genes between SARS-CoV-2 and one of the neurodegenerative diseases (AD and PD), and COVID-CVD (COV-CD) refers to the common differential genes between SARS-CoV-2 and one of the cerebrovascular diseases (HS and IS). COV-SD and COV-EP refers the common differential genes between SARS-CoV-2 and epilepsy (EP), and sleep disorders (SD) respectively. The top 10 of hub genes were excavated through cytoHubba for significant differential genes shared among multiple diseases.




3.2 Immune association between COVID-19 and common neurological diseases

We performed the differential analysis of the COVID-19 blood immune response datasets with six neurological diseases and identified the overlapping DEGs (Supplementary Table S2). The Figures 2C,D in heatmap depict the association between the COVID-19 immune response datasets and the other six diseases based on logFC values and adj. p. The heatmap shows that COVID-19 shares fewer immune-related DEGs with the considered diseases. All immune-related DEGs among these diseases include 16 genes: HLA-DQA1, HLA-DQB1, CD19, CCR1, IL1RAP, C4BPA, CEACAM1, IFI35, MX1, LILRA3, IFIT2, CD22, IL1RL2, HLA-DRA, MS4A1, and CD79A. Figure 3B displays the distribution of the common immune-related DEGs between COVID-19 and the six diseases.

To further demonstrate the associations between diseases, we merged the differential genes from the COVID-19 lung tissue and the immune response datasets (refer to Supplementary Table S3) and analyzed the overlap of DEGs among three diseases. COVID-SD (COVID-19 SD) and HS shared 12 common genes: ABHD2, CSRNP1, FKBP8, IL1RAP, KCNE3, LILRA3, MAPK14, SIGLEC10, SLC22A18, TIMP1, TMEM45B and TNFAIP6; COVID-19, SD and AD shared 3 genes: FOXO4, LCN2 and SMIM5; COVID-19, SD and EP shared 1 gene: CAPG; COVID-19, SD and PD shared 2 genes: CD19 and FOS; COVID-19, HS and PD shared 1 gene: FOSB (refer to Supplementary Table S4).



3.3 GO and KEGG analysis reveals potential biological processes and shared signaling pathways between COVID-19 and neurological diseases

Based on the merged differential genes from both COVID-19 lung tissue and immune response datasets, we identified the DEGs shared between COVID-19 and the other six neurological diseases. GO and KEGG analysis was performed on these DEGs, with filtering the criteria of adj. p < 0.05 and q-value <0.2. The top 5 entries from each GO aspect (molecular function, biological process and cellular component) and pathway analysis results were visualized. Figure 4 presents the enrichment results, where A-E represents COVID-AD, COVID-EP, COVID-HS, COVID-PD and COVID-SD, respectively. From the Figure 4, it is evident that COVID-19 shares more DEGs with EP and PD, with highly enriched pathways associated with the B cell receptors and the immune regulation for COVID-19 and PD, and multiple pathways including the Toxoplasmosis pathway for COVID-19 and EP. The interaction between COVID-19 and SD is also notable, with the enriched pathways including Th17 cell differentiation and Leishmaniasis. COVID-AD only showed results related to the cellular components, lacking the information on the molecular function, pathways and the biological processes. COVID-HS exhibited the fewest enriched results, with only 1 pathway related to the regulation of integrin-mediated signaling pathway. Additionally, we utilized the logFC values of DEGs to construct the chord diagrams (Figure 5), illustrating the interaction between genes and both GO and KEGG analysis results. Figure 5 depicts the interaction between shared DEGs among COVID-19 and the different neurological diseases with their enrichment results.
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FIGURE 4
 The GO/KEGG analysis of differential genes between 5 neurological diseases and SARS-CoV-2 considering immune samples. (A–E) refer to (A): COVID-AD, (B): COVID-EP, (C): COVID-SD, (D): COVID-PD, (E): COVID-HS, respectively. Gene ratio refers to the ratio of the number of genes associated with a specific function or pathway in the enrichment results to the total number of genes provided in the gene list. This ratio can help determine the abundance or significance of a specific function or pathway within the provided gene list. A higher gene ratio may indicate a greater number of genes associated with the specific function or pathway within the provided gene list, which may be relevant to the biological characteristics under study or the functions of interest.


[image: Figure 5]

FIGURE 5
 The chord diagram illustrates the relationship between differential genes and the significant enrichment pathway analysis results. (A) is COVID-AD, (B) is COVID-EP, (C) is COVID-HS, (D) is COVID-PD and (E) is COVID-SD (the width of the connecting line indicates the degree of relationship between the gene and CC, MF, BP or pathway).




3.4 Protein–protein interaction analysis identifies networks for neurological complications and long COVID sequelae

We constructed a PPI network composed of the DEGs shared between COVID-19 and six neurological diseases, as shown in Figure 3C. We grouped both AD and PD as the neurodegenerative diseases, and both HS and IS as the cerebrovascular diseases (CVD) for the clearer results. The term COV-Multi represents the differential genes shared between COVID-19 and the two neurological diseases, presented as the circular nodes labeled with the gene names in Figure 3C. We utilized STRING (24) to construct the basic PPI network and filtered out the top 10 of hub genes using Cytoscape software and Cytohub plugin (36, 37), represented as the diamond nodes labeled with the gene names in Figure 3C. Through the PPI network, we observed a predominance of the blue nodes, followed by the dark green and the dark red nodes, while the cyan and orange nodes were less abundant. This suggests a broader connection between the cerebrovascular diseases and COVID-19.



3.5 Gene regulatory network analysis determines interactions between DEGs-miRNA and TF-DEGs

Using the miRTarBase database (27), we predicted the potential miRNAs shared by COVID-19 and six neurological diseases and analyzed their interactions, where the COVID-19 DEGs were derived from the union of lung tissue and immune response datasets. Figure 6 illustrates the DEGs-miRNA interaction network, where the size of the diamond and circular nodes represents the node’s degree, indicating its importance within the network. The nodes CPM, hsa-mir-335-5p (Figure 6A), CAPG, hsa-mir-1343-3p (Figure 6B), MSMO1, hsa-mir-20a-5p (Figure 6C), IQGAP, hsa-mir-192-5p (Figure 6D), FOS, hsa-mir-335-5p (Figure 6E), and ABHD2, hsa-mir-26b-5P (Figure 6F) appear to be more valuable.

[image: Figure 6]

FIGURE 6
 Differentially expressed genes—miRNA interaction network analysis (A–F).


Furthermore, using the JASPAR database (28), we constructed an interaction network between TFs and DEGs. Figure 7 displays the TFs-DEGs interaction network results, where the red represents DEGs, the blue represents TFs, and the size of nodes represents the node’s degree. From Figures 7C,F, it can be observed that TFs are more active in HS and SD. Some TFs such as FOXC1, FOXL1, GATA2 and PPARG are present in multiple disease interaction networks, indicating their widespread involvement in the regulatory transcription processes of these diseases.

[image: Figure 7]

FIGURE 7
 Transcription factors-differentially expressed genes interaction network analysis (A–F).




3.6 Protein-drug interaction analysis provides insights for treating neurological complications and long COVID sequelae

Utilizing the DrugBank database (30), we conducted the protein-drug interaction analysis of the DEGs shared between COVID-19 and six neurological diseases. The results are presented in Figure 8, where the blue circles represent DEGs and the brown diamonds represent the predicted interacting proteins. The node size reflects the connectivity with other nodes. Through the protein-drug interaction analysis, we identified some potential targets for intervention shown in Figure 8, providing the treatment avenues for the neurological complications caused by COVID-19 and the long COVID sequelae.

[image: Figure 8]

FIGURE 8
 The analysis of protein-drug interactions using differentially expressed genes shared by SARS-CoV-2 and six neurological diseases (A–F).




3.7 Age, vaccinated and the rates of COVID-19 infection and neurological disorders incidence analysis

Indeed, the infection rates of COVID-19 and the incidence rates of the neurological diseases vary significantly across the age groups, which could impact the interpretation of our study results. We attempted to use the meta-analysis to summarize the relationship between age and the incidence of the neurological diseases in post-COVID-19 infection. Unfortunately, due to significant heterogeneity in study design and methods, as well as the variable quality among the studies we retrieved, a robust meta-analysis was not feasible. Therefore, we selected several high-quality studies and constructed to the detail of the relationship between the COVID-19 infection rates and the incidence of certain neurological diseases across the different age groups (Table 2).



TABLE 2 Analyzing of age and vaccination effects on COVID-19 and neurological incidences.
[image: Table2]

Despite recognizing the importance of the multi-factorial analysis including the vaccination status, the limitations of the data prevented us from conducting such an analysis in our current study. Our research team has been actively collaborating with the data providers, hoping to obtain more comprehensive data in the future studies that would allow us to delve into the specific effects of the vaccination status on the neurological complications after the COVID-19 infection.

We also conducted some current literatures review and found that most of the literature discusses the impact of vaccines themselves on the nervous system, rather than exploring how vaccination status correlates with the incidence of the neurological complications after the COVID-19 infection. However, a very few studies did mention such correlations, for example, Chen et al. (31) found that the prior vaccination against COVID-19 could reduce the risk of the cerebrovascular diseases in the COVID-19 survivors (this conclusion is summarized in the newly added Table 2), which is consistent with our study’s findings of the common activated genes between the COVID-19 infection and the cerebrovascular diseases. Yet, such studies are indeed scarce, and it was difficult to expand such a vast number of subgroup analyses with the limited scope of this manuscript. In the future, we plan to use more comprehensive data for the stratified analysis, considering not only the vaccination status but also the clinical symptoms, age, gender and lifestyle factors, to more accurately assess the impact of these variables on the incidence of the neurological diseases. This will help us gain a more complete understanding of the long-term effects of COVID-19 and provide a scientific basis for the prevention and treatment strategies.




4 Discussion

The patients with COVID-19 often report the persistent neurological symptoms. To understand the underlying mechanisms, we conducted a bioinformatics analysis comparing COVID-19 with six representative neurological diseases prone to the neurological complications after the SARS-CoV-2 infection and the “long COVID” neurological diseases (HS, IS, PD, AD, EP and SD). We included an additional COVID-19 immune response datasets to comprehensively assess the changes in the immune microenvironment. The differential analysis revealed the common DEGs between COVID-19 (including immune samples) and the six neurological diseases (SD, HS, AD, EP, PD and IS), with counts of 156, 110, 62, 14, 13 and 3, respectively (details in Supplementary Table S5). The lowest number of the common DEGs was observed between COVID-19 and IS, including ARG1, ACSL1 and IQGAP1. While ARG1 and ACSL1 were upregulated in both diseases, IQGAP1 was downregulated in COVID-19 but upregulated in IS. IQGAP1 plays a crucial role in the vascular homeostasis (38, 39), being upregulated in IS to repair and maintain the vascular function and angiogenesis in the post-ischemic events. In contrast, COVID-19 may deactivate the IQGAP1-mediated vascular maintenance, increasing the risk of stroke. The ARG1 upregulation in COVID-19 (40) and IS (41, 42) is associated with the attenuated inflammation, suggesting its role in mitigating inflammation in both diseases. The role of ACSL1 in COVID-19 and IS remains unclear but may relate to ferroptosis (43).

We further analyzed the common DEGs between COVID-19 and two neurological diseases, revealing 12, 3, 1, 2 and 1 common genes between COVID-19 and SD/HS, SD/AD, SD/EP, SD/PD and HS/PD, respectively (details in Supplementary Table S4). Using Networkanalyst and Cytoscape (29, 37), we conducted the protein network interaction analysis of the shared DEGs in three diseases, identifying the top 10 of hub genes, with MAPK14, FOXO4 and FOS at the core (details in Figure 3C). MAPK14, a member of the MAP kinase family (44), is involved in various neurological diseases, particularly affecting autophagy (45–48). Many viral infections, including SARS-CoV-2, activate the p38 mitogen-activated protein kinase (MAPK) signaling pathway (49). Studies have reported that the sustained immune activation of the AP-1/p38MAPK pathway is a specific feature of the COVID-19 pneumonia (50). The MAPK14 activation disrupts the autophagosome-lysosome fusion, impairing autophagy (47), with implications for the neurodegenerative diseases like AD and PD (45, 46, 48). The MAPK14-mediated inflammation, primarily through the autophagy inhibition (51–53), may compromise the vascular repair (54, 55). The mechanism underlying the MAPK activation in the SARS-CoV-2 infection remains unclear, but considering its neurodestructive role, the MAPK14 inhibitors could be the potential targets for the long COVID treatment. FOS, a proto-oncogene, is widely expressed and implicated in AD, the mechanical and ischemic brain injuries, epilepsy and depression (56). Although the pathogenic mechanism of FOS in COVID-19 is unknown, it has been proposed as a therapeutic target (57). The FOS induction is a reliable marker of the neural activity, suggesting its potential role as a sensitive indicator of the neural damage.

The GO and KEGG analysis identified the shared cellular component features between COVID-19 and AD, notably enrichment in the cell cortex. Interestingly, the recent studies suggest that SARS-CoV-2 induces the tunneling nanotubes (TNTs), facilitating the intercellular spread (58). For the neurons with fewer ACE2 receptors, this transmission mode may weaken the viral dissemination, potentially offering the novel intervention avenues to alleviate the neurological symptoms. Additionally, the EP and HS enrichment in the integrin-mediated signaling pathway suggests a role in the cell adhesion and signaling, critical for the diverse biological functions (59). Integrin, closely linked to ACE2 (60), may underlie some neurological complications (61). The enrichment of the immune-related processes and pathways in COVID-19, SD and PD, such as the neutrophil-mediated immunity and the Th17 cell differentiation, aligns with the previous findings (62), suggesting the immune-mediated neuronal damage in the COVID-19 complications. The chronic inflammation due to the sustained immune activation may contribute to anxiety and the sleep disorders in the long-COVID patients.

To explore the pathogenesis of the COVID-19-associated neurological diseases, we predicted miRNAs and TFs involved in the SARS-CoV-2-induced neurological diseases and sequelae. In the gene-miRNA regulatory networks, the core genes including FOS, IQGAP1, ABHD2 and MAPK-14 interact with the key miRNAs such as hsa-mir-335-5p and hsa-mir-124-3p. Although no the direct evidence links ABHD2 to COVID-19 and the neurological diseases, its role in regulating the male fertility is intriguing (63–65), as COVID-19 has been associated with the male infertility (66, 67). The TFs-gene regulatory networks identified the core TFs including PPARG, FOXC1 and GATA2, known for their roles in the inflammation regulation in the cerebrovascular diseases (68, 69). Furthermore, FOXC1 is associated with the energy metabolism in AD (70). The early studies have found that SRF and GATA2 are involved in regulating the formation of the substantia nigra protein in PD (71).

In addition to the potential targets like the MAPK-14 inhibitors and FOS, we conducted the protein-drug interaction analysis of the shared DEGs between COVID-19 and the neurological diseases, identifying the candidate COVID-19 therapies. Phenelzine, an antidepressant, emerged as a candidate COVID-19 therapy. However, its efficacy remains uncertain, as evidenced by conflicting in vitro results (72). NADH and FADH emerged as the candidate treatments (73, 74), with studies suggesting their roles in the COVID-19 recovery and susceptibility reduction (75–77).

In fact, COVID-19 has gradually faded from the public’s view, but the lingering sequelae still trouble some affected individuals. In the silico studies related to the neurological sequelae caused by COVID-19 are gradually being reported.

Verma et al. (78) investigated the post-acute sequelae of COVID-19 (PASC) and highlighted the persistent neurological symptoms such as the olfactory and autonomic dysfunction. Their study showed that the SARS-CoV-2-infected mice displayed the chronic neurological dysfunction similar to that seen in the neurodegenerative diseases, despite the virus not infecting the brain directly. The study emphasized the role of the chronic inflammation in exacerbating the neuronal vulnerability, drawing parallels with the human neurodegenerative conditions. Lee et al. (79) explored the transcriptomic changes in the human brain due to severe COVID-19. Their findings revealed hundreds of the differentially expressed long noncoding RNAs (lncRNAs) associated with the decreased cognitive performance and the inflammatory cytokine response. This study provided the evidence that the severe COVID-19 induces the widespread transcriptomic changes in the brain, potentially regulating the neurocognitive alterations akin to those seen in the neurodegenerative diseases. Griggs et al. (80) examined the neuropathophysiological consequences of the SARS-CoV-2 infection by comparing the transcriptional and cellular signatures in the specific brain regions (Brodmann area 9 and hippocampal formation) of COVID-19, AD and the SARS-CoV-2-infected AD patients. Their study demonstrated the similar neuroinflammation and the blood-brain barrier integrity alterations across these conditions, suggesting the shared pathological mechanisms between COVID-19 and the neurodegenerative diseases. Hu et al. (81) studied the persistent cognitive symptoms (“brain fog”) following COVID-19 in a large prospective cohort. Their single-cell gene expression analysis in the cerebrospinal fluid indicated the monocyte recruitment, the chemokine signaling, the cellular stress and the suppressed interferon response, especially in the myeloid cells. These findings underscored the inflammatory pathways involved in the prolonged cognitive dysfunction in post-COVID-19, echoing the mechanisms seen in the neurodegenerative diseases. Krishna et al. (82) focused on the impact of age and sex on the neuroinflammatory response to the SARS-CoV-2 infection using a mouse model. Their research demonstrated the significant changes in the brain gene expression profiles related to the innate immunity, the defense response to virus, the cerebrovascular and neuronal functions. Despite the absence of the detectable viral RNA in the brain, the study showed that SARS-CoV-2 triggered a neuroinflammatory response, highlighting the intersection of the immune and neurological pathways influenced by age and sex.

These studies collectively illustrate the intersection of COVID-19 and the neurodegenerative diseases through the shared molecular and inflammatory pathways. Our study builds upon this foundation by broadening the scope to include the multiple neurological disorders, aiming to uncover the common deregulated genes and the potential therapeutic targets. This integrative approach not only aligns with the existing research but also extends our understanding of the broader impact of COVID-19 on the neurological health. Based on this research, the purpose of our work and its implications aim to provide the deeper insights into the potential association between COVID-19 and the neurological disorders to the scientific community by analyzing the alterations of common genes between COVID-19 and the neurological disorders, and present new perspectives for the clinical therapeutics in addressing the challenges of the neurological complications and sequelae faced by the COVID-19 patients.



5 Summary

Our study covers a variety of neurological disorders, which exhibit the significant heterogeneity in the clinical presentation. Therefore, despite our efforts to integrate the different datasets and the analytical methods, the overlap results between diseases are limited by the diversity of samples. This may result in relatively fewer overlapping results in some cases. The different diseases may lead to changes in the gene expression across the different tissue types. Our research includes the data analysis from various tissue types such as the brain tissue, the peripheral blood and the lung tissue. Since the gene expression is the tissue-specific, we may observe fewer overlapping results between certain diseases, which does not necessarily imply lower biological relevance or significance. On the contrary, even a small number of overlapping results may reveal the key biological processes and pathways shared between diseases. Therefore, we emphasize the importance of the in-depth analysis and biological interpretation of overlapping results in our article, aiming to better understand the pathogenesis and potential therapeutic targets of the SARS-CoV-2-related neurological disorders.

With the increasing number of SARS-CoV-2 infections, more COVID-19 patients are exhibiting the neurological complications and the long-term neurological sequelae. Our study reveals the potential processes through which COVID-19 affects the susceptibility to the neurological diseases. We identified several common DEGs shared between COVID-19 and various common neurological diseases, and identified several hub genes from these DEGs. We found the common genes regulating the vascular homeostasis between COVID-19 and the cerebrovascular diseases. Additionally, we identified genes such as MAPK14 that may participate in the pathogenesis of COVID-19 and the neurological diseases through the modulation of autophagy and inflammation. We speculate that the molecular mimicry mechanisms leading to the immune response errors and the persistent immune activation contribute to the development of the neurological sequelae. Furthermore, we constructed the gene regulatory networks to predict the shared miRNAs and the transcription factors involved in COVID-19 and the neurological diseases. As COVID-19 remains a global pandemic with no effective treatment, we constructed the protein-drug regulatory networks and predicted that NADH, FADH and phenelzine may be potential drugs for treating COVID-19. In summary, we analyzed the relationship between COVID-19 and the common neurological diseases, elucidated some mechanisms underlying comorbidities, and provided the therapeutic insights for treating the COVID-19 complications and the long-term sequelae.



6 Limitations


6.1 Influence of age on findings

In our study, we explored the relationship between COVID-19 and various neurological disorders by identifying the common deregulated genes. One critical factor that we did not address in our initial analysis is the potential influence of age. Age is a significant determinant in both the incidence and severity of COVID-19 and the neurological disorders. The immune response, comorbidities and the baseline neurological health vary significantly across the different age groups, which can influence the degree and nature of the neurological complications following the COVID-19 infection.

It is well-documented that older adults are at a higher risk for severe COVID-19 outcomes and have a higher prevalence of the neurological disorders such as AD, PD and stroke. In contrast, the younger populations may exhibit the different neurological manifestations and the disease mechanisms. Therefore, the interactions between COVID-19 and the neurological conditions may differ by the age group.

To provide a comprehensive understanding, the future research should include the age-stratified analyses to determine if the deregulated genes we identified have the age-specific relevance. Such analyses could reveal the unique molecular signatures and pathways in the different age cohorts, potentially leading to the age-targeted therapeutic strategies. Recognizing the variability in the disease mechanisms across the age groups is crucial for developing the tailored interventions and improving the patient outcomes.



6.2 Influence of vaccination status on findings

Our study did not differentiate between the vaccinated and unvaccinated individuals when analyzing the common deregulated genes associated with COVID-19 and the neurological disorders. This is an important consideration, as the vaccination status significantly impacts the incidence and severity of COVID-19, and consequently, its neurological complications.

COVID-19 vaccines have been shown to reduce the risk of severe disease, hospitalization and the potentially long-term neurological sequelae. The immune response elicited by vaccination could alter the expression of the genes associated with both COVID-19 and the neurological disorders. Therefore, understanding how vaccination modifies the molecular interactions between COVID-19 and the neurological conditions is essential.

In future studies, including the vaccination status as a variable could elucidate the protective mechanisms conferred by vaccines at the molecular level. This could involve comparing the gene expression profiles of the vaccinated and unvaccinated individuals with the neurological disorders in post-COVID-19 infection. Such an analysis might highlight the vaccine-mediated changes in the gene regulation that contribute to reduced the neurological complications.

By integrating the vaccination status, the future research can provide the deeper insights into the molecular underpinnings of COVID-19’s impact on the neurological health and help refine the public health strategies to protect the vulnerable populations. Recognizing the role of vaccination in modulating the disease outcomes will enhance our understanding and inform the development of the comprehensive treatment approaches.




7 Future prospects

The future research could expand on the study parameters by incorporating more diverse datasets, which include the different populations, the geographic areas and the socioeconomic backgrounds. This will help understand how these factors influence the incidence and severity of the neurological complications related to COVID-19. Additionally, there is a pressing need for the longitudinal studies to track the long-term effects on the COVID-19 survivors. Such studies would help identify the persistent or delayed neurological issues and are crucial for understanding the comprehensive impact of the disease over time.

The future studies should also focus on the intervention strategies aimed at alleviating the neurological effects observed in the COVID-19 patients. This includes developing the pharmacological treatments targeted at the specific pathways identified in the research, as well as designing the non-pharmacological interventions, such as the rehabilitation programs, to improve the cognitive and motor functions in post-infection. As more data become available, the further research is required to understand the impact of the different COVID-19 vaccines on preventing the virus-related neurological symptoms. This research is vital for distinguishing the roles of various vaccines in preventing the long-term health consequences of COVID-19.

Based on the findings of the ongoing and future research, the policy adjustments may be necessary to address the neurological impacts of COVID-19. The healthcare system might need to adapt by providing more neurological care resources and training the healthcare professionals to better recognize and treat the neurological symptoms in post-COVID-19.

Finally, integrating the research findings into the public health strategies is crucial. This integration would involve educating the public about the risks of the neurological complications from COVID-19 and implementing the prevention strategies to reduce the spread of the virus and its long-term health effects.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

WC: Writing – review & editing, Writing – original draft. SJ: Writing – review & editing, Writing – original draft. CL: Writing – review & editing, Writing – original draft. SL: Writing – review & editing, Writing – original draft. JW: Writing – review & editing, Writing – original draft, Conceptualization. RX: Writing – review & editing, Writing – original draft, Supervision, Resources, Project administration, Funding acquisition, Conceptualization.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The research was funded by grants from the National Natural Science Foundation of China (30560042, 81160161, 81360198, and 82160255), Education Department of Jiangxi Province (GJJ13198 and GJJ170021), Jiangxi Provincial Department of Science and Technology ([2014]-47, 20142BBG70062, 20171BAB215022, and 20192BAB205043), Science and Technology Plan of Jiangxi Provincial Health and Health Commission (202210002) and Health and Family Planning Commission of Jiangxi Province (20181019 and 202310119).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1417183/full#supplementary-material



Abbreviations


ABHD2, Abhydrolase domain containing 2; AD, Alzheimer’s disease; ACE2, Angiotensin-converting enzyme 2; AP-1, Activator protein 1; COVID-19, Coronavirus disease 2019; CVD, Cerebrovascular diseases; DEGs, Differentially expressed genes; EP, Epilepsy; FADH, Flavin adenine dinucleotide; FOS, Fos proto-oncogene; GEO, Gene expression omnibus; GO, Gene ontology; GRN, Gene regulatory network; HS, Hemorrhagic stroke; IQGAP1, IQ motif containing GTPase activating protein 1; IS, Ischemic stroke; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, Mitogen-activated protein kinase; miRNA, microRNA; NADH, Nicotinamide adenine dinucleotide; PASC, Post-acute sequelae of SARS-CoV-2 infection; PD, Parkinson’s disease; PPI, Protein–protein interaction; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; SD, Sleep disorders; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; TFs, Transcription factors; TNTs, Tunneling nanotubes.



References

 1. World Health Organization
. (2022). Weekly epidemiological update on COVID-19—17 August 2022. Available at: https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---17-august-2022 (Accessed August 17, 2022).


 2. Hoffmann, M, Kleine-Weber, H, Schroeder, S, Krüger, N, Herrler, T, Erichsen, S , et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–280.e8. doi: 10.1016/j.cell.2020.02.052 

 3. Doherty, PC
. What have we learnt so far from COVID-19? Nat Rev Immunol. (2021) 21:67–8. doi: 10.1038/s41577-021-00498-y 

 4. Douaud, G, Lee, S, Alfaro-Almagro, F, Arthofer, C, Wang, C, McCarthy, P , et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature. (2022) 604:697–707. doi: 10.1038/s41586-022-04569-5 

 5. Kacem, I, Gharbi, A, Harizi, C, Souissi, E, Safer, M, Nasri, A , et al. Characteristics, onset, and evolution of neurological symptoms in patients with COVID-19. Neurol Sci. (2021) 42:39–46. doi: 10.1007/s10072-020-04866-9 

 6. Bougakov, D, Podell, K, and Goldberg, E. Multiple neuroinvasive pathways in COVID-19. Mol Neurobiol. (2021) 58:564–75. doi: 10.1007/s12035-020-02152-5 

 7. Ladopoulos, T, Zand, R, Shahjouei, S, Chang, JJ, Motte, J, Charles James, J , et al. COVID-19: neuroimaging features of a pandemic. J Neuroimaging. (2021) 31:228–43. doi: 10.1111/jon.12819 

 8. Frontera, JA, Sabadia, S, Lalchan, R, Fang, T, Flusty, B, Millar-Vernetti, P , et al. A prospective study of neurologic disorders in hospitalized patients with COVID-19 in New York City. Neurology. (2021) 96:e575–86. doi: 10.1212/WNL.0000000000010979 

 9. Lee, M-H, Perl, DP, Nair, G, Li, W, Maric, D, Murray, H , et al. Microvascular injury in the brains of patients with COVID-19. N Engl J Med. (2021) 384:481–3. doi: 10.1056/NEJMc2033369 

 10. Käufer, C, Schreiber, CS, Hartke, A-S, Denden, I, Stanelle-Bertram, S, Beck, S , et al. Microgliosis and neuronal proteinopathy in brain persist beyond viral clearance in SARS-CoV-2 hamster model. EBioMedicine. (2022) 79:103999. doi: 10.1016/j.ebiom.2022.103999 

 11. Ahamed, J, and Laurence, J. Long COVID endotheliopathy: hypothesized mechanisms and potential therapeutic approaches. J Clin Invest. (2022) 132:e161167. doi: 10.1172/JCI161167 

 12. Choutka, J, Jansari, V, Hornig, M, and Iwasaki, A. Unexplained post-acute infection syndromes. Nat Med. (2022) 28:911–23. doi: 10.1038/s41591-022-01810-6


 13. Peluso, MJ, and Deeks, SG. Early clues regarding the pathogenesis of long-COVID. Trends Immunol. (2022) 43:268–70. doi: 10.1016/j.it.2022.02.008 

 14. Frontera, JA, and Simon, NM. Bridging knowledge gaps in the diagnosis and management of neuropsychiatric sequelae of COVID-19. JAMA Psychiatry. (2022) 79:811–7. doi: 10.1001/jamapsychiatry.2022.1616 

 15. Larsen, NW, Stiles, LE, Shaik, R, Schneider, L, Muppidi, S, Tsui, CT , et al. Characterization of autonomic symptom burden in long COVID: a global survey of 2,314 adults. Front Neurol. (2022) 13:1012668. doi: 10.3389/fneur.2022.1012668


 16. Becker, JH, Lin, JJ, Doernberg, M, Stone, K, Navis, A, Festa, JR , et al. Assessment of cognitive function in patients after COVID-19 infection. JAMA Netw Open. (2021) 4:e2130645. doi: 10.1001/jamanetworkopen.2021.30645 

 17. Ballering, AV, van Zon, SKR, Olde Hartman, TC, and Rosmalen, JGM, Lifelines Corona Research Initiative. Persistence of somatic symptoms after COVID-19 in the Netherlands: an observational cohort study. Lancet. (2022) 400:452–61. doi: 10.1016/S0140-6736(22)01214-4 

 18. Barrett, T, Wilhite, SE, Ledoux, P, Evangelista, C, Kim, IF, Tomashevsky, M , et al. NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids Res. (2013) 41:D991–5. doi: 10.1093/nar/gks1193 

 19. Sarkans, U, Füllgrabe, A, Ali, A, Athar, A, Behrangi, E, Diaz, N , et al. From ArrayExpress to BioStudies. Nucleic Acids Res. (2021) 49:D1502–6. doi: 10.1093/nar/gkaa1062 

 20. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W , et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007 

 21. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8 

 22. Wickham, H
. Ggplot2: elegant graphics for data analysis. New York: Springer (2009).


 23. Yu, G, Wang, L-G, Han, Y, and He, Q-Y. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. (2012) 16:284–7. doi: 10.1089/omi.2011.0118


 24. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J , et al. STRING v11: protein–protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. (2019) 47:D607–13. doi: 10.1093/nar/gky1131 

 25. Csardi, G, and Nepusz, T. The igraph software package for complex network research. InterJ Complex Syst. (2005) 1695:1–9.


 26. Pedersen, TL (2022). ggraph: an implementation of grammar of graphics for graphs and networks. Available at: https://cran.r-project.org/web/packages/ggraph/index.html (Accessed March 07, 2024).


 27. Huang, H-Y, Lin, Y-C-D, Li, J, Huang, K-Y, Shrestha, S, Hong, H-C , et al. miRTarBase 2020: updates to the experimentally validated microRNA-target interaction database. Nucleic Acids Res. (2020) 48:D148–54. doi: 10.1093/nar/gkz896 

 28. Fornes, O, Castro-Mondragon, JA, Khan, A, van der Lee, R, Zhang, X, Richmond, PA , et al. JASPAR 2020: update of the open-access database of transcription factor binding profiles. Nucleic Acids Res. (2020) 48:D87–92. doi: 10.1093/nar/gkz1001 

 29. Zhou, G, Soufan, O, Ewald, J, Hancock, REW, Basu, N, and Xia, J. NetworkAnalyst 3.0: a visual analytics platform for comprehensive gene expression profiling and meta-analysis. Nucleic Acids Res. (2019) 47:W234–41. doi: 10.1093/nar/gkz240 

 30. Wishart, DS, Feunang, YD, Guo, AC, Lo, EJ, Marcu, A, Grant, JR , et al. DrugBank 5.0: a major update to the DrugBank database for 2018. Nucleic Acids Res. (2018) 46:D1074–82. doi: 10.1093/nar/gkx1037


 31. Chen, S-Y, Hsieh, TYJ, Hung, Y-M, Oh, JW, Chen, S-K, Wang, S-I , et al. Prior COVID-19 vaccination and reduced risk of cerebrovascular diseases among COVID-19 survivors. J Med Virol. (2024) 96:e29648. doi: 10.1002/jmv.29648 

 32. Ferini-Strambi, L, and Salsone, M. COVID-19 and neurological disorders: are neurodegenerative or neuroimmunological diseases more vulnerable? J Neurol. (2021) 268:409–19. doi: 10.1007/s00415-020-10070-8 

 33. Jeantin, L, Januel, E, Labauge, P, Maillart, E, de Seze, J, Zéphir, H , et al. COVID-19 outcomes in patients with multiple sclerosis: understanding changes from 2020 to 2022. Mult Scler. (2024) 30:381–95. doi: 10.1177/13524585231218149 

 34. Louapre, C, Collongues, N, Stankoff, B, Giannesini, C, Papeix, C, Bensa, C , et al. Clinical characteristics and outcomes in patients with coronavirus disease 2019 and multiple sclerosis. JAMA Neurol. (2020) 77:1079–88. doi: 10.1001/jamaneurol.2020.2581 

 35. Mao, L, Jin, H, Wang, M, Hu, Y, Chen, S, He, Q , et al. Neurologic manifestations of hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. (2020) 77:683–90. doi: 10.1001/jamaneurol.2020.1127 

 36. Chin, C-H, Chen, S-H, Wu, H-H, Ho, C-W, Ko, M-T, and Lin, C-Y. cytoHubba: identifying hub objects and sub-networks from complex interactome. BMC Syst Biol. (2014) 8:S11. doi: 10.1186/1752-0509-8-S4-S11 

 37. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D , et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303 

 38. Tanaka, M, Osanai, T, Homma, Y, Hanada, K, Okumura, K, and Tomita, H. IQGAP1 activates PLC-δ1 by direct binding and moving along microtubule with DLC-1 to cell surface. FASEB Bioadv. (2019) 1:465–80. doi: 10.1096/fba.2019-00020 

 39. Yamaoka-Tojo, M, Ushio-Fukai, M, Hilenski, L, Dikalov, SI, Chen, YE, Tojo, T , et al. IQGAP1, a novel vascular endothelial growth factor receptor binding protein, is involved in reactive oxygen species—dependent endothelial migration and proliferation. Circ Res. (2004) 95:276–83. doi: 10.1161/01.RES.0000136522.58649.60


 40. Derakhshani, A, Hemmat, N, Asadzadeh, Z, Ghaseminia, M, Shadbad, MA, Jadideslam, G , et al. Arginase 1 (Arg1) as an up-regulated gene in COVID-19 patients: a promising marker in COVID-19 immunopathy. J Clin Med. (2021) 10:1051. doi: 10.3390/jcm10051051 

 41. Cai, W, Dai, X, Chen, J, Zhao, J, Xu, M, Zhang, L , et al. STAT6/Arg1 promotes microglia/macrophage efferocytosis and inflammation resolution in stroke mice. JCI Insight. (2019) 4:131355. doi: 10.1172/jci.insight.131355 

 42. Zhang, D, Lu, Z, Man, J, Cui, K, Fu, X, Yu, L , et al. Wnt-3a alleviates neuroinflammation after ischemic stroke by modulating the responses of microglia/macrophages and astrocytes. Int Immunopharmacol. (2019) 75:105760. doi: 10.1016/j.intimp.2019.105760 

 43. Xia, H, Zhang, Z, and You, F. Inhibiting ACSL1-related ferroptosis restrains murine coronavirus infection. Viruses. (2021) 13:2383. doi: 10.3390/v13122383 

 44. Safran, M, Rosen, N, Twik, M, BarShir, R, Stein, TI, Dahary, D , et al. The GeneCards suite In: I Abugessaisa and T Kasukawa, editors. Practical guide to life science databases. Singapore: Springer (2021). 27–56.


 45. Alam, J, and Scheper, W. Targeting neuronal MAPK14/p38α activity to modulate autophagy in the Alzheimer disease brain. Autophagy. (2016) 12:2516–20. doi: 10.1080/15548627.2016.1238555 

 46. Hirota, Y, Yamashita, S, Kurihara, Y, Jin, X, Aihara, M, Saigusa, T , et al. Mitophagy is primarily due to alternative autophagy and requires the MAPK1 and MAPK14 signaling pathways. Autophagy. (2015) 11:332–43. doi: 10.1080/15548627.2015.1023047 

 47. Höcker, R, Walker, A, and Schmitz, I. Inhibition of autophagy through MAPK14-mediated phosphorylation of ATG5. Autophagy. (2013) 9:426–8. doi: 10.4161/auto.22924 

 48. Wu, R, Chen, H, Ma, J, He, Q, Huang, Q, Liu, Q , et al. c-Abl–p38α signaling plays an important role in MPTP-induced neuronal death. Cell Death Differ. (2016) 23:542–52. doi: 10.1038/cdd.2015.135


 49. Cheng, Y, Sun, F, Wang, L, Gao, M, Xie, Y, Sun, Y , et al. Virus-induced p38 MAPK activation facilitates viral infection. Theranostics. (2020) 10:12223–40. doi: 10.7150/thno.50992 

 50. COvid-19 Multi-omics Blood ATlas (COMBAT) Consortium and COvid-19 Multi-omics Blood ATlas (COMBAT) Consortium
. A blood atlas of COVID-19 defines hallmarks of disease severity and specificity. Cell. (2022) 185:916–938.e58. doi: 10.1016/j.cell.2022.01.012 

 51. He, Y, She, H, Zhang, T, Xu, H, Cheng, L, Yepes, M , et al. p38 MAPK inhibits autophagy and promotes microglial inflammatory responses by phosphorylating ULK1. J Cell Biol. (2018) 217:315–28. doi: 10.1083/jcb.201701049 

 52. She, H, He, Y, Zhao, Y, and Mao, Z. Release the autophage brake on inflammation: the MAPK14/p38α-ULK1 pedal. Autophagy. (2018) 14:1097–8. doi: 10.1080/15548627.2018.1446626 

 53. Wang, C, Hockerman, S, Jacobsen, EJ, Alippe, Y, Selness, SR, Hope, HR , et al. Selective inhibition of the p38α MAPK-MK2 axis inhibits inflammatory cues including inflammasome priming signals. J Exp Med. (2018) 215:1315–25. doi: 10.1084/jem.20172063 

 54. Cheng, F, Twardowski, L, Fehr, S, Aner, C, Schaeffeler, E, Joos, T , et al. Selective p38α MAP kinase/MAPK14 inhibition in enzymatically modified LDL-stimulated human monocytes: implications for atherosclerosis. FASEB J. (2017) 31:674–86. doi: 10.1096/fj.201600669R 

 55. Wu, W, Zhang, W, Choi, M, Zhao, J, Gao, P, Xue, M , et al. Vascular smooth muscle-MAPK14 is required for neointimal hyperplasia by suppressing VSMC differentiation and inducing proliferation and inflammation. Redox Biol. (2019) 22:101137. doi: 10.1016/j.redox.2019.101137 

 56. Herrera, DG, and Robertson, HA. Activation of C-Fos in the brain. Prog Neurobiol. (1996) 50:83–107. doi: 10.1016/s0301-0082(96)00021-4


 57. Liang, W, Li, X, Wang, H, Nie, K, Meng, Q, He, J , et al. Puerarin: a potential therapeutic for SARS-CoV-2 and hantavirus co-infection. Front Immunol. (2022) 13:892350. doi: 10.3389/fimmu.2022.892350 

 58. Pepe, A, Pietropaoli, S, Vos, M, Barba-Spaeth, G, and Zurzolo, C. Tunneling nanotubes provide a route for SARS-CoV-2 spreading. Sci Adv. (2022) 8:eabo0171. doi: 10.1126/sciadv.abo0171 

 59. Lu, X, Lu, D, Scully, M, and Kakkar, V. The role of integrins in cancer and the development of anti-integrin therapeutic agents for cancer therapy. Perspect Medicin Chem. (2008) 2:57–73. doi: 10.1177/1177391X0800200003 

 60. Clarke, NE, Fisher, MJ, Porter, KE, Lambert, DW, and Turner, AJ. Angiotensin converting enzyme (ACE) and ACE2 bind integrins and ACE2 regulates integrin signalling. PLoS One. (2012) 7:e34747. doi: 10.1371/journal.pone.0034747 

 61. Amruta, N, Chastain, WH, Paz, M, Solch, RJ, Murray-Brown, IC, Befeler, JB , et al. SARS-CoV-2 mediated neuroinflammation and the impact of COVID-19 in neurological disorders. Cytokine Growth Factor Rev. (2021) 58:1–15. doi: 10.1016/j.cytogfr.2021.02.002 

 62. Li, X, Raventós, B, Roel, E, Pistillo, A, Martinez-Hernandez, E, Delmestri, A , et al. Association between COVID-19 vaccination, SARS-CoV-2 infection, and risk of immune mediated neurological events: population based cohort and self-controlled case series analysis. BMJ. (2022) 376:e068373. doi: 10.1136/bmj-2021-068373 

 63. Baggelaar, MP, den Dulk, H, Florea, BI, Fazio, D, Bernabò, N, Raspa, M , et al. ABHD2 inhibitor identified by activity-based protein profiling reduces acrosome reaction. ACS Chem Biol. (2019) 14:2295–304. doi: 10.1021/acschembio.9b00640 

 64. Miller, MR, Kenny, SJ, Mannowetz, N, Mansell, SA, Wojcik, M, Mendoza, S , et al. Asymmetrically positioned Flagellar control units regulate human sperm rotation. Cell Rep. (2018) 24:2606–13. doi: 10.1016/j.celrep.2018.08.016 

 65. Miller, MR, Mannowetz, N, Iavarone, AT, Safavi, R, Gracheva, EO, Smith, JF , et al. Unconventional endocannabinoid signaling governs sperm activation via the sex hormone progesterone. Science. (2016) 352:555–9. doi: 10.1126/science.aad6887 

 66. Donders, GGG, Bosmans, E, Reumers, J, Donders, F, Jonckheere, J, Salembier, G , et al. Sperm quality and absence of SARS-CoV-2 RNA in semen after COVID-19 infection: a prospective, observational study and validation of the SpermCOVID test. Fertil Steril. (2022) 117:287–96. doi: 10.1016/j.fertnstert.2021.10.022 

 67. Li, H, Xiao, X, Zhang, J, Zafar, MI, Wu, C, Long, Y , et al. Impaired spermatogenesis in COVID-19 patients. EClinicalMedicine. (2020) 28:100604. doi: 10.1016/j.eclinm.2020.100604 

 68. He, T, Shang, J, Gao, C, Guan, X, Chen, Y, Zhu, L , et al. A novel SIRT6 activator ameliorates neuroinflammation and ischemic brain injury via EZH2/FOXC1 axis. Acta Pharm Sin B. (2021) 11:708–26. doi: 10.1016/j.apsb.2020.11.002 

 69. Nguyen, D, Tran, V, Shirazian, A, Velasco-Gonzalez, C, and Iwuchukwu, I. Anti-inflammatory genes in PBMCs post-spontaneous intracerebral hemorrhage. Transl Neurosci. (2021) 12:58–66. doi: 10.1515/tnsci-2021-0003 

 70. Wang, T, Yao, J, Chen, S, Mao, Z, and Brinton, RD. Allopregnanolone reverses bioenergetic deficits in female triple transgenic Alzheimer’s mouse model. Neurotherapeutics. (2020) 17:178–88. doi: 10.1007/s13311-019-00793-6 

 71. Zhou, Z, Kim, J, Insolera, R, Peng, X, Fink, DJ, and Mata, M. Rho GTPase regulation of α-synuclein and VMAT2: implications for pathogenesis of Parkinson’s disease. Mol Cell Neurosci. (2011) 48:29–37. doi: 10.1016/j.mcn.2011.06.002 

 72. Fred, SM, Kuivanen, S, Ugurlu, H, Casarotto, PC, Levanov, L, Saksela, K , et al. Antidepressant and antipsychotic drugs reduce viral infection by SARS-CoV-2 and fluoxetine shows antiviral activity against the novel variants in vitro. Front Pharmacol. (2021) 12:755600. doi: 10.3389/fphar.2021.755600 

 73. Anwaar, MU, Adnan, F, Abro, A, Khan, RA, Rehman, AU, Osama, M , et al. Combined deep learning and molecular docking simulations approach identifies potentially effective FDA approved drugs for repurposing against SARS-CoV-2. Comput Biol Med. (2022) 141:105049. doi: 10.1016/j.compbiomed.2021.105049 

 74. Hall, DC, and Ji, H-F. A search for medications to treat COVID-19 via in silico molecular docking models of the SARS-CoV-2 spike glycoprotein and 3CL protease. Travel Med Infect Dis. (2020) 35:101646. doi: 10.1016/j.tmaid.2020.101646 

 75. Altay, O, Arif, M, Li, X, Yang, H, Aydın, M, Alkurt, G , et al. Combined metabolic activators accelerates recovery in mild-to-moderate COVID-19. Adv Sci. (2021) 8:e2101222. doi: 10.1002/advs.202101222 

 76. Badawy, AA-B
. Immunotherapy of COVID-19 with poly (ADP-ribose) polymerase inhibitors: starting with nicotinamide. Biosci Rep. (2020) 40:BSR20202856. doi: 10.1042/BSR20202856 

 77. Matsuyama, T, Yoshinaga, SK, Shibue, K, and Mak, TW. Comorbidity-associated glutamine deficiency is a predisposition to severe COVID-19. Cell Death Differ. (2021) 28:3199–213. doi: 10.1038/s41418-021-00892-y 

 78. Verma, AK, Lowery, S, Lin, L-C, Duraisami, E, Lloréns, JEA, Qiu, Q , et al. (2024). Persistent neurological deficits in mouse PASC reveal antiviral drug limitations. bioRxiv. Available at: https://doi.org/10.1101/2024.06.02.596989. [Epub ahead of preprint]


 79. Lee, JD, Solomon, IH, Slack, FJ, and Mavrikaki, M. Cognition-associated long noncoding RNAs are dysregulated upon severe COVID-19. Front Immunol. (2024) 15:1290523. doi: 10.3389/fimmu.2024.1290523 

 80. Griggs, E, Trageser, K, Naughton, S, Yang, E-J, Mathew, B, Van Hyfte, G , et al. Recapitulation of pathophysiological features of AD in SARS-CoV-2-infected subjects. eLife. (2023) 12:e86333. doi: 10.7554/eLife.86333 

 81. Hu, WT, Kaluzova, M, Dawson, A, Sotelo, V, Papas, J, Lemenze, A , et al. Clinical and CSF single-cell profiling of post-COVID-19 cognitive impairment. Cell Rep Med. (2024) 5:101561. doi: 10.1016/j.xcrm.2024.101561 

 82. Krishna, VD, Chang, A, Korthas, H, Var, SR, Low, WC, Li, L , et al. (2023). Impact of age and sex on neuroinflammation following SARS-CoV-2 infection in a murine model. bioRxiv. Available at: https://doi.org/10.1101/2023.08.11.552998. [Epub ahead of preprint]



Copyright
 © 2024 Chen, Jiang, Li, Li, Wang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Potential association between COVID-19 and neurological disorders: analysis of common genes and therapeutics



		1 Introduction



		2 Methods



		2.1 Data acquisition



		2.2 Identification of differentially expressed genes



		2.3 Gene Ontology and pathway enrichment analysis



		2.4 Protein–protein interaction analysis



		2.5 Gene regulatory network analysis



		2.6 Protein-drug interaction analysis



		2.7 Age, vaccinated and the rates of COVID-19 infection and neurological disorders incidence analysis









		3 Results



		3.1 Identification of differentially expressed genes reveals links between COVID-19 and neurological complications after SARS-CoV-2 infection



		3.2 Immune association between COVID-19 and common neurological diseases



		3.3 GO and KEGG analysis reveals potential biological processes and shared signaling pathways between COVID-19 and neurological diseases



		3.4 Protein–protein interaction analysis identifies networks for neurological complications and long COVID sequelae



		3.5 Gene regulatory network analysis determines interactions between DEGs-miRNA and TF-DEGs



		3.6 Protein-drug interaction analysis provides insights for treating neurological complications and long COVID sequelae



		3.7 Age, vaccinated and the rates of COVID-19 infection and neurological disorders incidence analysis









		4 Discussion



		5 Summary



		6 Limitations



		6.1 Influence of age on findings



		6.2 Influence of vaccination status on findings









		7 Future prospects



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		References



















OPS/images/fneur-15-1417183-t002.jpg
Author

Louapre 2020

and year

Mao 2020

Ferini-Strambi 2021

Jeantin 2024

Chen 2024

Risk factors

Age

Age

Age

Age, gender, weight

Vaccine

Neurological disorders
Multiple sclerosis.

Acute cerebrovascular disease,
consciousness disorders, skeletal

muscle injury, epilepsy

Parkinson’s disease, muliple

sclerosis

Multiple sclerosis

Cerebrovascular disease

Conclu:

ns

‘Age is an independent risk factor for severe COVID-19

Compared to non-severe cases, patients with severe infection are older, and those

with more severe infections exhibit neurological manifestations

Age, rather than COVID- 19 neuropathology, may play a decisive role in

‘neurodegenerative diseases like Parkinson's discase, while COVID-19

neuropathology, rather than age, may play a decisive role in neuroimmunological
diseases like multiple sclerosis

‘Age, gender, and obesity are risk factors for the severity of COVID-19
Vaccination can reduce the risk of cerebrovascular disease in COVID-19

survivors





OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Potential association between
COVID-19 and neurological
disorders: analysis of common
genes and therapeutics












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






OPS/images/fneur-15-1417183-g005.jpg





OPS/images/fneur-15-1417183-g006.jpg
A oS

ser  ceN PRI

e

s
r@e

Posks.

mo L

vor
s A
R
v
rasorReadT 0!
e

[ -

Types
iRNA

- < B

R,
[
Je——"
e TdnSo. g 40’-"’”0
[
" -] s
= s mdns2dp
Types
e
. oo
oo
J— o
S e ..
reanorass M
s
a2 u
-
o)
[
silirz
iRt TAGUNZ oo
o™ 9 e g e
vare © Ogor
S T o e
ot
o
Weomuns oo
PBs.
o
b P
Faes e
0





OPS/images/fneur-15-1417183-g003.jpg
w

g

Score

o 704

—06

—o8

m Disease
® Cov-sD
© COv-Mult
- i COvED;
s I ! .
E IIIIN I“ Hub gene
£ B

i

sE38338:





OPS/images/fneur-15-1417183-g004.jpg
ol ortex
pogs
col cortx part s

anchored componentof membrane &l .
0w
Qs

cortical cyloskeleton

cortical actin cytoskelaton {0

O

0080 0.085 0090 0095 0.100

COVID-AD Generato

& —
neuvop actvaton

neutophl actvaion nohed nimuna
noutopi egandason

fatty acid metabolc process.

vesicle lumen
ytoplasmic vesice lumen
secretory granul lumen
speciioganie | @

tortiary grane lumen 40

ThIT coll iferentation °

Leishmaniasis °

sponse

0000
w0

(X X IIC]
%
00

)
8

0.040.060.080.100.120.14

COVID-HS oo

reguiation of integrin-
modited signaing painiay

padhst

0001961039

Couts
O«

0000.020.040.060.080.100.12

COVID-SD sererato

B response to xenobitec stimuis.
celljunction assembly 2
i e e e S
et
-
basement membrane 004
extracoluiar malix component 10 3| e
coll adhesion moecule binding | @
polysaccharide binding { 875
patter binding | @ L
bt [EREBRAEL,
‘Small cell lung cancer - . o
Pt NN N
COVID-EP e
e st
i i 3
responsetocavP | @ patust
B collprotferaion | @ oas
esterma st of pasa mamorne | @) oot
gt s
membrane microdoman ® |8 coms
membrane raft 9 20
L4 Q 25

nucear ranscrplon factor complex { ©

'ONAbinding transcription actvator acvty, RNA
polymerase lspocifc

A poymrase arsirpion oo ang | @

promoterspecic chromatin binding

8 col receptor signaling pathway
primary immunodeficency { _©

i

015020025030

COVID-PD Gereseto





OPS/images/fneur-15-1417183-t001.jpg
Disease Accession Database ~ Samples Source Experiment  Years Organism Platforms

type
COVID-19 immune) | E-MTAB-8871  ArrayExpress 3 Blood Array assay 2020 Homosapiens | NanoString
COVID-19 (lung) GSE183533 GEO 4 Lung tissue RNA-Seq 2022 Homosapiens | GPL2A4676
Epilepsy GSE134697 GEO 36 Brain RNA-Seq 2019 Homosapiens = GPLI6791
Intracerebral GSE163256 GEO 399 Peripheral blood RNA-Seq 2021 Homosapiens | GPLISS73
hemorrhage
Ischemic stroke GSE16361 GEO 6 Wholeblood RNA | Array assay 2010 Homosapiens | GPLGSS3
Parkinsonis disease | GSES4536 GEO 10 Peripheral blood Array assay 2014 Homosapiens = GPLI058
Sleep disorder GSE37667 GEO 27 Blood Array assay 2012 Homosapiens  GPLS70
Alheimers disease | GSEI53873 GEO 30 Frozen postmortem | RNA-Seq 2020 Homosapiens | GPLISS7S

brain tissue





OPS/images/fneur-15-1417183-g007.jpg





OPS/images/fneur-15-1417183-g008.jpg





OPS/images/fneur-15-1417183-g001.jpg
A

75

00

~Log o (Padj)

®

-Log 1o (Padi)

“Log 1o (Padi)

w

~Log 19 (Padj)

25 00 25
Log, (Fold Change)

~Log 1 (Padj)

oI&BPL\o

FOS oo FCRLA

FOSB

g

m

“Log 19 (Padj)

2 0
Log, (Fold Change)

2 0 2
Log, (Fold Change)

TT
|1
SNORAP4B

i
1
1
1

SNORDI7 | |GDA.

M

Nok

]
1
MGAT3

| — —AQeaZ

ALB

APOB —0

T

5

-Log 4o (Pad))

lHLA»DQA! .\‘ ,Lﬁ,‘;

HLA-DQB1

10 0
Log, (Fold Change)

10

-5
Log, (Fold Change)

0
Log, (Fold Change)





OPS/images/fneur-15-1417183-g002.jpg
& 7

HLADQA!
LA-DQBI
coma
iR
MsiAl
i
wiRAP
LiLray
2
ooz
HLA-DRA
canra

X1
s
ccri

2 & ] 2

s

iR
HLADRA
LA
cort
ceacaM
w2
oz
Msial
i
s
cara

HLA-DQAT

coma
X1
HLA-DQBI
ILiRAP






