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Abstract
HbSC disease, a less severe form of sickle cell disease, affects the retina more frequently and patients have higher rates of proliferative retinopathy that can progress to vision loss. This study aimed to identify differences in the expression of endothelial cell-derived molecules associated with the pathophysiology of proliferative sickle cell retinopathy (PSCR). RNAseq was used to compare the gene expression profile of circulating endothelial colony-forming cells from patients with SC hemoglobinopathy and proliferative retinopathy (n = 5), versus SC patients without retinopathy (n = 3). Real-time polymerase chain reaction (qRT-PCR) was used to validate the RNAseq results. A total of 134 differentially expressed genes (DEGs) were found. DEGs were mainly associated with vasodilatation, type I interferon signaling, innate immunity and angiogenesis. Among the DEGs identified, we highlight the most up-regulated genes ROBO1 (log2FoldChange = 4.32, FDR = 1.35E-11) and SLC38A5 (log2FoldChange = 3.36 FDR = 1.59E-07). ROBO1, an axon-guided receptor, promotes endothelial cell migration and contributes to the development of retinal angiogenesis and pathological ocular neovascularization. Endothelial SLC38A5, an amino acid (AA) transporter, regulates developmental and pathological retinal angiogenesis by controlling the uptake of AA nutrient, which may serve as metabolic fuel for the proliferation of endothelial cells (ECs) and consequent promotion of angiogenesis. Our data provide an important step towards elucidating the molecular pathophysiology of PSCR that may explain the differences in ocular manifestations between individuals with hemoglobinopathies and afford insights for new alternative strategies to inhibit pathological angiogenesis.
Keywords: proliferative sickle cell retinopathy, endothelial colony forming cells, transcriptome, differentially expressed genes, angiogenesis
IMPACT STATEMENT
Here we described genes differentially expressed identified in circulant endothelial progenitor cells from SC patients with proliferative retinopathy and their respective functional pathways. Our data, potentially related with sickle cell retinopathy, provide favorable evidence for further studies about molecular mechanisms involved in this complication. Among DEGS identified we highlight the up-regulated genes ROBO1 and SLC38A5. Both genes are known to play important role in angiogenesis. We believe that these genes deserve more attention as an alternative strategy to inhibit pathological angiogenesis, hallmark of PSCR. The identification of new targets to anti-angiogenic therapy is of great interest, particularly in individuals who are resistant to current therapies.
INTRODUCTION
Sickle cell retinopathy (SCR) is the major ocular complication of sickle cell disease (SCD), occurring in non-proliferative and proliferative forms. Proliferative sickle cell retinopathy (PSCR) can lead to some degree of visual loss in 5%–20% of affected eyes [1]. This complication results from the aggregation of sickle-shaped red blood cells in the retinal microcirculation, leading to peripheral arterial occlusion, thrombosis, and ischemia, which may be precipitated by hypoxia, acidosis, and hyperosmolarity. Besides being a red blood cell disorder, the pathophysiology of vasoocclusion and tissue ischemia involves inflammation, endothelial cell activation, the presence of procoagulant and proangiogenic molecules and vasculopathy [2].
Vascular occlusion causes ischemic events leading to the release of angiogenic mediators, which may result in retinal neovascularization. The hallmark of PSCR is sea fan formations, new vessels that often assume a frond-like configuration and occur when the neovascularization grows anteriorly from the vascular to avascular retina. These structures may spontaneously regress (20%–60%) by autoinfarction [3]. However, neovascularization can adhere to the inner surface of the retina and the outer surface of the vitreous [4]. Since new blood vessels lack tight junction proteins, plasma can leak into surrounding tissue, including the vitreous, leading to vitreous degeneration and hemorrhage. In addition, the degraded vitreous can contract and pull on the retina, resulting in retinal detachment. Traction retinal detachment involving the macula results in severe vision loss [4].
Although sickle cell anemia (HbSS genotype) has the most severe systemic manifestations, patients with hemoglobin SC disease (HbSC genotype) have the most severe ocular manifestations and an earlier age of onset [2]. The reasons for this discrepancy are unknown. Blood hyperviscosity [5], lower Hb F levels [6] and lower plasma thrombospondin (TSP) levels [7], usually reported in HbSC patients, have been hypothesized to increase the risk for the development of PSCR in these patients.
Retinal neovascularization plays a crucial role in PSCR as well as in other ischemic retinopathies, such as retinopathy of prematurity (ROP) and proliferative diabetic retinopathy (PDR). Many studies in mouse models have shown that there is increased activity of hypoxia-inducible factor 1 (HIF-1) in ischemic retinopathies, causing up-regulation of several hypoxia-regulated genes associated with angiogenesis, including vascular endothelial growth factor (VEGF), essential regulator of angiogenesis and vascular permeability; angiopoietin 2 (ANGPT2), placental growth factor (PlGF), and stromal derived growth factor-1 (SDF-1) among others [4, 8, 9]. Furthermore, extra-cellular signaling pathways such as the Ephrin/Eph receptor, Netrin/UNC receptor and Robo/Slit are involved in the formation of new vessels [10].
Angiogenesis, the growth of new vessels from pre-existing vessels by sprouting endothelial cells, requires the coordinated action of a variety of angiogenic stimulators and inhibitory factors. Although a mouse model of ischemic retinopathy has widely contributed to elucidate the basis of the molecular pathogenesis involved in retinal neovascularization, the literature is still scarce regarding the molecular aspects of PSCR. The aim of the present study was to identify differences in the expressions of molecules produced by endothelial cells that may be associated with the clinical ocular heterogeneity among individuals affected by SC hemoglobinopathy. Identifying molecules associated with PSCR development may help to better elucidate pathogenic mechanisms underlying SCD-induced vision loss and establish new therapeutic targets.
We used RNA-Seq to compare the gene expression profiles of circulating endothelial colony-forming cells (ECFCs) from patients with SC hemoglobinopathy and proliferative retinopathy versus patients without retinopathy. Endothelial colony-forming cells (ECFCs), also called outgrowth endothelial cells or “late” endothelial progenitor cells (EPCs), are the most potent vascular reparative cells type among EPC. These cells are potentially capable of incorporating into foci of physiological or pathological neovascularization [11, 12]. Mouse model studies have provided evidence that ECFCs may play an important role in the regeneration of retinal vasculature and reduction of pathological angiogenesis in a model of ischemic retinopathy [13–15]. Furthermore, to elucidate molecular differences between genotypes, we investigated whether differential expression of the main genes detected in HbSC patients was also observed when HbSS patients, with and without PSCR, were compared. The results presented here, to the best of our knowledge, represent the most comprehensive analysis of comparative gene expression in human EPCs currently available.
MATERIALS AND METHODS
Patients
A total of 10 HbSC and 8 HbSS patients were recruited from the Hematology and Hemotherapy Center, University of Campinas-UNICAMP (Campinas, São Paulo, Brazil). Among the HbSC patients, six had PSCR (Group 1) and four had no retinopathy (Group 2). Among the HbSS patients, four had PSCR (Group 3) and no pathological ophthalmic signs were observed in four (Group 4). Hemoglobinopathy diagnosis was performed through clinical and laboratorial data. Demographic characteristics and hematological parameters were collected (Supplementary Tables S1, S2), as well as clinical data and information on drug therapy (Supplementary Tables S3, S4). It should be emphasized that, in SCD patients under regular blood transfusion therapy (such as in patients with stroke), the peripheral blood samples for isolation of ECFCs were collected immediately before transfusion, at least 15 days after the previous transfusion. All SCD patients in this study were not on hydroxycarbamide (also known as hydroxyurea) therapy or any other disease modifying therapy. After ophthalmic examinations, peripheral blood samples were collected and ECFCs cultures were carried out immediately. Exclusion criteria were malignancy, diabetes mellitus, pregnancy, painful crisis within the 2 weeks before the time of ocular examination, ocular media opacities that precluded fundoscopic examination, hydroxycarbamide therapy and previous eye surgery.
All patients provided written informed consent and the study was approved, in accordance with national guidelines, by the University Ethics Committee.
Ophthalmologic evaluation
All patients in this study underwent a complete ophthalmic examination, which included anterior biomicroscopy, fundus biomicroscopy using 78-diopter lens, indirect fundoscopy with a 20-diopter lens, color fundus photography and fluorescein angiography. The patients were examined by the same ophthalmologist at the Ophthalmology Department of the University of Campinas. In the PSCR groups (1 and 4) patients in stages III, IV and V, according to Goldberg’s classification [16], were included with the following ophthalmic features: neovascularized sea fan that occurs at the boundary between the non-vascularized and vascularized zones of the retinal periphery (Stage III), presence of vitreous hemorrhage (Stage IV), tractional or rhegmatogenous retinal detachment (Stage V).
ECFC culture
Cultures of ECFCs were established from peripheral blood samples, according to previously described methods [17, 18]. Peripheral blood (45 mL) was collected in a heparinized solution and samples were processed immediately. The anticoagulated blood was diluted in 2 parts of phosphate-buffered saline solution (PBS) and then added to an equivalent volume of Ficoll-Paque PLUS (GE Healthcare, Uppsala, SE) before centrifugation at 317g for 30 min at room temperature. Mononuclear cells were isolated and washed 3 times with EBM-2 medium (Lonza, Walkersville, MD, United States) and resuspended in EBM-2 medium (Lonza, Walkersville, MD, United States) containing EGM-2 (Endothelial Cell Growth Medium-2) BulletKit™, 10% additional fetal bovine serum (Invitrogen, Carlsbad, CA, United States), 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, United States) and 1% L-glutamine (Gibco, Life Technologies, Carlsbad, California, United States). Approximately 7 × 106 cells were seeded onto twelve-well flat-bottom tissue culture plates precoated with type 1 rat-tail collagen (Sigma-Aldrich, Saint Louis, MO, United States) and cultured in a humidified incubator at 5% CO2. After an incubation time of 7–21 days, ECFCs were identified by their typical cobblestone morphology and were evaluated for surface marker expression with a FACSCalibur (BD Bioscience, San. Jose, CA, United States). Results were analyzed using the FlowJo software (Tree Star Inc.). ECFCs were characterized by positive staining for endothelial markers CD31, CD144, CD146, VEGF/KDR; negative or low for endothelial activation antigen, CD34; negative for the myeloid cell marker, CD45, and for the endothelial progenitor marker, CD133.
RNA extraction
After reaching 80%–90% confluence, the ECFCs were harvested using 0.025% trypsin-EDTA. Total RNA was extracted from cells using Trizol Reagent (Ambion Life Technologies, Carlsbad CA, United States), and a commercial RNeasy mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s instructions. RNA was treated with DNAse I (Life Technologies, Carlsbad, CA, United States) to remove remaining genomic DNA. The quantity and purity of the extracted RNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific), and RNA integrity was determined using the Bioanalyzer 2100 system (Agilent Technologies).
RNA sequencing and differential gene expression analysis
RNA sequencing (RNA-Seq) was performed on the ECFC samples from SC patients, comprising five patients from Group 1 and three patients from Group 2. RNA libraries were prepared using Illumina TruSeq RNA-Seq v2 kit (Illumina, San Diego, CA, United States) according to manufacturer’s protocol. After quality control by Agilent Bioanalyzer (Agilent, Santa Clara, CA), the libraries were submitted to paired-end 100 bp high output sequencing on a HiSeq 2500 instrument. Read quality was assessed by FastQC v0.11.5 [19] and aligned to human genome assembly (GRCh38.88) using STAR version 2.5.2 [20]. Only those reads uniquely mapped to the reference genome were subsequently analyzed.
Differential gene expression analysis was performed using the DESeq2 [21] R package. The FeatureCounts algorithm from Rsubread was used to generate count matrices from reads aligned to the genome [22]. To visualize the overall gene expression levels, a Volcano plot was created with log2FoldChange score and log10 p-values through to the EnhancedVolcano package (v1.2.0) [23]. The changes in gene expression levels were considered significant when log2FoldChange were ≥| +1 ≤|−1|, and statistical test values (false discovery rate—FDR—adjusted p-value) were lower than 0.1. Significance threshold <0.1 was set for Volcano plot to capture highly abundant marginal changes in gene expression. ClustVis [24] was used to build the heatmaps using Pearson’s correlation coefficient. PCAtools (Principal Component Analysis) [25] of RStudio were used. The relationships between the molecular pathways and ten DEGs selected for validation demonstrated in an alluvium diagram, were performed on the Sankeymatic platform.1
Gene ontology (GO) and protein-protein interaction (PPI) network analysis
The PANTHER v14.1 online tool was used to perform enrichment analysis for GO Biological Processes (Fisher’s exact test; FDR ≤0.05). All expressed genes (count >5) were used to build the reference list (background) and DEGs with FDR <0.1 were included in the list of analyzed genes.
Cytoscape Network Analysis (v3.8.1) was used to construct and visualize the protein-protein interaction [26]. We used StringApp [27] to search for interactions using UNIPROT IDs [28] of DEGs. The parameters used were confidence score cutoff: 0.4, maximum additional interactors = 0 and load enrichment data. Non-coding genes were excluded before loading the resulting 123 DEGs to StringApp. Additionally, to identify the protein clusters from the overall protein interaction network generated by STRING, we used Markov clustering (MCL) [29] (Granularity parameter, inflation value = 4). Functional enrichment for each cluster and enrichment map (only the gene ontology results) were performed using the following parameters: connectivity cutoff (Jaccard similarity) = 0.4, node cutoff: q-value = 0.05, Style: Q-value FDR and Radial Heat Map. Additionally, we used the Cytohubba plugin to compute different scores for protein nodes and verify the most hub gene [30]. Parameters of cytoHubba were set as follows: Hubba nodes = top 1 node ranked by Degree, display options = check the first-stage nodes and display the shortest path.
Validation by RT-PCR and expression level analysis of DEGs in HbSS patients
The quantitative real-time polymerase chain reaction (qRT-PCR) was used to validate the relative expression patterns obtained by RNA-Seq. Ten genes with log2 fold change ≥| +1 ≤|−1| and FDR ≤ 0.05 were selected: five up-regulated genes, ROBO1, SLC38A5, NNAT, PROX1, SEMA3B and five down-regulated genes, CCL2, CXCL10, GBP5, TGFB2 and OASL. These genes were selected from functional enrichment analysis due to their association with angiogenesis (FDR 1.59E-02), cell migration (FDR 1.10E-02), cell adhesion (FDR 5.77E-04), immune response (FDR 2.44E-03) and type I interferon signaling pathway (FDR 6.24E-03). To evaluate whether differential expression identified in HbSC patients was also present in HbSS patients, relative expression of these genes was also evaluated in an RNA sample of ECFCs from HbSS patients with (n = 4) and without (n = 4) retinopathy.
Complementary DNA (cDNA) was synthesized from 1 μg of RNA utilizing the RevertAid First Strand cDNA Synthesis Kit (Fermentas), according to the manufacturer’s instructions. The cDNA was used as template for real-time qRT-PCR analysis using SYBR green (Applied Biosystems, United States) based detection in an ABI StepOne Plus equipment (Applied Biosystems, Carlsbad, CA). Primer sequences, annealing temperatures and product sizes are provided in Supplementary Table S5. Melting curves were examined to ensure single products. Briefly, the PCR amplification was carried out in a 12 μL reaction volume containing 150 or 300 nM specific primers (3 μL), 10 ng cDNA (3 μL), and 6 μL SYBR Green PCR Master Mix (Applied Biosystems, United States). All samples were run in triplicate with the following cycling conditions: 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 15s, and 40 cycles of 60°C for 1 min. Results were quantified using the “delta-delta Ct” method and normalized to the constitutive genes ACTB and GAPDH transcript levels. Relative expression for each sample was calculated using the standard equation [2(−ΔCt)], as previously described by Schmittgen [31]. Delta CT values between genes of interest and GAPDH were analyzed for statistical significance using a t-test by GraphPad Prism version 5.00 for Windows (GraphPad Software, La Jolla, CA, United States).
RESULTS
In the present study, RNA-Seq was used to characterize the ECFC transcriptomes of SC patients with (5) and without PSCR (3). After sequencing, RNAseq produced an average of 70 million 101-base pair paired-end reads per library. GC content was approximately 49%. A minimum of 88% of the bases reached a Q score of 30 (Q30), indicating low probability that a base was erroneously sequenced. A high number of reads (85%–94%) mapped exclusively to the human genome. Raw Illumina RNA-Seq FASTQ files are available in the Gene Expression Omnibus (GEO) database (Accession Number: GSE240446). All transcripts found in the comparison of the group 1 versus group 2 (26,299 variables) were depicted in a volcano plot (See Supplementary Figure S1).
Identification of DEGs
Considering statistically significant FDR < 0.1, a total of 134 DEGs were found when comparing SC patients with and without PSCR. Among these genes, 36 were up-regulated and 98 were down-regulated (Supplementary Tables S6, S7). Volcano plots and GO Functional Enrichment Analysis using Panther tools were generated from FDR < 0.1. A less conservative FDR threshold was used to illustrate the general gene expression pattern detected by DESeq2 and for a broader investigation of potential interactions. When a more stringent significance threshold (FDR<0.05) was used a total of 83 DEGs were found; 28 were up-regulated and 55 were down-regulated. A graphic overview of the differential status of gene expression is represented by the heatmap in Figure 1. A distinct clustering between groups with and without PSCR is also shown in the Principal Component Analysis (PCA) (Figure 2), in which the presence or absence of PSCR explains 69.14% of total group variance.
[image: Figure 1]FIGURE 1 | Heatmap showing differentially expressed genes identified after the comparison of ECFC transcriptomes of SC patients with and without PSCR. Differential expression threshold criteria of log2FoldChange ≥| +1 ≤|−1| and padj value < 0.05 were applied. Columns represent different samples, whereas rows represent differentially expressed genes. The intensity of the color was used to indicate the level of gene expression. The highest expression is represented by a darker red and the lowest expressions by a darker blue.
[image: Figure 2]FIGURE 2 | Principal Component Analysis (PCA) of the patients obtained from the DEGs (FDR <0.05) identified by RNA sequencing. Principal Component 1 (PC1) represents 69.14% of group variation, and Principal Component 2 (PC2), 8.31%. The triangular shape corresponds to individuals under transfusion treatment. PSCR, Proliferative sickle cell retinopathy; C, Controls; N, No; Y, Yes.
GO functional enrichment analysis
To gain further insights into the biological functions associated with genes that were differentially expressed in SC patients with PSCR, when compared with SC patients without retinopathy, we used the Panther online tool. GO terms were assigned to 98 down-regulated and 36 up-regulated DEGs. Biological process analysis includes significantly enriched gene ontology terms associated with vasodilation, such as regulation of tube size (FDR = 3.51e-02), regulation of tube diameter (FDR = 3.56e-02), regulation of blood vessel diameter (FDR = 3.62e-02) and vascular process in circulatory system (FDR = 1.21e-02). DEGs are also enriched in terms associated with immune process such as cellular response to type I interferon (FDR = 4.87e-03), type I interferon signaling (FDR = 5.09e-03), response to type I interferon (FDR = 6.96e-03), negative regulation of viral genome replication (FDR = 3.55e-02). GO terms associated with angiogenesis as blood vessel morphogenesis (FDR = 1.64e-03) and vasculature development (FDR = 9.77e-03) are also represented (Figure 3).
[image: Figure 3]FIGURE 3 | Significantly enriched GO terms of DEGs are shown. The 134 DEGs (36 up-regulated and 98 down-regulated) were enriched in biological process.
Protein-protein interaction (PPI) network analysis
To better understand interactions among the DEGs, PPI network analysis was performed. All the DEGs with corresponding known protein names were analyzed using the StringApp of the Cytoscape software. After filtering the nodes without connection, the main network was generated containing 64 nodes and 151 edges (Supplementary Figure S2). To group the proteins in the clusters based on their interactions from STRING we used the Cytoscape MCL plugin. Ten clusters with three nodes or more and six clusters with only two nodes were generated and the top six clusters are shown in Figure 4. Additionally, functional enrichment analysis and enrichment maps were performed for these six clusters (Supplementary Figure S3). In these clusters, six hub genes included IFIT1, ITGB2, ROBO1, BDKRB2, CCL2 and COL4A1 after analysis by the Cytohubba plugin. Pathway enrichment analysis showed that Cluster 1 is mainly associated with type I interferon signaling (FDR = 1.3e-10), innate immune response (FDR = 7.72E-9), response to other organism (FDR = 7.72E-9) and cellular response to cytokine stimulus (FDR = 7.46E-7). Cluster 2 is mainly relevant with tertiary granule (FDR = 3.35E-5), immune system process (FDR = 3.79E-5) and immune response (FDR = 6.24E-5). Cluster 3 is mainly associated with axon guidance (FDR = 4.31E-5), axon guidance receptor activity (FDR = 1.1E-4), cell development (FDR = 1.2E-4) and negative chemotaxis (FDR = 9.5E-4). Cluster 4 shows the main association with G protein-coupled receptor signaling pathway (FDR = 0.0075), regulation of anatomical structure size (FDR = 0.0075) and vasoconstriction (FDR = 0.0075). Cluster 5 shows that the most significant pathways are associated with homeostatic processes (FDR = 0.0202), regulation of endothelial cell apoptotic process (FDR = 0.0202), regulation of developmental processes (FDR = 0.0292). Cluster 6: the most significant terms are extracellular matrix organization (FDR = 1.17E-5), basement membrane (FDR = 1.93E-5), collagen-activated tyrosine kinase receptor signaling pathway (FDR = 1.2E-4) and angiogenesis (6.1E-4).
[image: Figure 4]FIGURE 4 | The five most significant clusters. Red nodes represent hub genes as inferred by Cytohubba. Triangles represent up-regulated and circles represent down-regulated DEGs.
Validation of expression level analysis of DEGs by qRT-PCR in HbSC and HbSS patients
To validate the RNA-seq data, the expressions of ten genes in the ECFCs from HbSC patients with and without retinopathy were verified by qRT-PCR. In the present study, we also investigated the expression levels of these same DEGs in groups III and IV (HbSS patients with and without retinopathy, respectively). The expressions of the ROBO1, SLC38A5 and NNAT genes were significantly higher in HbSC patients with PSCR, p-value <0.05. However, NNAT failed to achieve this threshold value after Benjamini Hochberg (BH) adjustment of the p-value. The statistical results showed no difference in the expression levels of the same genes between HbSS patients with and without retinopathy (Figures 4A–F; Supplementary Figure S4). In addition, low levels of expression for the CCL2, CXCL10, GBP5 and TGFB2 genes were observed in HbSC patients with PSCR, when compared with HbSC patients without PSCR. On the other hand, no difference was observed among HbSS patients with and without PSCR (Figures 5A–H; Supplementary Figure S4). The differential expressions of the up-regulated genes, ROBO1 and SLC38A5, and the down-regulated genes, CCL2, CXCL10, GBP5 and TGFB2, observed in qRT-PCR are consistent with the HbSC RNAseq data. However, unlike the RNAseq results, no significant difference was detected for the up-regulated genes, PROX1, SEMA3B (Figures 5G–J; Supplementary Figure S4), and the down-regulated gene, OASL (Figures 6I, J; Supplementary Figure S4), when comparing HbSC patients affected or unaffected by retinopathy by qRT-PCR. Moreover, these latter genes showed no difference in expression levels between groups III and IV.
[image: Figure 5]FIGURE 5 | Validation of up-regulated genes, ROBO1, SLC38A5, NNAT, PROX1 and SEMA3B, by RT-qPCR in HbSC patients and comparison of relative mRNA levels of the same genes in HbSS patients with and without retinopathy, mRNA expression was normalized to ACTB and GAPDH mRNA expression levels. Each dot represents the gene expression of an individual. AU (Arbitrary Unit). (A,C,E,G,I) HbSC patients. (B,D,F,H,J) HbSS patients.
[image: Figure 6]FIGURE 6 | Validation of down-regulated genes, CCL2, CXCL10, GBP5, TGFB2 and OASL, by RT-qPCR in HbSC patients and comparison of relative mRNA levels of the same genes in HbSS patients with and without retinopathy. mRNA expression was normalized to ACTB and GAPDH mRNA expression levels. Each dot represents a patient. AU (Arbitrary Unit). (A,C,E,G,I) HbSC patients. (B,D,F,H,J) HbSS patients.
DISCUSSION
PSCR is considered the most serious ocular complication of SCD, and can potentially result in visual loss due to vitreous hemorrhage or retinal detachment. PSCR is more frequently manifested in patients with HbSC than in other genotypes, and some degree of visual loss can occur in 5%–20% of affected eyes. The mechanisms involved in the higher incidence of ocular alterations in HbSC patients remain unclear. Considering that the neovascularization process involves the recruitment of endothelial progenitor cells, in the present study we compared, for the first time, the transcriptional profiles of ECFCs from patients with HbSC hemoglobinopathy and proliferative retinopathy versus patients without retinopathy. ECFCs, endothelial progenitor cells that circulate in peripheral blood, have a high proliferative capacity [32] and stable phenotype during in vitro culture and have been used as a tool for understanding the pathophysiology of vascular diseases and as a model for the study of endothelial function in sickle cell anemia [17, 33]. Emerging pre-clinical evidence underscores the therapeutic potential for ECFCs in ischemic retinopathies, such as diabetic retinopathy and retinopathy of prematurity, promoting vascular repair and revascularization [13–15].
RNA-seq was used to find DEGs, followed by functional enrichment analysis and PPI network, a common workflow in gene expression studies. The functional enrichment analysis for these DEGs demonstrated that they were significantly enriched in some GO terms that are associated with PSCR, including angiogenesis, cell migration, cell adhesion and innate immune response. Previous studies have demonstrated the important role of pathways associated with the immune system [34] and angiogenesis [35] in the pathogenesis of SCD. Interestingly, our results agree with these findings. Gene ontology analysis showed that the top significant biological terms derived from the list of DEGs included processes like vasodilation, type I interferon signaling, innate immunity and angiogenesis. Moreover, data derived from PPI network analysis reflected a similar pattern. Enrichment analysis of clusters showed that terms associated with type I interferon signaling, innate immune response, axon guidance and angiogenesis were also among the top ranked findings. Results were consistent across different analytical tools. The Cytohubba analysis of the main clusters (1–6) shows that the top six hub genes are IFIT1, ITGB2, ROBO1, BDKRB2, CCL2 and COL4A1. The IFTI1 and ITGB2 genes play important roles in the immune response and ROBO1, BDKRB2, CCL2 and COL4A1 are associated with angiogenesis. Interestingly, interferon-associated molecular signals, including type I interferon signaling genes such as IFIT1, OASL, OAS2, IFI6, XAF1, MX1 are all down-regulated in ECFC of HbSC patients presenting PSCR, when compared with HbSC patients unaffected by PSCR. Likewise, other genes associated with the immune system processes are also downregulated in the ECFC of these patients, such as CEACAM1, CD300A, CTSS, ITGB2, SPI1, C1QA, LILRA5, LTB.
Several studies, particularly in cancer, have demonstrated the anti-angiogenic activity of type I interferons. This activity has been attributed to various alternative mechanisms [36], including inhibition of basic fibroblast growth factor (bFGF) overproduction by tumor cells [37] or down-regulation of IL-8 and VEGF gene expression [38, 39]. IFN-α seems to also have a direct effect on EC, including inhibition of EC proliferation and migration [40–42]. Additionally, IFNs induce the expression of many genes and it has been proposed that the antiangiogenic effects of type 1 interferons may be associated with the up-regulation of angiostatic chemokines, including CXCL10, and CXCL11 [40]. In fact, there is abundant evidence to indicate that CXC chemokines are involved in inhibiting angiogenesis [43]. Guanylate-binding proteins (GBPs) are also a group of IFN-induced proteins that are essential for innate immune responses [44] and can mediate the inhibition of EC proliferation [42] and invasion [45]. The anti-proliferative activity of GBP-1 has been associated with decreased progression in some cancer types, such as breast and colorectal cancer [46]. High expression of GBP1-5 has been correlated with favorable overall survival in skin cutaneous melanoma (SKCM) patients. In the present study, CXCL10, GBP4 and GBP5 are downregulated in the ECFC of HbSC patients with PSCR. Since our results revealed reduced expressions of all type I interferon signaling genes, we hypothesized that HbSC patients with PSCR may have an IFNα/β gene signature, which leads to failure in producing significant antiangiogenic effects, contributing to an efficient neovascularization process in these patients.
It is important to emphasize that, considering the notorious clinical heterogeneity of SCD, it is possible that the significantly enriched pathways and the associated genes identified in the analysis of SCR may also be involved in other complications present in the patients studied. In this regard, we highlight the avascular necrosis present in the HbSC patient group with retinopathy (3/6). Avascular necrosis (AVN), also known as osteonecrosis, is a common consequence of vaso-occlusive processes that affect the musculoskeletal system in patients with sickle cell haemoglobinopathy. There is established evidence that angiogenesis, the main pathway identified in this study, and bone formation work closely together in this complication of SCD [47]. The biology of osseointegration involves various processes including inflammation, vascularization, and bone formation [48]. Nevertheless, further studies are necessary to better understand the involvement of DEGs in the cascade of molecular processes that help manage the physiopathology of this complication.
Studies have increasingly indicated that the development of the nervous and vascular systems share similar guidance mechanisms [49, 50]. Among the guidance systems involved in axonal and vascular networks, there are the Slits and Roundabouts (ROBO), Netrins and UNC5 receptors, Semaphorins, and Eph receptors and ephrin ligands. Despite this great complexity of pathways and these already known guidance molecules signaling, interestingly, we identified remarkable overexpression of the ROBO1 gene in the ECFCs of SC patients with PSCR (log2FoldChange = 4.3, FDR = 1.35E-11) indicating that most likely this receptor is crucial for angiogenesis in sickle cell retinopathy.
ROBO1, a member of the ROBO family, plays key roles in axon guidance receptor regulation and has been reported to mediate tumor angiogenesis [51]. Robo1 may play an important role in cell tube formation, cell attachment, proliferation and promote migration of endothelial cells [51, 52]. Previous studies using monkey choroidal retinal endothelial cells [52], HUVECs [51] and mouse retinal endothelial cells [53] have demonstrated that decreased Robo1 inhibited EC migration. Previous researchers have suggested that Robo1 is involved in ocular neovascularization. Data show significantly elevated expression levels of Robo1 in the retinas of mice with oxygen-induced retinopathy of prematurity [52–54]. ROP is characterized by local ischemia and preretinal neovascularization. In a comprehensive study, Rama et al. provide clear genetic evidence for the crucial role of Slit2 signaling through Robo1 and Robo2 for promoting pathological and developmental ocular neovascularization [54]. In addition, it has been reported that sprouting angiogenesis, induced by VEGF-A, also requires the presence of Robo1. In the present study, the significant overexpression found in the ECFCs of HbSC patients with PSCR suggests that Robo1 may play a potential role in the pathophysiology of sickle cell retinopathy.
Among the differentially expressed genes identified, we also highlight the SLC38A-5 gene (solute carrier family 38, member 5), which encodes an amino acid transporter expressed mainly in Muller cells, ganglion cells and endothelial cells [55]. We found that SLC38A5 is significantly up-regulated (log2FoldChange = 3.4, FDR = 1,59E-07) in the ECFCs of SC patients with PSCR. SLC38A5 is a neutral amino acid transporter responsible mostly for glutamine uptake in the retina.
The metabolism of ECs has been recognized as a regulator of angiogenesis and the concept that targeting EC metabolism may represent a novel anti-angiogenic strategy to treat vascular disease is emerging [56, 57]. A growing amount of evidence indicates that endothelial cell glycolysis, fatty acid oxidation and glutamine metabolism are essential in the angiogenic behavior of ECs during vessel formation [58, 59]. Glutamine is the most abundant nonessential amino acid in the human body and contributes to every biosynthetic pathway in proliferating cells [60]. Glutamine is a key carbon and nitrogen source for nucleotide and protein synthesis. Additionally, once transported into the cells, glutamine can be converted to glutamate followed by conversion to ornithine to generate polyamines and nitric oxide (NO), both pro-angiogenic factors [56].
The role of glutamine metabolism in cancer cells has been well characterized. The increased influx of glutamine in cancer is associated with the up-regulation of transporters to satisfy the increased demand for amino acids due to rapid cellular growth and proliferation [60, 61]. Computational analysis focusing on the gene expression data for glutamine and glutamate metabolism in different cancer types showed that the uptake of glutamine is increased by up-regulated SLC38A5 in breast invasive carcinoma (BRCA), colon adenocarcinoma (COAD), and head and neck squamous cell carcinoma (HNSC) [62]. On the other hand, the role of glutamine metabolism in ECs during angiogenesis is not well known. Nonetheless, studies have demonstrated that depriving ECs of glutamine or inhibiting glutaminase 1 (GLS1) causes impaired EC proliferation, migration and vessel sprouting in vitro and in vivo [63, 64]. It was reported that endothelial loss of GLS1 diminishes the number of vascular branch points of the vascular plexus and reduces radial expansion of the plexus in the retina of EC-specific GLS1 knockout mice. In addition, pharmacological blockage of glutamine metabolism reportedly reduces pathological ocular angiogenesis in mouse pups with retinopathy (ROP model), which may imply a possible new antiangiogenic strategy [63, 64].
Additionally, in this study we also performed expression level analysis for the ten DEGs in the HbSS samples, with and without retinopathy (groups III and IV). Interestingly, the difference in expression was observed only for the TGFB2 gene. Therefore, our results indicate that different genes may be involved in sickle cell retinopathy of HbSC and HbSS hemoglobinopathies. We previously employed the present approach to reveal gene expression differences between HbSS patients with and without PSCR [65]. In fact, different sets of genes have been identified coincident with a corresponding increase in endothelial cell expression associated with cell migration, cell adhesion and proliferation signaling. However, further studies with different approaches are necessary to confirm this hypothesis.
This study has some limitations, such as the small number of patients in each group and the lack of quantification of the protein levels of the DEGs. Small sample sizes are not rare in studies employing RNAseq in human samples [66, 67], and can influence the risk of false positives or false negatives results. Additionally, in the present study, five patients (one HbSC patient and four HbSS patients) were undergoing regular blood transfusion. Red blood cell transfusion remains an important therapeutic intervention for improving oxygen carrying capacity and reduce the complications of vaso-occlusion associated with sickle cell disease. Regarding the transfusion treatment and consequent effect on gene expression in circulating ECFCs, it is important to highlight that the peripheral blood samples for isolation of ECFCs were collected immediately before the transfusion of red blood cells. In addition, previous validation study of the present approach demonstrated that alterations in ECFCs gene expression profile as consequence of cell culture stimulation with inflammatory cytokines returned to baseline after one expansion [68]. Since cells from passages 3 to 5 were used for RNA sequencing in our study, we believe that the acquired endothelial phenotypes due transfusion treatment may have been washed out and that therefore, the gene expression of ECFCs reflects only genetic profile of the patients.
Moreover, it is important to emphasize that our approach was based on cultured ECFCs, which are not endothelial cells that reside naturally in the retina. Hence, they are free of tissue specification phenotypes and acquired influences. However, studies have shown that ECFCs demonstrate functional capacity in vitro and in vivo to both form vessels and integrate into pre-existing vasculature. In this way, evidence from pre-clinical investigations indicates that the administration of ECFCs may present therapeutic efficacy by promoting vascular repair in ischemic disorders, such as ischemic retinopathy [14] and ischemic brain [69]. Therefore, we believe that our strategy has generated data that may provide novel insights for understanding the pathophysiology underlying HbSC sickle cell retinopathy, which remains poorly comprehended.
In conclusion, the results shown here reveal candidate genes involved in HbSC proliferative sickle cell retinopathy, of which we highlight the ROBO1 and SLC38A5 genes, which have been previously associated with retinopathy in an animal model and deserve more attention as an alternative strategy to inhibit pathological angiogenesis.
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Abstract
The intima, comprising the endothelium and the subendothelial matrix, plays a crucial role in atherosclerosis pathogenesis. The mechanical stress arising from disturbed blood flow (d-flow) and the stiffening of the arterial wall contributes to endothelial dysfunction. However, the specific impacts of these physical forces on the mechanical environment of the intima remain undetermined. Here, we investigated whether inhibiting collagen crosslinking could ameliorate the detrimental effects of persistent d-flow on the mechanical properties of the intima. Partial ligation of the left carotid artery (LCA) was performed in C57BL/6J mice, inducing d-flow. The right carotid artery (RCA) served as an internal control. Carotids were collected 2 days and 2 weeks after surgery to study acute and chronic effects of d-flow on the mechanical phenotype of the intima. The chronic effects of d-flow were decoupled from the ensuing arterial wall stiffening by administration of β-aminopropionitrile (BAPN), an inhibitor of collagen crosslinking by lysyl oxidase (LOX) enzymes. Atomic force microscopy (AFM) was used to determine stiffness of the endothelium and the denuded subendothelial matrix in en face carotid preparations. The stiffness of human aortic endothelial cells (HAEC) cultured on soft and stiff hydrogels was also determined. Acute exposure to d-flow caused a slight decrease in endothelial stiffness in male mice but had no effect on the stiffness of the subendothelial matrix in either sex. Regardless of sex, the intact endothelium was softer than the subendothelial matrix. In contrast, exposure to chronic d-flow led to a substantial increase in the endothelial and subendothelial stiffness in both sexes. The effects of chronic d-flow were largely prevented by concurrent BAPN administration. In addition, HAEC displayed reduced stiffness when cultured on soft vs. stiff hydrogels. We conclude that chronic d-flow results in marked stiffening of the arterial intima, which can be effectively prevented by inhibition of collagen crosslinking.
Keywords: arterial stiffness, disturbed blood flow, endothelium, subendothelial matrix, atomic force microscopy, lysyl oxidase, collagen crosslinking, BAPN
IMPACT STATEMENT
Although influenced by systemic risk factors, atherosclerotic plaques develop in response to mechanical forces impacting bifurcations and curved segments of the arterial tree. Unraveling the intertwined effects of disturbed blood flow and arterial wall stiffening in the pathogenesis of atherosclerosis remains a challenge. This study provides novel insights into pathological vascular remodeling, emphasizing the significant impact of chronic d-flow on arterial intima stiffening. Our research demonstrates that inhibiting collagen crosslinking effectively prevents the substantial stiffening of the arterial intima induced by chronic exposure to d-flow. Accordingly, modulation of intimal stiffness emerges as a promising avenue for the development of innovative targeted interventions aimed at promoting arterial health.
INTRODUCTION
Atherosclerotic lesions develop primarily in areas where arteries branch out or have curved segments [1], despite the influence of systemic risk factors [2]. The mechanical forces exerted by local blood flow patterns play a crucial role in determining the endothelial phenotype and influencing the progression of atherosclerosis [3, 4]. In straight arterial regions, the high-magnitude and unidirectional shear stress resulting from steady blood flow promotes endothelial health and is considered protective against atherosclerosis. On the other hand, in bifurcations and curved arterial segments, the low-magnitude and oscillatory shear stress caused by disturbed blood flow (d-flow) leads to endothelial dysfunction and is deemed prone to atherosclerosis.
The mechanical properties of the arterial wall also play a significant role in the development and progression of atherosclerosis [5]. Factors such as aging [6], metabolic imbalance [7], and hypertension [8], contribute to arterial stiffening by causing changes in the extracellular matrix and vascular cells. Arterial stiffening is also observed in bifurcations and curved segments, which aligns with the localized formation of atherosclerotic lesions due to d-flow [9–11]. However, the specific impact and interplay between chronic exposure to d-flow and arterial wall stiffening on the intimal phenotype, and specifically its biomechanical properties, remain poorly understood.
The mouse model of partial carotid ligation (PCL) has been valuable in uncovering the mechanisms involved in the development of atherosclerosis [12–14]. By surgically inducing d-flow in a previously healthy and straight arterial segment, the development of atherosclerotic lesions can be rapidly stimulated in hyperlipidemic mice [12, 15, 16]. In the presence of physiological levels of cholesterol and triglycerides, however, prolonged exposure (∼2 weeks) to PCL-induced d-flow leads to arterial wall remodeling and stiffening, similar to the effects of aging [17]. This model offers, therefore, a unique opportunity to study how mechanical forces contribute to abnormal molecular patterns and cellular phenotypes that drive the progression of atherosclerosis [14]. The objective of this research was to determine the specific contribution of d-flow and arterial wall stiffening to the mechanical phenotype of components of the arterial intima, i.e., the intact endothelium and the denuded subendothelial matrix. This study tested the hypothesis that chronic d-flow initiates a feed forward loop promoting arterial wall stiffening leading to altered endothelial mechanics; hence interventions aimed at reducing arterial wall stiffness have the potential to disrupt this loop and preserve the mechanical homeostasis of the endothelium.
Our findings indicate that reducing arterial wall stiffness can reverse the detrimental effects of prolonged exposure to d-flow on the biomechanical properties of the arterial endothelium.
MATERIALS AND METHODS
Animals
Mice were maintained in the Comparative Medicine Program Laboratory Animal Resources and Research facility at Texas A&M University. Animal handling and experimental procedures were performed according to a protocol (AUP 2019-0184) approved by the Institutional Animal Care and Use Committee of Texas A&M University. Eight-week old male and female C57BL/6J mice (RRID:IMSR_JAX:000664) were used for determinations of stiffness using atomic force microscopy (AFM). The fluorescence reporter mT/mG mouse [18], expressing tamoxifen-inducible Cre recombinase (Cdh5-CreERT2) in the endothelium [19], was used to verify arterial wall integrity and the subsequent mechanical removal of the endothelium. In these mice, endothelial cells were labeled with EGFP following five intraperitoneal injections, administered every other day, of 75 mg/kg tamoxifen (Sigma-Aldrich) in 100 μL corn oil. All animals were maintained on a 12-h light/dark cycle and fed regular chow ad-libitum.
Experimental design
We performed partial ligation of the left carotid artery (Figure 1A) to determine the acute and chronic effects of d-flow on the mechanical phenotype of the endothelium and subendothelial matrix. Animals were sacrificed and carotid arteries collected 2 days or 2 weeks after surgery. The 2-day time point, which aligns with established experimental design principles in the field [14], captures the initial response to an acute change in hemodynamic forces [20]. To decouple the effects of chronic (2-weeks) d-flow from the ensuing arterial wall stiffening, animals were affixed with subcutaneous osmotic minipumps (ALZET model 1002, capacity: 100 μL, flow rate: 0.25 μL/h) delivering either phosphate buffered saline (Saline) or 150 mg/kg/day of β-aminopropionitrile (BAPN) [21], an inhibitor of the LOX family of enzymes (Figure 1B) [6, 17, 22–24].
[image: Figure 1]FIGURE 1 | Experimental strategy for force decoupling and assessment of the arterial mechanical phenotype. (A) At 8 weeks of age, male and female C57B/6J mice underwent PCL of the left carotid artery (LCA) to induce disturbed hemodynamics (top). The intact right carotid artery (RCA) served as an internal control. Successful ligation was verified by ultrasound detection of both decreased blood flow velocity and blood flow reversal (arrowheads) in the ligated LCA (bottom). (B) Acute and chronic effects of disturbed hemodynamics were determined 2 days or 2 weeks after PCL (n = 6/sex/time). To decouple the effects of chronic (2 weeks) disturbed hemodynamics from the ensuing stiffening of the arterial wall, mice were affixed at the time of surgery with subcutaneous osmotic minipumps delivering either Saline or 150 mg/kg/day of BAPN, an inhibitor of the collagen crosslinking enzymes of the lysyl oxidase (LOX) family. (C) Both carotids were excised and opened en face for determination of the elastic modulus of intimal components by AFM. First, AFM measurements were collected from the intact endothelium (step 1). Subsequently, endothelial denudation was performed using a cotton swab (step 2). Following endothelial denudation, AFM measurements were collected from the exposed subendothelial matrix (step 3). (D) Successful handling of excised vessels was validated using an endothelial-specific fluorescence reporter mouse (Cdh5-CreERT2/mTmG) to confirm integrity (top) and removal (bottom) of the endothelium before and after denudation, respectively. Note apical endothelial fluorescence (top panel) and autofluorescence of elastic fibers (bottom panel) in orthogonal views. Scale bar is 20 μm. VSMC, vascular smooth muscle cells. ICA, internal carotid artery; OA, occipital artery; ECA, external carotid artery; STA, superior thyroid artery.
Surgical procedures
Partial carotid ligation (PCL)
Mice were anesthetized with isoflurane and hair was chemically removed (Nair, Ewing, NJ) from the chin to the bottom of the sternum. The exposed skin was swabbed alternately with iodine and isopropyl alcohol prior to incision. Sutures (0–6 silk) were used to occlude the external carotid, internal carotid, and occipital branches of the left carotid artery (LCA), leaving the superior thyroid artery unobstructed (Figure 1A). The right carotid artery (RCA) was left intact and served as an internal control. The incision was closed using tissue adhesive (Vetbond, 3M, Saint Paul, MN). Soon after surgery, all mice received a subcutaneous injection of buprenorphine (0.1 mg/kg) to minimize pain and discomfort.
Osmotic minipump insertion
Mice used for the 2-week experiments remained anesthetized after completion of the PCL procedure and were placed in a prone position. Hair was chemically removed from between the shoulder blades and the skin was swabbed with iodine and isopropyl alcohol. A small incision was made to allow the subcutaneous insertion of an osmotic minipump. Following the subcutaneous insertion of the osmotic minipump, the incision was closed using 7 mm wound clips (EZ Clip, Stoelting, Chicago, IL).
Doppler ultrasound
We used ultrasound to confirm successful PCL 1 day after the surgical procedure. Mice were anesthetized using isoflurane and subjected to Doppler ultrasound using a Vevo 3100 system (FUJIFILM VisualSonics, Inc., Bothell, WA) in B-mode. Both flow reversal and decreased flow velocity were recorded in the ligated vessels [12, 13]. The presence of normal flow was confirmed in the intact vessels (Figure 1A, bottom panels).
Tissue collection and handling
Two days or 2 weeks following PCL, mice were euthanized using CO2 asphyxiation followed by cervical dislocation. The vascular tree was perfused through the apex of the heart with ice-cold Dulbecco’s phosphate buffered saline (DPBS, Gibco, Waltham, MA) prior to excision of carotid arteries. Excised vessels were immediately opened en face using vannas scissors (Fine Science Tools, Vancouver BC, Canada), affixed to 60 mm plastic dishes (BD Falcon, Franklin Lakes, NJ), and submerged in room temperature DPBS. En face vessel preparations were used to determine the stiffness of the intact endothelium and the subendothelial matrix [25]. After measurement of the intact endothelial surface was completed, the endothelial layer was mechanically removed using 10 swipes with a cotton swab (Figure 1C), DPBS was replaced, and measurements of the exposed subendothelial matrix were immediately collected. The integrity of the endothelium and exposure of the subendothelial matrix before and after mechanical removal of the endothelium, respectively, were confirmed by microscopic imaging of arteries harvested from the fluorescence reporter mT/mG mouse (Figure 1D).
Culture, immunofluorescence staining, and imaging of endothelial cells
Human aortic endothelial cells (HAECs; ATCC, Manassas, VA) were cultured in EGM-2 culture media (Lonza Walkersville, Basel, Switzerland) on 0.1% gelatin-coated plastic dishes until ∼80% confluence. Cells were then seeded (passage 5) on soft (4 kPa) or stiff (50 kPa) polyacrylamide hydrogels coated with 0.2% collagen I (Matrigen, San Diego, CA) at a density of 40 × 104/18 mm2 and cultured for 24 h. HAECs were fixed with 4% paraformaldehyde for 15 min at 37°C in phosphate-buffered saline (PBS). Fixed cells were permeabilized with 0.1% Triton X-100 and nonspecific binding was blocked using 3% bovine serum albumin (BSA) in PBS. Coverslips were incubated with primary mouse monoclonal anti-paxillin antibody (BD Biosciences, 1:1000) in blocking solution for 1 hour at room temperature, followed by Alexa Fluor 488 goat anti-mouse secondary antibody (Life Technologies, 1:500) for 1 hour at room temperature. To visualize actin filaments, cells were stained with Alexa Fluor 647 phalloidin (Life Technologies, 1:200). Images were acquired on an Olympus FV3000 confocal microscope using a PlanApoN SC2 60 × 1.4NA objective at 0.414 µm/px and Z-step of 0.31 µm. Z-stack images were projected as sum intensity. A cell area mask was created using Auto threshold with Huang method of the actin channel in ImageJ/FIJI [26]. Fluorescence intensity inside the mask was measured for actin and paxillin to determine mean intensity.
Atomic force microscopy
A numerical code, unknown to the experimenter, was used to deidentify samples and treatments. To determine the stiffness of the intact endothelium and subendothelial matrix, atomic force microscopy (AFM) measurements were performed as previously described [25]. The AFM probes used were unsharpened silicon nitride cantilevers with a spring constant of 12.2 ± 0.4 pN/nm (MLCT Bio, Bruker Nano-Surfaces, Billerica, MA). The AFM was operated in force mode, setting the cantilever to touch and retract from the tissue surface at 0.8 μm/s in the z-axis. An average of 4–6 separate sites were measured on the common carotid artery along the segment between the aortic arch (proximal) and the internal/external carotid artery bifurcation (distal) with approximately 60 force curves acquired at each site. Care was taken to avoid obtaining measurements at the edges of the tissue due to eventual damage during handling and immobilization in the dish.
In the case of HAEC cultured on hydrogels, measurements of cells stiffness and integrin ⍺5β1 adhesion force to fibronectin were conducted using AFM tips functionalized with fibronectin [27, 28]. Individual cells were measured midway between the nucleus and the edge of the cell [29]. A minimum of 10 cells were measured in each independent experiment, for a total of 1330–1344 force curves per condition. Experiments were performed in triplicates.
AFM data processing
Stiffness at the point of contact was evaluated as Young’s modulus of elasticity (E), by fitting the approach curve between the initial point of tissue contact and point of maximum probe displacement with Sneddon’s modified Hertz model [30]. Kernel density plots of the distribution of stiffness at the point of contact for both ex vivo vessels and cultured cells, as well as kernel density plots of the distribution of integrin adhesion force measurements for cultured cells, were generated using NForceR software [31].
Second harmonic generation imaging
Vessels were mounted on glass slides prior to imaging. Collagen was visualized by second harmonic generation (SHG) using an Olympus Fluoview FVMPE-RS Multiphoton Laser Scanning Microscope equipped with a XLPLN25XWMP2 25x water immersion objective and 1045 nm excitation laser. Images were processed using in ImageJ/FIJI [26]. All images were subjected to a 50 pixel rolling ball background subtraction and maximum intensity projections of z-stacks were generated.
Statistical analysis
We followed previously established guidelines for determining sample size in experiments involving laboratory animals [32]. Using data from preliminary studies, we estimated standardized effect sizes of 2.09 and 2.46 (stiffness, kPa), respectively, for males and females. To estimate the number of biological replicates, power analysis using G*Power (version 3.1.9.7.0) [33] was performed. Thus, it was determined that a sample size of n = 6 would have a 90% power to detect an effect size ≥2.09 assuming a 5% significance level and a two-sided test.
We analyzed stiffness distribution at the point of contact in blood vessels using kernel density plots and Lorentzian fitting using Fityk software [34]. We generated 95% confidence intervals for peak stiffness values (see Figures 2, 3) for each vessel type [29, 35]. Statistically significant differences were identified based on non-overlapping confidence intervals (p < 0.05). Additionally, we introduced a stiffness variability index calculated from half-width half-max (HWHM) values of each fitted distribution. This index represents half the distance between the two points on the x-axis where the probability density function of the distribution drops to half of its maximum value. The stiffness variability index quantifies the spread of elastic modulus measurements for a given vessel type, combining data from approximately 60 force curves per site across 4–6 sites per sample and six independent biological replicates. Thus, a higher numerical value of the stiffness variability index corresponds to a broader range of elastic modulus measurements.
[image: Figure 2]FIGURE 2 | Effects of acute, 2-day exposure to disturbed blood flow on the mechanical properties of the carotid intima. The elastic modulus of the endothelium (A,C) and subendothelial matrix (B,D) was measured using AFM in male (A,B) and female (C,D) mice 2 days after PCL (n = 6/sex). The number of force curves acquired per vessel type is indicated in parentheses as follows: (A) Unligated RCA (1451), Ligated LCA (2609). (B) Unligated RCA (890), Ligated LCA (1370). (C) Unligated RCA (1103), Ligated LCA (1295). (D) Unligated RCA (852), Ligated LCA (902). Bars with different letters, p < 0.05.
[image: Figure 3]FIGURE 3 | Effects of chronic, 2-week exposure to disturbed blood flow on the mechanical properties of the carotid intima. The elastic modulus of the endothelium (A,C) and subendothelial matrix (B,D) was measured using AFM in male (A,B) and female (C,D) mice 2 weeks after PCL and treatment with either Saline or 150 mg/kg/day of BAPN, an inhibitor of the collagen crosslinking enzymes of the LOX family (n = 6/sex/group). The number of force curves acquired per vessel type is indicated in parentheses as follows: (A) Unligated RCA + saline (1350), Unligated RCA + BAPN (3517), Ligated LCA + saline (2273), Ligated LCA + BAPN (2664). (B) Unligated RCA + saline (1995), Unligated RCA + BAPN (1007), Ligated LCA + saline (2251), Ligated LCA + BAPN (1716). (C) Unligated RCA + saline (831), Unligated RCA + BAPN (1675), Ligated LCA + saline (1592), Ligated LCA + BAPN (1421). (D) Unligated RCA + saline (1570), Unligated RCA + BAPN (1542), Ligated LCA + saline (1817), Ligated LCA + BAPN (890). Bars with different letters, p < 0.05.
RESULTS
Effects of acute exposure to d-flow on the mechanical properties of the carotid intima
To determine how acute d-flow affects the mechanical properties of the carotid intima, we harvested carotid arteries from male and female mice (n = 6/sex) 2 days following PCL. We used AFM to measure the stiffness of the intact endothelium and subendothelial matrix in both the intact RCA and ligated LCA. Acute exposure to d-flow in males slightly decreased (p < 0.05) the endothelial stiffness (Figure 2A) but had no effect on the stiffness of the subendothelial matrix (Figure 2B). Acute exposure to d-flow in females, on the other hand, did not affect (p > 0.05) the endothelial (Figure 2C) or subendothelial (Figure 2D) stiffness. Regardless of sex, the intact endothelium was softer (p < 0.05) than the subendothelial matrix.
To assess the spread of elastic modulus measurements for a given vessel type, the stiffness variability index was compared (Table 1). In males, the ligation induced a decrease in endothelial stiffness variability but no changes were observed in the subendothelial matrix. In females, the stiffness variability index remained unchanged and increased ∼3 fold, respectively, in the endothelium and the subendothelial matrix.
TABLE 1 | Stiffness variability index in intact vessels (Unligated RCA) or vessels exposed to acute (2 days) d-flow post-ligation (ligated LCA).
[image: Table 1]In conclusion, acute exposure to d-flow slightly reduces endothelial stiffness in males but not in females, with the endothelium being softer than the subendothelial matrix regardless of sex.
Effects of chronic exposure to d-flow on the mechanical properties of the carotid intima
How chronic (2 weeks) d-flow affects the mechanical properties of the carotid intima in male and female mice treated with saline or BAPN (n = 6/sex/condition) was also determined. Treatment with BAPN was implemented to decouple the effects of chronic d-flow from the ensuing stiffening of the arterial wall.
Treatment with BAPN did not affect (p > 0.05) the endothelial stiffness in unligated arteries. In saline-treated mice, regardless of sex, chronic d-flow induced a ∼8-fold increase (p < 0.05) in the stiffness of the endothelium (Figures 3A, C). Such response was reduced largely by the administration of BAPN (p < 0.05). Although BAPN effectively prevented ligation-induced endothelial stiffening, the endothelial stiffness of ligated LCA + BAPN carotids was ∼2 fold higher than that of unligated RCA counterparts. Treatment with BAPN increased the stiffness variability index in the endothelium of unligated arteries (Table 2).
TABLE 2 | Stiffness variability index in intact carotids (Unligated RCA) and carotids exposed to chronic (2 weeks) d-flow (Ligated LCA) in the absence (saline) or presence of the LOX family inhibitor β-aminopropionitrile (BAPN).
[image: Table 2]Treatment with BAPN did not affect (p > 0.05) the subendothelial stiffness in unligated arteries. Chronic exposure to d-flow stiffened the subendothelial matrix in both sexes, an effect that was fully counteracted (p < 0.05) by concurrent BAPN treatment (Figures 3B, D). Consistent with these results, second harmonic generation (SHG) imaging shows more prominent collagen fibrils in the wall of LCA + saline compared to LCA + BAPN or unligated RCA arteries (Supplementary Figure S1). In both sexes, treatment with BAPN blocked the increase in the stiffness variability index of the subendothelial matrix induced by chronic d-flow (Table 2).
We conclude that chronic exposure to d-flow significantly increases endothelial and subendothelial stiffness in saline-treated mice, an effect largely prevented by BAPN treatment.
The mechanical properties and morphology of endothelial cells depend on substrate stiffness
To determine the effect of substrate stiffness on human aortic endothelial cells (HAEC) in vitro, cells were seeded on collagen-coated polyacrylamide hydrogels. Soft (4 kPa) and stiff (50 kPa) hydrogels were used to mimic, respectively, the mechanical properties of the healthy and diseased arterial wall. Twenty-four hours after seeding, stiffness and ⍺5β1 integrin-fibronectin adhesion force at the point of contact were measured in live cells. HAEC cultured on stiff hydrogels were stiffer (p < 0.05) than those cultured on soft hydrogels (Figure 4A). Cells cultured on stiffer hydrogels also exhibited increased stiffness variability, as reflected by the variability index (4 kPa: 3.0; 50 kPa: 5.6). In addition, integrin adhesion force was higher (p < 0.05) in cells cultured on stiff vs. soft hydrogels (Figure 4B). Consistent with this data, the development of focal adhesions, revealed by the clustering of the focal adhesion-associated protein paxillin, was significantly increased (p < 0.05) in endothelial cells cultured on stiff vs. soft matrices (Figures 4C, D). A similar trend was also observed in the organization of the actin cytoskeleton (Figures 4C, D).
[image: Figure 4]FIGURE 4 | Matrix stiffness modulates the endothelial phenotype in vitro. Human aortic endothelial cells were cultured on polyacrylamide hydrogels with stiffnesses of 4 or 50 kPa for 24 h. (A,B) AFM measurements using a fibronectin-coated pyramidal tip enabled acquisition of integrin-to-fibronectin adhesion forces and cells stiffness at the point of contact. Data summarizing three independent experiments including a minimum of 10 cells examined per experiment. The number of force curves acquired for each condition is indicated in parentheses as follows: 4 kPa (1344), 50 kPa (1330). (C,D) Recruitment of paxillin at focal adhesions [arrows, (C)] was significantly increased (p < 0.05) in endothelial cells cultured on stiff (4 kPa) vs. soft matrices (50 kPa). A similar trend was also observed in the organization of actin cytoskeleton (D). Data shown as mean ± sem. *p < 0.05.
In conclusion, endothelial cells cultured on stiffer substrates exhibit increased cell stiffness, greater integrin adhesion force, enhanced focal adhesion formation, and more organized actin cytoskeleton compared to those cultured on softer substrates.
DISCUSSION
A major finding of this study is that pharmacological inhibition of collagen crosslinking by targeting LOX enzymes ameliorates intimal stiffening induced by chronic exposure to d-flow. Of note, these effects were consistently observed in arteries from male and female mice. Thickening and stiffening of the intima in areas where the arterial tree undergoes geometric transitions (such as bifurcations, branch vessels, and curvatures) may constitute an initially adaptive response to changes in local hemodynamics. However, when combined with additional stressors such as metabolic imbalance, hypertension, or aging, altered blood flow patterns in these areas can lead to the formation of atherosclerotic plaque [36, 37]. Therefore, identifying targets that are uniquely sensitive to arterial wall stiffening induced by persistent d-flow, in the absence of confounding atherogenic factors, could potentially advance the development of new therapeutic approaches. These new strategies would complement existing cholesterol-lowering therapies for arterial disease.
Measurements performed just 2 days after PCL provided insights into the effects of acute exposure to d-flow in the absence of changes in the stiffness of the subendothelial matrix. Overall, our results suggest that a) acute, short-duration exposure to disturbed flow in vivo has limited effects on the mechanical phenotype of the endothelium and sub-endothelial matrix, b) there is a consistent difference in endothelial stiffness between females and males, regardless of the flow regime, even in the absence of differences in sub-endothelial matrix properties, and c) irrespective of sex or flow regime, the sub-endothelial matrix is consistently stiffer than the endothelium.
Unexpectedly, the endothelium was softer in acutely ligated arteries of males. Acute exposure to oscillatory shear stress was shown to induce transient endothelial dysfunction, assessed by sustained stimulus flow-mediated dilation, in men but not in women [38]. Studies in vitro have also identified sex-dependent responses of endothelial cells exposed to combinations of shear stress and substrate stiffness; overall endothelial cells from males were more sensitive than those from females to changes in the mechanical microenvironment [39]. Further studies coupling analysis of mechanical and functional properties of the arterial wall will eventually elucidate the significance of sex-differences in the endothelial response to short-term disturbed blood flow in vivo.
Enzymes of the LOX family play a key role in collagen and elastin crosslinking, thereby contributing to their mechanical properties, i.e., tensile strength and elasticity. The LOX family of enzymes catalyze the oxidative deamination of lysine and hydroxylysine residues to generate highly reactive lysyl-aldehyde (allysine) which, in turn, undergoes spontaneous reactions with other lysine, hydroxylysine or allysine residues to create crosslinks. Previous research showed that a feed-forward loop involving extracellular matrix deposition and LOX-dependent collagen crosslinking promotes atherosclerosis progression in hyperlipidemic, ApoE-deficient mice [40]. In such context, arterial wall softening by the LOX family inhibitor BAPN attenuated atherosclerotic plaque formation. Here, we combined 2 weeks of PCL with continuous delivery of BAPN in wild type (C57BL/6J) mice fed regular chow. Our study, therefore, examined the direct contribution of LOX activity to arterial wall stiffening induced by chronic d-flow without confounding effects of hypercholesterolemia or ApoE inactivation. In line with previous findings [40], our results showing prevention of d-flow-induced intimal stiffening by BAPN administration suggests that extracellular matrix-targeted approaches that preserve or restore the mechanical homeostasis of the arterial wall may prove effective in reducing the burden of cardiovascular disease.
Alterations in the mechanical characteristics of the arterial wall can potentially influence the communication between endothelial cells and smooth muscle cells. For example, compared to the healthy endothelium of compliant arteries in young mice, the compromised nitric oxide release by the dysfunctional endothelium of stiff arteries in aged mice results in increased synthesis and secretion of LOX enzymes by smooth muscle cells [6]. These observations align with those of Jo and colleagues [12] who used the PCL model to demonstrate that persistent but not short-term exposure to d-flow impairs endothelium-dependent, nitric oxide-mediated arterial relaxation. The present observations, in conjunction with those of others [12, 17], suggest the existence of a mechanically driven feedback loop. This loop entails the disruption of endothelial homeostasis by prolonged exposure to d-flow, which fosters stiffening of the arterial wall. This, in turn, exacerbates endothelial dysfunction. Significantly, links between endothelial stiffening and various indicators of endothelial dysfunction, including decreased release of nitric oxide, increased permeability [41, 42], elevated expression of cell adhesion molecules [43], and augmented leukocyte adhesion [44], have been well documented. In agreement with previous studies [42, 45, 46], our results from in vitro experiments show that higher substrate stiffness strengthens focal adhesion formation and binding to the matrix, which in turn, increases the organization of the actin cytoskeleton and cell stiffness. Endothelial cell stiffening, resulting from increased actin reorganization, was shown to promote a pro-inflammatory state linked to increased ICAM-1-mediated leukocyte trans-endothelial migration [43].
The process of elastic fiber formation spans embryonic development and ceases in early postnatal life [47]. Stiffening and remodeling of mature arteries, on the other hand, are accompanied by elastin fragmentation and increased collagen deposition. Given that the activity of enzymes of the LOX family is primarily directed towards the newly deposited collagen, particularly in response to d-flow, we suggest that the observed softer nature of the sub-endothelial matrix in LCA + BAPN compared to control RCA + saline arteries likely results from reduced collagen crosslinking. This is supported by the presence of more prominent collagen fibers in ligated arteries treated with saline vs. those treated with BAPN, as shown by SHG imaging. In addition, BAPN restored, to a significant extent, the mechanical homeostasis of the endothelium. Nonetheless, we observed that the endothelium of ligated, BAPN-treated carotids was ∼2-fold stiffer than that of unligated, saline treated counterparts. Thus, in the absence of subendothelial matrix stiffening, chronic stress from d-flow may be sufficient to induce subtle changes in the mechanical phenotype of the endothelium. This mechanism is supported by recent work suggesting that endothelial stiffening may occur without changes in the stiffness of the arterial wall [48] or the subendothelial matrix [25, 49]. Of clinical significance, Levitan and colleagues demonstrated that endothelial stiffening and dysfunction, arising from the combined effects of d-flow and dyslipidemia or aging, leads to early stages of atherogenesis.
While the deliberate inclusion of sex as a biological variable of importance in cardiovascular research has increased in recent years, much of the literature is built on studies excluding females or presenting results combining observations from males and females without rigorous testing for sex specific effects [50, 51]. Our study shows comparable intimal stiffening in arteries from male and female mice exposed to persistent d-flow, an effect that was substantially mitigated by BAPN treatment in both sexes.
Pharmacological inhibition of LOX enzymes to reduce collagen crosslinking is well-supported by multiple lines of evidence as follows: i) wild-type mice subjected to partial carotid ligation (PCL) exhibit increased collagen deposition and arterial wall stiffening [17], ii) a rat model of intimal hyperplasia demonstrates elevated LOX expression [22], iii) hypercholesterolemic, ApoE-deficient mice [40], as well as aged wild-type mice [6], exhibit increased LOX activity associated with arterial stiffening, and iv) various preclinical models of hypertension show LOX up-regulation linked to enhanced oxidative stress and vascular stiffness [23]. Furthermore, low shear stress induces increased LOX expression in endothelial and vascular smooth muscle cells [24]. The collective evidence highlights the central role of LOX family activity as a prominent target for addressing arterial stiffening across diverse etiologies. It is worth noting that administration of BAPN, an irreversible inhibitor of enzymes of the LOX family [52], does not cause aortic pathology when administered alone in adult mice [53].
The present investigation underscores the potential of inhibiting collagen crosslinking by LOX enzymes as an effective strategy to offset intimal stiffening. Future studies examining changes in molecular profiles and cellular phenotypes linked to persistent d-flow, coupled with strategies aimed at preserving or restoring the mechanical homeostasis of the arterial wall, hold the potential to unveil novel targeted interventions aimed at promoting arterial health.
CONCLUSION
This study was primarily designed to test the hypothesis that chronic d-flow initiates a feed forward loop promoting arterial wall stiffening leading to altered endothelial mechanics; hence interventions aimed at reducing arterial stiffness have the potential to disrupt this loop and preserve the mechanical hemostasis of the endothelium. Whereas acute d-flow appears to exert minimal effects on the mechanical properties of the arterial intima, persistent d-flow leads to remarkable stiffening of both the endothelium and the subendothelial matrix. Intimal stiffening induced by persistent d-flow can be averted through pharmacological inhibition of collagen crosslinking by enzymes of the LOX family.
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Abstract
Neurological pain (NP) is always accompanied by symptoms of depression, which seriously affects physical and mental health. In this study, we identified the common hub genes (Co-hub genes) and related immune cells of NP and major depressive disorder (MDD) to determine whether they have common pathological and molecular mechanisms. NP and MDD expression data was downloaded from the Gene Expression Omnibus (GEO) database. Common differentially expressed genes (Co-DEGs) for NP and MDD were extracted and the hub genes and hub nodes were mined. Co-DEGs, hub genes, and hub nodes were analyzed for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment. Finally, the hub nodes, and genes were analyzed to obtain Co-hub genes. We plotted Receiver operating characteristic (ROC) curves to evaluate the diagnostic impact of the Co-hub genes on MDD and NP. We also identified the immune-infiltrating cell component by ssGSEA and analyzed the relationship. For the GO and KEGG enrichment analyses, 93 Co-DEGs were associated with biological processes (BP), such as fibrinolysis, cell composition (CC), such as tertiary granules, and pathways, such as complement, and coagulation cascades. A differential gene expression analysis revealed significant differences between the Co-hub genes ANGPT2, MMP9, PLAU, and TIMP2. There was some accuracy in the diagnosis of NP based on the expression of ANGPT2 and MMP9. Analysis of differences in the immune cell components indicated an abundance of activated dendritic cells, effector memory CD8+ T cells, memory B cells, and regulatory T cells in both groups, which were statistically significant. In summary, we identified 6 Co-hub genes and 4 immune cell types related to NP and MDD. Further studies are needed to determine the role of these genes and immune cells as potential diagnostic markers or therapeutic targets in NP and MDD.
Keywords: neurological pain, gene expression omnibus (GEO), major depressive disorder (MDD), bioinformatics, receiver operating characteristic (ROC)
IMPACT STATEMENT
There is a close relationship between Neuropathic Pain (NP) and major depressive disorder (MDD). The underlying molecular pathology of NP and MDD is complex and drug treatments have not yielded satisfactory results, thus further studies are needed to identify biomarkers and therapeutic targets. In this study, we identified common differentially expressed genes (Co-DEGs) for NP and MDD using several available datasets. Co-DEGs, hub genes, and hub nodes were analyzed for GO and KEGG enrichment. We also identified the immune-infiltrating cell component by ssGSEA and analyzed the relationship. We identified 6 co-hub genes, which included ANGPT2, EPO, HGF, MMP9, PLAU, and TIMP2. There were also significant differences in the abundance of activated dendritic cells, effector memory CD8 T cells, memory B cells, and regulatory T cells. Overall, this study may lead to new diagnostic markers and/or therapeutic targets for NP and MDD diseases.
INTRODUCTION
Neuropathic Pain (NP) is caused by a somatic sensory neurological condition and may be divided into central and peripheral NP [1, 2]. The prevalence of NP accounts for 6.9%–10.0% of the general population and significantly affects physical and mental health [3]. However, the underlying mechanism of NP is complex and clinical drug treatment has not yet achieved satisfactory results, thus further in-depth exploration of NP is needed [4, 5].
There is a close relationship between NP and major depressive disorder (MDD) [6]. Most patients with NP also have depression and NP may promote adaptive changes in the expression of depression-related brain network genes [7]. Identifying the common pathological factors for NP and depression comorbidities will help to identify effective treatments. Some studies that have examined NP and MDD have shown that synaptic plasticity and the synaptic microenvironment may be important to the pathogenesis of NP and depression [8], where plastic changes in corticolimbic structures have been shown to be a consequence of the association of emotion with painful stimuli [9]. Additionally, the functional and structural changes in neurons due to this neural plasticity may in turn serve as biomarkers of NP [8]. Growing evidence indicates that neuroinflammation is closely related to both NP and depression [10, 11], and that immune system abnormalities mediated by cytokines are strongly linked to the development of NP [10, 12]. Increasing neurodifferentiation and restoring the typical morphology of neonatal dendrites may improve depression-like symptoms in NP [13]. In addition, NP-induced emotional disorders are associated with hippocampal (HC) neuroinflammation [14], whereas abnormal regulation of HC dendritic spines may explain the link between chronic NP and depression [15, 16]. A potential therapeutic focus for managing complicated depressive symptoms in NPs may be the LA/BLA-CeA synapse in the amygdala [17]. Glial cells significantly affect synaptic plasticity and have a significant impact on the progression of coexisting NP and depression [18]. Regulating the P2X7-ROS signaling pathway to inhibit ferroptosis in spinal cord microglia alleviates rats with pain and depressive behavioral changes [19]. Although some progress has been made, much remains unclear regarding the co-pathogenesis of NP and depression co-morbidities. Therefore, an in-depth study of the relationship between these two diseases is needed to identify effective treatments.
We hypothesize that in the pathogenesis of NP and MDD, the expression and activity of specific co-hub genes and immune cells may exhibit significant differences between disease and healthy states, and may play a key role in the common pathological processes of these two diseases. Identifying diagnostic markers and treatment targets for NP and MDD will increase our understanding of the relationship between these two diseases and guide future clinical practice and scientific research. It will also assist doctors in accurately diagnosing NP and MDD comorbidities and provide more effective treatment options for patients. A biomarker is a measurable indicator of a biological state, providing information about disease prognosis and progression [20]. Bioinformatics will facilitate the identification of the co-occurrence mechanism of NP and depression and identify potential biomarkers and prognostic indicators to accurately diagnose and treat NP and depression comorbidities. A recent analysis screened a set of genes associated with NP-induced depression; however, it was done with a single dataset associated with a high false-positive rate [21]. Small sample sizes and different microarray platforms can introduce significant bias in the results. Therefore, finding new therapeutic targets and robust diagnostic markers is required. In this study, we screened for Co-hub genes between NP and MDD by integrating 4 databases and identified the immune cells associated with the co-morbidity of NP and MDD by analyzing the differences in the immune cell signatures.
MATERIALS AND METHODS
Data downloads
The Gene Expression Omnibus (GEO) is a public repository that archives and distributes high-throughput gene expression and other functional genomics data sets, with web-based tools for data visualization and analysis [22]. We downloaded the gene expression datasets, GSE98793 [23] and GSE32280 [24], which are associated with major depressive disorder (MDD) patients from the GEO database using the R package GEOquery [25] The species source for both the GSE98793 and GSE32280 datasets was Homo sapiens and the data platform was GPL570 [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array. We also downloaded the GSE24982 [26] and GSE30691 [27] gene expression profiles of Neuropathic Pain (NP) patients, in which the species source for both was Rattus norvegicus. The data platform for the GSE24982 dataset was GPL1355 [Rat230_2] Affymetrix Rat Genome 230 2.0 Array, whereas the data platform for the GSE30691 dataset was the GPL85 [RG_U34A] Affymetrix Rat Genome U34 Array.
The chip GPL platform file was used for all dataset probe name annotations. We selected data from 128 patients with major depressive disorder (MDD) (MDD group, group: MDD) and 64 healthy controls (control group, group: Control) from the GSE98793 datasets of whole blood samples for inclusion in the analysis. A total of 16 subjects from the GSE32280 datasets were analyzed, including 8 examples of peripheral blood lymphocytes from matched healthy controls (control group, group: Control) and 8 peripheral blood lymphocyte samples from MDD patients. In addition, in the Neuropathic Pain (NP) dataset, GSE24982, we used a total of 40 mRNA data samples based on the L4 and L5 Dorsal Root Ganglion (DRG), including 20 control (group: Control) mRNA samples and 20 mRNA samples from the spinal nerve ligation model of neuropathic pain in rats (NP group, group: NP). The GSE30691 dataset contains mRNA samples from 11 rat neuropathic pain spinal nerve ligation (Ch) models (NP group, group: NP) and 9 Sham (SH) control (group: Control) mRNA data samples. The specific grouping of the information from these datasets is listed in Table 1. The datasets we selected are all expression profiling by array, and the sample size is sufficient to meet our analysis requirements. In addition, to ensure that our control samples match the experimental conditions, the healthy control samples and diseased samples in these datasets are as consistent as possible in terms of sample collection methods, time, and other experimental conditions to minimize the impact of confounding factors.
TABLE 1 | List of GEO datasets Information.
[image: Table 1]Editing of raw data and differential gene analysis
The MDD (GSE98793, GSE32280) and NP (GSE24982, GSE30691) datasets were combined for analysis. To minimize the variance in sample combinations across batches, we first standardized the datasets internally using the ControlizeBetweenArrays function of the R limma package [28]. We corrected the combined data for batch effects using the remove batch effect function, which enabled us to obtain the combined MDD and NP datasets. The MDD datasets contained 136 cases (disease group, group: Case/MDD) and 72 controls (control group, group: Control). The NP datasets contained 31 cases (disease group, group: Case/NP) and 29 controls (control group, group: Control). The expression values for the samples in the MDD and NP datasets were then analyzed using Principal Component Analysis (PCA) before and after correction [29].
Differentially expressed genes (DEGs) are a subset of genes that express differently among experimental conditions, used to determine biological functions or predict therapeutic outcomes. To identify the potential mechanism of action of DEGs in MDD and NP and the associated biological features and pathways, we performed a differential expression analysis on the case and control groups using the R limma package. Genes that met the criteria |logFC| >0 and p-value <0.05 were considered DEGs for subsequent studies. |logFC| represents the absolute log2 value of the fold change in gene expression. To obtain the common differentially expressed genes (Co-DEGs) associated with MDD and NP, we selected the DEGs from the differential analysis of the MDD and NP datasets DEGs and constructed a Venn diagram. A volcano plot was generated using ggplot2 of the R package and a heat map was used to display the results.
Protein-protein interaction network analysis
A protein-protein interaction (PPI) network is made up of different proteins that engage with one another to function in a variety of biological processes, including signaling, regulation of gene expression, substance metabolism, energy production, and cell cycle regulation. A database for identifying known proteins and predicting protein interactions is the STRING database [30]. We constructed a PPI network of Co-DEGs linked to both NP and MDD disease [minimum required interaction score: middle confidence (0.400)], which was visualized with Cytoscape [31] (version 3.9.1). Using the MCODE plugin, we mined the hub nodes with connections to other PPI network nodes (K score: 2, Cutoff degree: 2, Cutoff node score: 0.2) [32]. These nodes were highly interconnected with one another and may play a role in regulating various biological processes associated with NP and MDD.
A molecular complex with a particular biological activity may be represented by closely connected local areas in the PPI network. We also used four algorithms to mine the scores of Co-DEGs in PPI networks that are connected to other PPI network nodes, which included MCC (Matthews Correlation Coefficient metric) [33], MNC (the maximal neighborhood coefficient), EPC (edge percolated component), and Closeness. According to our rankings of the Co-DEGs. The top 20 Co-DEGs across the four algorithms were considered as hub genes (hub genes, mRNA).
GO and KEGG enrichment analysis
Large-scale functional enrichment studies, including biological process (BP), molecular function (MF), and cellular component (CC), are frequently carried out using the Gene Ontology (GO) database [34]. The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a widely used database that genomic data for biological pathways, diseases, and drugs [35]. We conducted GO and KEGG enrichment analyses for MDD and NP disease-associated Co-DEGs, PPI network hub nodes, and hub genes in the PPI network using the clusterProfiler [36]. p values < 0.05 and FDR values (q value) < 0.05, which were considered statistically significant as a criteria for selection and Benjamini-Hochberg was used to correct p values.
Identification and correlation analysis of immune-infiltrating cells
To more precisely measure the percentage of various immune cells in samples associated with MDD and NP. Single-sample gene-set enrichment analysis (ssGSEA) was used to identify highly sensitive and specific differentiation of the various human immune cells in the tumor microenvironment (TME). The algorithm generated a set of 28 genes to mark different tumor-infiltrating resistant cell types from a study of published tumor immune infiltration articles [37, 38]. The degree of immune cell infiltration in each sample was represented by an enrichment score computed by ssGSEA in the GSVA tool of R. The varying abundance of infiltrating immune cells between the Case (MDD/NP) group and the Control group are shown using a heat map and a boxplot for the MDD and NP datasets. We then calculated the correlation between immune cells and Co-hub genes in different disease samples by combining the gene expression matrix of both disease samples. The correlation heat map was displayed using the R package heatmap.
Co-hub gene correlation analysis and differential expression analysis
Finally, the expression of Co-hub genes in the MDD and NP datasets was examined using the Spearman method. The results of the correlation analysis were presented by plotting the correlation heat map. Next, we selected the results for the Co-hub genes with the same trend and displayed them by plotting the correlation scatter graph with the R package ggplot2.
We then established a group comparison graph for the Co-hub genes in various groups (Case/Control) of the MDD and NP datasets. The Receiver operating characteristic (ROC) Curve [39] is a composite indicator that represents continuous variables of sensitivity and specificity. We used the R package pROC program to plot the ROC curves of the Co-hub genes in the MDD and NP datasets and calculated the Area Under the Curve (AUC) of the ROC curve to determine the diagnostic significance of the Co-hub genes. The Receiver operating characteristic (ROC) curve AUC typically falls between 0.5 and 1. The diagnostic impact increases as the AUC gets near 1. The AUC exhibits low accuracy in the range of 0.5–0.7, some accuracy in the range of 0.7–0.9, and high accuracy in the range of 0.9 or above.
Statistical analysis
R software was used for data processing and analysis in this paper (Version 4.2.2). We calculated the normally distributed variables using an independent Student t-test to compare two sets of continuous variables. We used the Mann-Whitney U test to examine differences among factors with non-normal distributions (i.e., Wilcoxon rank sum test). If not explicitly indicated, a Spearman correlation was used to calculate the correlation coefficients between different molecules. The p values were two-sided with p < 0.05 being the threshold for statistical significance.
RESULTS
Dataset pre-processing and differential gene analysis
The technical route of this study is shown in Figure 1. Using the ControlizeBetweenArrays function of the limma package, we normalized the two major MDD datasets (GSE98793 and GSE32280) and the two NP datasets (GSE24982 and GSE30691), respectively. The MDD datasets (Figures 2A, B) and the NP datasets (Figures 2E, F) were obtained through a batch effect correction of the combined data using the “remove batch effect” function. The MDD datasets include 136 MDD samples (group: MDD) and 72 control samples (group: Control). The NP datasets consist of 31 NP samples (group: NP) and 29 control samples (group: Control). In addition, to convert mouse to human genes for subsequent analysis, the R package homologene was used to conduct an ID transformation of the NP datasets.
[image: Figure 1]FIGURE 1 | Technology roadmap. MDD, major depressive disorder; NP, Neuropathic Pain; Co-DEGs, Common differentially expressed genes; PPI network, Protein-protein interaction network; MCODE, Molecular Complex Detection; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; Co-hub genes, Common hub genes; ROC, Receiver operating characteristic curve.
[image: Figure 2]FIGURE 2 | Datasets de-batch processing. (A,B) The boxplot before (A) and after (B) the MDD datasets removes the batch effect treatment. (C,D) The PCA plots before (C) and after (D) of the MDD datasets removes the batch effect treatment. (E,F) The boxplot before (E) and after (F) of the NP datasets removes the batch effect treatment. (G,H) The PCA plots before (G) and after (H) of the NP datasets removes the batch effect treatment. MDD, major depressive disorder; NP, Neuropathic Pain; PCA, Principal Component Analysis.
To verify the effect of removing the batch effect (Figures 2C, D, G, H), we grouped the MDD, and NP datasets according to the source of the samples. For the dataset expression matrix, before, and after the batch effect was eliminated, we performed a Principal Component Analysis (PCA). The results indicated that after the batch removal process, the batch effect was essentially eliminated from the MDD and NP datasets.
Following Principal Component Analysis (PCA), we obtained DEGs between different groups of the MDD and NP datasets. The MDD datasets yielded 21,655 DEGs, of which 1708 met the criteria. For the Case/MDD group, there were 824 upregulated DEGs and 884 downregulated DEGs. The NP datasets yielded 4076 DEGs, of which 2,136 met the criteria. For the Case/NP group, 978 exhibited high expression (low expression in the Control group with positive logFC), and 1,158 genes exhibited low expression (high expression in the Control group with negative logFC). The results for the MDD and NP datasets are depicted in volcano plots (Figures 3A, B).
[image: Figure 3]FIGURE 3 | DEGs analysis of MDD datasets and NP datasets. (A,B) The volcano map of DEGs analysis between the disease group (group: Case/MDD/NP) and control group (group: Control) in the MDD datasets (A) and NP datasets (B). (C,D) The Venn map of the up-regulation (C) and down-regulation (D) DEGs in the MDD and NP datasets. (E,F) The complex numerical heat map of Co-DEGs in the MDD datasets (E) and NP datasets (F). MDD, major depressive disorder; NP, Neuropathic Pain; DEGs, differentially expressed genes; Co-DEGs, Common differentially expressed genes.
To obtain Co-DEGs for MDD and NP, we focused on the intersection of 48 upregulated and 45 downregulated Co-DEGs that were presented in a Venn diagram (Figures 3C, D). The data and annotation for these Co-DEGs is listed in Table 2. We examined differential expression of 93 Co-DEGs from the MDD and NP datasets in various groups. Heat maps were used to display the results of the differential analysis using the R package heatmap (Figures 3E, F). As shown in Figure 3, 93 Co-DEGs showed significant differences in expression between the groups based on the MDD and NP datasets.
TABLE 2 | List of Common differentially expressed genes in MDD datasets and NP datasets.
[image: Table 2]GO and KEGG enrichment analysis of the Co-DEGs
For the 93 Co-DEGs, we performed a functional enrichment analysis using the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases (Table 3). The results indicated that 93 Co-DEGs were primarily enriched in biological processes (BP), such as fibrinolysis, regulation of inflammatory response, and developmental maturation. They were also enriched in cellular component (CC) tertiary granules and complement and coagulation cascade from the KEGG pathway database. The results are shown in the form of bubble plots and a network diagram (Figures 4A, B). We then combined the logFC values with the enrichment analysis, which generates a z score by providing the logFC values for the 93 Co-DEGs. The effects of GO and KEGG enrichment analysis by joint logFC are shown as circle plots (Figure 4C) and bubble plots (Figure 4D). The results indicated that the 93 Co-DEGs from the MDD dataset were primarily located in the BP pathway (Figures 4C, D).
TABLE 3 | GO and KEGG enrichment analysis results of 93 Common differentially expressed genes.
[image: Table 3][image: Figure 4]FIGURE 4 | GO and KEGG enrichment analysis of Co-DEGs. (A,B) The bubble plot (A) and network plot (B) of GO/KEGG enrichment analysis results of Co-DEGs. (C,D) The circle plot (C) and chord plot (D) of GO function enrichment of Co-DEGs combined with logFC analysis results. The ordinate in the bubble chart (A) is GO/KEGG terms, and the length of the bubble distance to the Y axis represents the GeneRatio of GO terms. Co-DEGs, Common differentially expressed genes; GO, Gene Ontology; BP, biological process; CC: cellular component; MF: molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes. The screening criteria for GO/KEGG-enriched entries were p value < 0.05 and FDR value (q.value) < 0.05.
The MCODE plug-in identifies the hub nodes
After excluding the Co-DEGs that did not have a connection with other nodes, we constructed a PPI network (Figure 5A) consisting of 54 Co-DEGs using the STRING database. We analyzed the nodes that have connections with other nodes in the PPI network using the MCODE plugin. We then used the genes in cluster1 and cluster2 of the results as hub nodes for the Co-DEG PPI network, in which we obtained an MCODE cluster network consisting of 6 Co-DEGs (PLAU, TIMP2, HGF, ANGPT, MMP9, EPO) (Score = 4.8) (Figure 5B) and an MCODE cluster network (Score = 3) (Figure 5C) consisting of 3 Co-DEGs (RPL30, TTC37, WDR61). The 9 (hub node) genes included PLAU, TIMP2, HGF, ANGPT, MMP9, EPO, RPL30, TTC37, and WDR61. These nodes warrant additional study as they may be important in regulating the entire BP.
[image: Figure 5]FIGURE 5 | MCODE plug-in identifies the hub nodes of GO, and KEGG enrichment analysis and the PPI network. (A) PPI network of Co-DEGs. (B,C) The MCODE cluster 1 (B) and MCODE cluster 2 (C) networks of the PPI network of Co-DEGs. (D) Histogram of GO/KEGG enrichment analysis results of hub node. (E–G) The GO function enrichment analysis of Co-DEGs BP pathway (E), CC pathway result (F), MF pathway (G) result network diagram. (H) Ring network diagram of KEGG pathway enrichment analysis results of Co-DEGs. The ordinate in the histogram (D) is GO/KEGG terms, and the length of the bar distance from the Y axis represents the padj value of GO terms. Co-DEGs, Common differentially expressed genes; PPI network, Protein-protein interaction network; MCODE, Molecular Complex Detection; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes. The screening criteria for GO/KEGG-enriched entries were p value < 0.05 and FDR value (q.value) < 0.05.
On the 9 hub nodes (PLAU, TIMP2, HGF, ANGPT, MMP9, EPO, RPL30, TTC37, WDR61), we performed GO and KEGG enrichment analyses (Supplementary Table S1). The results indicated that the BP, negative regulation of the apoptotic signaling pathway, was largely abundant in the 9 hub nodes. Enrichment in CC, such as tertiary granules, and transcriptionally active chromatin as well as MF, such as serine-type endopeptidase activity, was observed. The KEGG pathways, including proteoglycans in cancer, PI3K-Akt signaling pathway, and RNA degradation, were also enriched. The results are presented using bar graphs in Figure 5D. In addition, the GO analysis outcomes are shown for the BP pathway (Figure 5E), CC pathway (Figure 5F), and MF pathway (Figure 5G) as a network diagram, whereas the results of KEGG pathway enrichment analysis are displayed as a circular network diagram (Figure 5H).
CytoHubba plug-in identifies the hub genes
We calculated the PPI network using the cytoHubba plugin for Cytoscape using four algorithms: MCC (Matthews Correlation Coefficient metric), MNC, EPC (edge percolated component), and Closeness. The top 20 Co-DEGs with the best scores were selected to further identify the hub genes in the Co-DEGs PPI network (Figures 6A–D). The color of the dotted blocks in the graph, from yellow to red, represents a gradual increase in rating. Next, we focused on the intersection of the top 20 Co-DEGs obtained by each of the four algorithms (MCC, MNC, EPC, Closeness) to obtain the hub genes and drew Venn diagrams to display the results (Figure 6E). We obtained a total of 8 hub genes, which included ANGPT2, BMP2, CEBPA, EPO, HGF, MMP9, PLAU, and TIMP2.
[image: Figure 6]FIGURE 6 | CytoHubba plug-in node network for Co-DEGs PPI network and GO and KEGG enrichment analysis. The top 20 node network of the MCC (A), MNC (B), EPC (C), Closeness (D) algorithm of the PPI network of Co-DEGs. (E) The top 20 nodes of the Venn diagram result from the four algorithms of MCC, MNC, EPC, and Closeness in the Co-DEGs PPI network. (F) The bubble plot of GO/KEGG enrichment analysis results of 8 hub genes. (G) The network diagram of GO enrichment analysis results of Co-DEGs. (H) The ring network diagram of KEGG pathway enrichment analysis results of Co-DEGs. The abscissa in the bubble chart (F) is GO/KEGG terms, and the length of the bubble distance from the X-axis represents the GeneRatio value of GO terms. Co-DEGs, Common differentially expressed genes; PPI network, Protein-protein interaction network; MCC, Matthews Correlation Coefficient metric; MNC, the maximal neighborhood coefficient; EPC, edge percolated component; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes. The screening criteria for GO/KEGG-enriched entries were p value < 0.05 and FDR value (q.value) < 0.05.
We performed GO and KEGG enrichment analyses for the hub genes (Supplementary Table S2). The results indicated that the 8 hub genes were primarily enriched in BP, such as response to hypoxia. They were also enriched in CC, such as tertiary granules, and MF, such as serine-type endopeptidase activity. The KEGG pathways identified included transcriptional misregulation in cancer. We displayed the findings of the GO and KEGG enrichment analyses using bubble plots (Figure 6F). We also displayed the GO gene functional enrichment analysis findings (Figure 6G) as a network diagram and the KEGG pathway enrichment analysis results (Figure 6H) as a circular network diagram.
The PPI network of Co-hub genes
We first obtained Co-hub genes by taking the intersection of the 9 hub nodes (PLAU, TIMP2, HGF, ANGPT, MMP9, EPO, RPL30, TTC37, WDR61) and the 8 hub genes (ANGPT2, BMP2, CEBPA, EPO, HGF, MMP9, PLAU, TIMP2) (Figure 7A). As shown in Figure 7A, we obtained 6 Co-hub genes, which included ANGPT2, EPO, HGF, MMP9, PLAU, and TIMP2. We analyzed their interaction using the STRING database and visualized them with Cytoscape (Figure 7B). Next, the 6 Co-hub genes (ANGPT2, EPO, HGF, MMP9, PLAU, TIMP2) were analyzed for functional similarity. We calculated the semantic similarity among GO terms, sets of GO terms, gene products, and gene clusters using the R package GOSemSim. The results of this functional similarity analysis between the 6 Co-hub genes are presented as a boxplot in Figure 7C. HGF had the highest value of functional similarity with the other Co-hub genes among the 6 Co-hub genes.
[image: Figure 7]FIGURE 7 | The PPI network of Co-hub genes. (A) The Venn diagram of the analysis results of the PPI network MCODE plugin and the cytoHubba plug-in analysis results. (B) The PPI network of Co-hub genes. (C) The histogram of functional similarity analysis results of Co-hub genes. (D) The PPI network of Co-hub genes based on the GeneMANIA database. PPI network, Protein-protein interaction network; MCODE, Molecular Complex Detection; Co-hub genes, Common hub genes.
Using the GeneMANIA database, we constructed a Co-hub gene PPI network after retaining the nodes with links to the 6 Co-hub genes (Figure 7D). As shown in Figure 7D, there are five types of interactions between the nodes of our constructed Co-hub genes PPI network and the 6 Co-hub genes, including Co-expression, Pathway, Physical Interactions, Shared protein domains, and Predicted.
Differences in immune characteristics between the MDD and NP datasets
The relative infiltration of 28 immune cell types in the disease group (Case/MDD/NP) and control group samples in the MDD and NP dataset expression matrix were determined using the ssGSEA algorithm. We presented the findings for both datasets using a complex heat map (Figures 8A, B). The results indicated that among the disease and control group samples of MDD (Figure 8A) and NP (Figure 8B), the infiltration by the 28 cell types varied significantly. Next, we used the Mann-Whitney U test to analyze the differential degree of infiltration of these cells among the different groups (Case/Control) in the two datasets and the results are grouped in comparison plots (Figures 9A, B). The control group exhibited a higher abundance of activated B cells, effector memory CD8 T cells, memory B cells, and type 1 T helper cells compared with the disease group. In contrast, the disease group contained a more activated dendritic cells, macrophages, and regulatory T cells compared with the control group (Figure 9A).
[image: Figure 8]FIGURE 8 | Immune characteristics difference analysis of MDD datasets samples and NP datasets samples. (A,B) Complex heatmap of ssGSEA immunoinfiltration analysis results for MDD datasets samples (A) and NP datasets samples (B) MDD, major depressive disorder; NP, Neuropathic Pain; ssGSEA: single-sample gene-set enrichment analysis.
[image: Figure 9]FIGURE 9 | Correlation analysis of immune characteristics of MDD datasets disease samples and NP datasets disease samples. (A,B) Complex heatmap of ssGSEA immunoinfiltration analysis results for MDD datasets samples (A) and NP datasets samples (B) MDD, major depressive disorder; NP, Neuropathic Pain; ssGSEA: single-sample gene-set enrichment analysis. (A,B) Grouped comparison plot of ssGSEA immunoinfiltration analysis results for MDD datasets samples (A) and NP datasets samples (B). (C,D) Correlation heat map of immune cell infiltration abundance and Co-hub genes expression in MDD datasets disease samples (C) and NP datasets disease samples (D). The symbol ns is equivalent to p ≥ 0.05, which is not statistically significant; The symbol * is equivalent to p < 0.05; the symbol ** is equivalent to p < 0.01; and the symbol *** is equivalent to p < 0.001. MDD, major depressive disorder; NP, Neuropathic Pain; ssGSEA, single-sample gene-set enrichment analysis.
CD56dim natural killer cells, natural killer T cells, regulatory T cells, and type 17 T helper cells had higher infiltration in the NP dataset control group compared with that in the disease group. In contrast, the disease group had higher infiltration of activated CD8 T cells, activated dendritic cells, effector memory CD8 T cells, eosinophils, gamma delta T cells, mast cells, MDSCs, memory B cells, monocyte neutrophils, plasmacytoid dendritic cells, T follicular helper cells, and type 2 T helper cells (Figure 9B).
Figures 9A, B shows that there were statistically significant differences (p < 0.05) between the relative immune infiltration of the MDD and NP dataset samples compared with control group (Case/Control) samples for activated dendritic cells, effector memory CD8 T cells, memory B cells, and regulatory T cells.
We also calculated the correlation for these 4 immune cell types with the expression of the 6 Co-hub genes (ANGPT2, EPO, HGF, MMP9, PLAU, TIMP2) in the MDD and NP dataset disease samples (Figures 9C, D). The results indicated that the expression of these 6 genes and the relative abundance of the four immune cells tended to be significantly positive and less negatively correlated (p < 0.05) in the MDD dataset samples (Figure 9C). The results of the correlation analysis between the infiltration of the 4 immune cells and the expression of 6 the Co-hub genes in the NP dataset disease samples revealed that there was a significant positive correlation (p < 0.05) between these infiltrating cells and the 6 genes. Activated dendritic cells showed the highest correlation with the expression of these genes (Figure 9D).
Finally, the expression of activated dendritic immune cells, memory B cells and the 6 Co-hub genes had a significant positive correlation in the MDD and NP dataset disease samples (Figures 9C, D). In contrast, the expression of the 6 Co-hub genes was significantly negatively correlated with the infiltration abundance of effector memory CD8 T immune cells in these datasets (Figures 9C, D).
Correlation analysis of the Co-hub genes
The correlation in expression between the 6 Co-hub genes (ANGPT2, EPO, HGF, MMP9, PLAU, TIMP2) was analyzed in the MDD and NP datasets by Spearman correlation analysis and presented as a correlation heat map (Figures 10A, B). There was a positive correlation among most Co-hub genes in both datasets; however, quite a few correlations of Co-hub genes in the NP datasets did not show a statistical difference (p > 0.05) (Figures 10A, B).
[image: Figure 10]FIGURE 10 | Correlation analysis of Co-hub genes. A,B, The correlation heat map results of Co-hub genes in MDD datasets (A), NP datasets (B). (C,D) The correlation scatterplot results of Co-hub genes ANGPT2 and HGF in MDD datasets (C) and NP datasets (D). (E,F) The correlation scatterplot results of Co-hub genes PLAU and TIMP2 in the MDD datasets (E) and NP datasets (F). p ≥ 0.05, not statistically significant; p < 0.05, statistically significant; p < 0.01, which was highly statistically significant; p < 0.001, which is exceedingly statistically significant. The correlation coefficient (r) in the correlation scatterplot is strongly correlated if the absolute value is above 0.8; the absolute value is 0.5–0.8 is moderately correlated; Absolute value of 0.3–0.5 is weakly correlated; absolute values below 0.3 are weak or uncorrelated. MDD, major depressive disorder; NP, Neuropathic Pain.
We selected interaction pairs that were statistically different (p < 0.05) with the same trend in the MDD and NP datasets for further analysis. Based on the Spearman algorithm, we generated scatter plots to show the correlation analysis results for the Co-hub genes, ANGPT2 and HGF, in the MDD and NP datasets as well as the correlation analysis result of PLAU and TIMP2 in the two datasets (Figures 10C–F). Among them, there were negative correlations between the expression of ANGPT2 and HGF (R = −0.21, Figure 10C), (R = 0.44, Figure 10D) in both datasets. Conversely, the expression of PLAU and TIMP2 (R = 0.23, Figure 10E), (R = 0.44, Figure 10F) had a positive correlation in both datasets.
Differential expression analysis of the Co-hub genes
For both datasets, we also examined the expression differences for the 6 Co-hub genes (ANGPT2, EPO, HGF, MMP9, PLAU, and TIMP2) between the disease group (group: Case/MDD/NP) and the control group (group: Control). The results are presented through grouped comparison plots (Figures 11A, B). Of the 6 common hub genes, only ANGPT2, MMP9, PLAU, and TIMP2 were statistically significantly different (p < 0.05) in the different groups of the MDD datasets. Although MMP9, PLAU, and TIMP2 expression were all significantly higher in the disease group of the MDD datasets compared with the control group, ANGPT2 expression was significantly lower in the disease group compared with the control group (Figure 11A). The 6 common hub genes in the NP datasets were all statistically significantly (p < 0.05) different in the different groups. Among them, ANGPT2 gene expression was upregulated in the normal group, whereas EPO, HGF, MMP9, PLAU, and TIMP2 were upregulated in the disease group (Figure 11B).
[image: Figure 11]FIGURE 11 | Expression differences analysis of Co-hub genes in MDD datasets and NP datasets. (A,B) The correlation heat map results of Co-hub genes in MDD datasets (A), NP datasets (B). (C,D) The correlation scatterplot results of Co-hub genes ANGPT2 and HGF in MDD datasets (C) and NP datasets (D). (E,F) The correlation scatterplot results of Co-hub genes PLAU and TIMP2 in the MDD datasets (E) and NP datasets (F). p ≥ 0.05, not statistically significant; p < 0.05, statistically significant; p < 0.01, which was highly statistically significant; p < 0.001, which is exceedingly statistically significant. The correlation coefficient (r) in the correlation scatterplot is strongly correlated if the absolute value is above 0.8; the absolute value is 0.5-0.8 is moderately correlated; Absolute value of 0.3-0.5 is weakly correlated; absolute values below 0.3 are weak or uncorrelated. MDD, major depressive disorder; NP, Neuropathic Pain. (A,B) Grouped comparison plot of Co-hub genes in MDD datasets (A), NP datasets (B) in different groups (Case/Control). (C–F) ROC curves of Co-hub genes ANGPT2 (C), MMP9 (D), PLAU (E), TIMP2 (F) in different groups of the MDD datasets. (G–J) ROC curves of Co-hub genes ANGPT2 (G), MMP9 (H), PLAU (I), TIMP2 (J) in different groups of NP datasets. p ≥ 0.05, not statistically significant; p < 0.05, statistically significant; p < 0.01, which was highly statistically significant; p < 0.001, which is exceedingly statistically significant. The closer the AUC in the ROC curve is to 1, the better the diagnosis. AUC has low accuracy at 0.5∼0.7; AUC has a certain accuracy at 0.7∼0.9; AUC has high accuracy above 0.9. MDD, major depressive disorder; NP, Neuropathic Pain; ROC, receiver operating characteristic curve; AUC, Area Under the Curve.
Next, we plotted the ROC curves for the four Co-hub genes (ANGPT2, MMP9, PLAU, TIMP2) in both datasets (Figures 11C–J). As shown in Figures 11C–F, the expression of ANGPT2 (AUC = 0.594, Figure 11C), MMP9 (AUC = 0.595, Figure 11D), PLAU (AUC = 0.586, Figure 11E), and TIMP2 (AUC = 0.659, Figure 11F) all had low accuracy for the diagnosis of MDD disease, whereas the expression of the Co-hub genes, ANGPT2 (AUC = 0.734, Figure 11G) and MMP9 (AUC = 0.761, Figure 11H), exhibited a certain accuracy for the diagnosis of NP disease. In contrast, the expression of PLAU (AUC = 0.663, Figure 11I) and TIMP2 (AUC = 0.623, Figure 11J) all had low accuracy for the diagnosis of NP disease.
Differential expression analysis of the Co-hub genes in independent datasets
To verify the expression differences of 4 co-hub genes (ANGPT2, MMP9, PLAU, TIMP2) in MDD and NP datasets, we also used the Wilcoxon rank sum test to analyze the expression levels of these 4 co-hub genes in GSE98793 and GSE24982 datasets. The differences between the disease group (group: Case/MDD/NP) and the control group (group: Control) were shown through comparison charts (Figures 12A, B). As shown in Figures 12A, 11B, MMP9, PLAU, and TIMP2 all had statistically significant differences (p < 0.05) in different groups of the MDD datasets. The expression levels of MMP9, PLAU, and TIMP2 in the disease group of GSE98793 dataset were significantly higher than those in the control group (Figure 12A). In the NP dataset, ANGPT2, MMP9, and PLAU all had statistically significant differences (p < 0.05) between different groups. The expression level of ANGPT2 was upregulated in the control group while the expression levels of MMP9 and PLAU were upregulated in the disease group (Figure 12B).
[image: Figure 12]FIGURE 12 | Differential expression analysis of co-hub genes in independent disease datasets. (A,B) Group comparison charts of co-hub genes in different groups (Case/Control) in the GSE98793 dataset (A) and the GSE24982 dataset (B). (C–F) ROC curves of ANGPT2 (C), MMP9 (D), PLAU (E), and TIMP2 (F) in different groups of the GSE98793 dataset. (G–J) ROC curves of ANGPT2 (G), MMP9 (H), PLAU (I), and TIMP2 (J) in different groups of the GSE32280 dataset. (K–N) ROC curves of ANGPT2 (K), MMP9 (L), PLAU (M), and TIMP2 (N) in different groups of the GSE24982 dataset. (O–R) ROC curves of ANGPT2 (O), MMP9 (P), PLAU (Q), and TIMP2 (R) in different groups of the GSE30691 dataset. The symbol ns is equivalent to p ≥ 0.05, without statistical significance; the symbol * is equivalent to p < 0.05, with statistically significant meaning; the symbol ** is equivalent to p < 0.01, with highly statistically significant meaning; the symbol *** is equivalent to p < 0.001, with extremely statistically significant meaning. In the ROC curve, the closer the AUC is to 1, the better the diagnostic effect. When the AUC is between 0.5 and 0.7, there is low accuracy; when the AUC is between 0.7 and 0.9, there is certain accuracy; when the AUC is above 0.9, there is high accuracy. MDD, major depressive disorder; NP, Neuropathic Pain; ROC, receiver operating characteristic curve; AUC, Area Under the Curve.
We then plotted the ROC curves of the 4 co-hub genes (ANGPT2, MMP9, PLAU, TIMP2) in GSE98793, GSE32280, GSE24982 and GSE30691 datasets and presented the results (Figures 12C–R). As shown in Figures 12C–F, the expression of co-hub genes ANGPT2 (AUC = 0.582, Figure 12C), MMP9 (AUC = 0.600, Figure 12D), PLAU (AUC = 0.602, Figure 12E), and TIMP2 (AUC = 0.685, Figure 12F) all had low accuracy in diagnosing MDD in the GSE98793 dataset. Similarly, as shown in Figures 12G–J, the expression of co-hub genes ANGPT2 (AUC = 0.609, Figure 12G), MMP9 (AUC = 0.578, Figure 12H), PLAU (AUC = 0.641, Figure 12I), and TIMP2 (AUC = 0.547, Figure 12J) all had low accuracy in diagnosing MDD in the GSE32280 dataset.
As shown in Figures 12K–N, the expression of co-hub gene MMP9 (AUC = 0.948, Figure 12L) had high accuracy in diagnosing NP in the GSE24982 dataset. The expression of ANGPT2 (AUC = 0.735, Figure 12K) and PLAU (AUC = 0.857, Figure 12M) had some accuracy in diagnosing NP in the GSE24982 dataset while the expression of TIMP2 (AUC = 0.605, Figure 12N) had low accuracy in diagnosing NP in the GSE24982 dataset.
As shown in Figures 12O–R, the expression of common hub genes MMP9 (AUC = 0.717, Figure 12P), PLAU (AUC = 0.889, Figure 12Q), and TIMP2 (AUC = 0.758, Figure 12R) had some accuracy in diagnosing NP in the GSE30691 dataset while the expression of ANGPT2 (AUC = 0.535, Figure 12O) had low accuracy in diagnosing NP in the GSE30691 dataset. Finally, we summarized the clinical information of different groups in the GSE98793 dataset and presented the results in a clinical data table (Supplementary Table S3).
DISCUSSION
NP is a common chronic pain with a prevalence ranging from 6.9% to 10.0% [3], which significantly reduces the quality of life for individuals [40]. Approximately 50% of NP patients report having depression [41] and when NP patients are co-depressed, they have poor physical, and psychological functioning, which results in persistent physical and mental distress [42]. Depression and NP are often accompanied by many overlapping symptoms, and antidepressants are used to treat NP, suggesting that they share many common neural circuits and underlying mechanisms, such as neuroinflammation [43]. Studies have found a correlation between the incidence of NP and depression [44] determining whether NP, and depression share a common pathological and molecular mechanism is important for clinical diagnosis and treatment. An understanding of the molecular pathways of disease initiation and development using microarray and bioinformatics analysis will enable us to examine genetic variations and discover novel diagnostic biomarkers and therapeutic targets.
However, when a single dataset is analyzed, one-sided results may be obtained, resulting in a higher false-positive rate. Therefore, in the present study, we combined two datasets for MMD (GSE98793, GSE32280) and two datasets for NP (GSE24982, GSE30691). The combined MMD datasets contained 136 cases and 72 control samples, whereas the NP datasets contained 31 cases and 29 control samples. In total, after analyzing both datasets, we identified 6 Co-hub genes, which included ANGPT2, EPO, HGF, MMP9, PLAU, and TIMP2. The results indicated that ANGPT2, MMP9, PLAU, and TIMP2 expression variations in both datasets were statistically significant. The ROC curves revealed that ANGPT2 and MMP9 can diagnose NP with some accuracy. In addition, we found that the abundance of infiltrating activated dendritic cells, effector memory CD8+ T cells, memory B cells, and regulatory T cells changed significantly (p < 0.05).
The functional similarity analysis results between the 6 Co-hub genes indicated that HGF had the highest value compared with the other Co-hub genes (Figure 7C). HGF is a protein-coding gene that acts as a growth factor by promoting hepatocyte regeneration in stem and progenitor cells, which is activated by binding to the c-MET receptor [45]. As a neurotrophic factor, HGF/c-MET is essential for the growth of axons, the development of the central nervous system, and the defense of neurons [46]. In previous mice studies, HGF was demonstrated to improve the symptoms of NP and induce functional recovery and regeneration of neurons [47–50]. By regulating crucial elements linked to DRG neuropathic pain and lowering the spinal microglia activity, HGF produces analgesic effects. Additionally, in a cross-sectional, multicenter investigation of diabetic individuals with neuropathic pain, HGF was linked to increased pain levels [51]. In MDD, psychiatric symptoms, such as anxiety and depression, are also significantly associated with cerebrospinal fluid HGF levels [52]. Downregulation of HGF/c-MET signaling in the hippocampus may be associated with methylation alterations in MET during MDD pathophysiology [53]. Several studies on depression across various groups have also demonstrated a significant relationship between changes in HGF levels and depression [54, 55], and HGF may be useful in assessing the severity of depression-related symptoms [56]. Combined with our results, neuropathic pain, and melancholy conditions may be significantly influenced by HGF. In both the MDD and NP datasets, we found a negative association between the expression of ANGPT2 and HGF (Figures 10C,D). ANGPT2 belongs to the angiopoietin family of growth factors that are upregulated in a variety of inflammatory diseases and are associated with direct control of inflammation-related signaling pathways. Based on our results, the expression of ANGPT2 has a low accuracy for the diagnosis of MDD (Figure 11C) and a certain degree of accuracy for the diagnosis of NP (Figure 11G); however, there are currently no studies related to ANGPT2 in NP or MDD, thus we are the first to discover that ANGPT2 may also play a key role in these diseases.
In numerous models of central and peripheral nerve damage, EPO exhibits a variety of neuroprotective benefits [57, 58]. EPO can alleviate neuropathic pain brought on by peripheral nerve damage by regulating the production of AQP-2 through the AMPK/mTOR/p70S6K pathway [59]. EPO and non-erythropoietic derivatives have also shown potential pro-cognitive effects in psychiatric disorders [60]. The non-erythropoietic derivative ARA290 can reduce inflammation and depression, which prolongs stress in rodents [61]. Studies have found that MDD may be related to neuronal plasticity damage8. Additionally, the neurotrophic and neuroprotective benefits of EPO and brain-derived neurotrophic factor (BDNF) can restore neural plasticity [62]. EPO and non-erythropoietic compounds, such as carbamoylated EPO, increase the production of BDNF in the hippocampus of rats [63]. Additional evidence indicating that EPO acts on the brain through neurotrophic and synaptic plasticity mechanisms has been derived from a bioinformatics study [64]. These studies are consistent with the results of our data mining in which EPO is a Co-hub gene for NP and MDD.
PLAU is a serine protease that converts plasminogen into plasmin, which is crucial for breaking down the extracellular matrix and encouraging fibrinolysis [65]. UPA, a PLAU expression product, can activate or suppress the inflammatory reaction through the AMPK and PI3K/Akt pathways [66]. A previous study identified PLAU as a hub gene of NP [67], which is consistent with our results; however, no studies have associated PLAU with MDD. Our study is the first to show that PLAU expression has low accuracy for the diagnosis of both NP and MDD (Figures 11I,E).
We found that MMP9 expression had a certain accuracy for the diagnosis of NP disease and low accuracy for the diagnosis of MDD (Figures 11D,H). In addition, TIMP2 expression has low accuracy for the diagnosis of NP and MDD occurrence (Figures 11J, 12F). It also plays a role in angiogenesis, axon growth, and neuroplasticity [68, 69]. MMP9, as a mediator of neuroinflammation, influences the onset and progression of NP by stimulating DRG and microglia in the spinal cord, participates in the regulation of oxidative stress and the inflammatory response, affects the maturation of inflammatory cytokines and may be directly involved in the development and maintenance of NP [70]. MMP9 may also cause a proBDNF/mBDNF (brain-derived neurotrophic factor) imbalance by influencing the process by which proBDNF is converted into mBDNF, leading to depression [71]. Decreased MMP9 levels result in decreased neuronal differentiation in the hippocampus and may cause increased anxiety in mice [72]. Four TIMPs(TIMP1, TIMP2, TIMP3, TIMP4) are physiological tissue inhibitors of MMPs, of which TIMP2 can indirectly affect NP and MDD processes by inhibiting MMP9 activity [73, 74]. These studies confirm the results of our database analysis that MMP9 and TIMP2 have some diagnostic value for NP and MDD.
Our finding that immune cells are associated with the emergence, maintenance, and cure of NP and MDD is consistent with previous studies [75–77]. As shown in Figures 9A,B, the difference in abundance of infiltrating immune cells, including activated dendritic cells, effector memory CD8+ T cells, memory B cells, and regulatory T cells, in the disease, and control group of the MDD datasets and NP datasets was statistically significant. It is worth noting that, the infiltration abundance of Activated dendritic cells is significantly increased in both NP and MDD disease groups. However, the infiltration abundance of Effector memory CD8+ T cells and Memory B cells is significantly increased in the NP disease group, but significantly decreased in the MDD disease group. Conversely, the infiltration abundance of Regulatory T cells is significantly decreased in the NP disease group, but significantly increased in the MDD disease group. Effector memory CD8+ T cells are a type of memory T cell that can rapidly respond to re-infection and are capable of secreting cytokines and killing target cells [78]. Activated dendritic cells are dendritic cells that have captured and processed antigens and have undergone phenotypic and functional changes [79], they are able to more effectively activate T cells and secrete a variety of cytokines to regulate immune responses. Activated dendritic cells and effector memory CD8+ T cells were found to be significantly upregulated in NP [80], which is consistent with our findings. Sun et al. found that the proportion of CD8+ T cells in MDD patients is low, and they are divided into 2 subtypes: a subtype with a higher proportion of CD8+ T cells and a subtype with a lower proportion of CD8+ T cells. In the subtype with a higher proportion of CD8+ T cells, the expression levels of genes related to autophagy, immune response, and apoptosis are higher. Reducing the apoptosis of CD8+ T lymphocytes can reduce the level of inflammatory factors and improve the immune microenvironment of depressed mice [81]. These results suggest that effector memory CD8+ T cells may play an important role in the pathogenesis of NP and MDD. In this study, activated dendritic cells had the highest infiltration associated with the expression of key genes (Figure 9D). Maganin et al. found that dendritic cells cause NP by promoting the kynurenine metabolic pathway [82]. Wang et al. concluded that dendritic cells cause NP by sensitizing nociceptor sensory neurons through paracrine factors [83]. Stiglbauer et al. found that obesity and MDD patients have fewer dendritic cells and effector memory CD8+ T cells compared with normal-weight patients who were not depressed [84]. Ciaramella et al. found that the decrease in dendritic cells is associated with the severity of depressive symptoms in Alzheimer’s disease patients [85]. These studies and our results consistently suggest that changes in the number and function of dendritic cells may be involved in the common pathophysiology of comorbid NP and MDD. Memory B cells are formed within the germinal center after the primary infection and play an important role in the secondary immune response [86]. Combining Figures 9C, D, it is evident that the expression of activated dendritic cells, memory B cells, and the 6 Co-hub genes are positively correlated in the MDD and NP datasets disease samples. A previous bioinformatics analysis also found that memory B cells correlated with MDD diagnostic marker genes [87]. The role of memory B cells in NP is currently unclear, and there is no rigorous evidence to show the relationship between memory B cells and NP. The discovery of increased infiltration abundance of memory B cells in NP is a new finding in this study, and further research is needed to explore the role of memory B cells in the comorbidity of NP and MDD. Regulatory T cells control the body’s immune response to harmful invaders and prevent overreaction [88]. A study indicated that regulatory T -cells can prevent pain-induced hypersensitivity reactions caused by microglia [89]. In depressed patients, there is a decrease in regulatory T cells [76]. Taken together, there is an immune-activated microenvironment in NP and MDD comorbidities, and immunity, and inflammation may play an important role in NP and MDD comorbidities. Activated dendritic cells, effector memory CD8+ T cells, memory B cells, and regulatory T cells have the potential to be therapeutic targets for NP and MDD. However, articles researching the relationship between these immune cells and NP or MDD are very limited. Their specific roles in the comorbidity of NP and MDD are not clear, and more research is needed to explore the biological significance behind these immune changes.
There are some limitations to this study. First, the study integrates human whole blood samples and peripheral blood lymphocyte chip data on the same sequencing platform for analysis. While it can provide valuable information regarding cell type comparison, immune response analysis, cellular interactions, disease-related analysis, and the identification of potential biomarkers, contributing to a deeper understanding of immune system functionality and the mechanisms underlying related diseases, this approach also has limitations and challenges such as sample heterogeneity, differential gene expression, signal dilution, and technical variations. To overcome these limitations, future research can consider strategies such as cell sorting, single-cell sequencing, and experimental validation to help overcome these challenges and provide a more focused and accurate analysis of lymphocyte-specific gene expression changes. Secondly, compared to MDD, the sample size of NP is relatively low. In the future, the reliability of the results should be evaluated through hypothesis testing based on sample size, cross-validation, and other methods. Thirdly, the MDD sample is human-sourced, while the NP sample is animal-sourced, and this species difference may have an impact on the results’ generalizability. In addition, although batch-effect correction was performed, it is important to note that residual batch effects may still persist in the analysis due to variations in sample processing, experimental conditions, or other technical factors that could not be entirely eliminated. In the future, Emerging machine learning algorithms, such as deep neural networks, can also be used for data mining and analysis to better understand the relationships and trends between samples. Future studies should also explore the role of various immune cells in the co-morbid mechanisms of NP and MDD, and search for therapeutic targets of NP and MDD through anti-inflammatory pathways.
In conclusion, after screening 93 Co-DEGs, and performing GO and KEGG enrichment analyses, we identified 6 Co-hub genes, which included ANGPT2, EPO, HGF, MMP9, PLAU, and TIMP2. We also found that between the disease group and the control group for NP and MDD, there were significant differences in the abundance of activated dendritic cells, effector memory CD8+ T cells, memory B cells, and regulatory T cells. The possible diagnostic or therapeutic value of these immune cells and genes in NP and MDD warrant further study.
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Abstract
Cerebral palsy (CP) is a prevalent motor disorder originating from early brain injury or malformation, with significant variability in its clinical presentation and etiology. Early diagnosis and personalized therapeutic interventions are hindered by the lack of reliable biomarkers. This study aims to identify potential biomarkers for cerebral palsy and develop predictive models to enhance early diagnosis and prognosis. We conducted a comprehensive bioinformatics analysis of gene expression profiles in muscle samples from CP patients to identify candidate biomarkers. Six key genes (CKMT2, TNNT2, MYH4, MYH1, GOT1, and LPL) were validated in an independent cohort, and potential biological pathways and molecular networks involved in CP pathogenesis were analyzed. The importance of processes such as functional regulation, energy metabolism, and cell signaling pathways in the muscles of CP patients was emphasized. Predictive models of muscle sample biomarkers related to CP were developed and visualized. Calibration curves and receiver operating characteristic analysis demonstrated that the predictive models exhibit high sensitivity and specificity in distinguishing individuals at risk of CP. The identified biomarkers and developed prediction models offer significant potential for early diagnosis and personalized management of CP. Future research should focus on validating these biomarkers in larger cohorts and integrating them into clinical practice to improve outcomes for individuals with CP.
Keywords: cerebral palsy, neurodevelopmental disorder, biomarkers, prediction models, therapeutic targets
IMPACT STATEMENT
The discovery of reliable biomarkers has the potential to revolutionize clinical practice by enabling earlier and more accurate diagnosis of CP, which can lead to timely and targeted therapeutic interventions. Early identification of at-risk individuals allows for the implementation of neuroprotective strategies and tailored rehabilitation programs, potentially mitigating the severity of motor impairments and improving long-term outcomes. This study’s findings set the stage for future research to validate and refine these biomarkers in larger, diverse populations. Ultimately, the integration of biomarker-based diagnostics into routine clinical practice could transform the management of cerebral palsy, offering new hope for improved quality of life for affected individuals and their families.
INTRODUCTION
Cerebral palsy (CP) remains one of the most prevalent childhood motor disorders, affecting approximately 2–2.5 per 1,000 live births worldwide [1]. It encompasses a heterogeneous group of non-progressive disorders of movement and posture caused by early brain injury or malformation, with implications for motor function throughout an individual’s lifespan [2]. Despite extensive research, the etiology of CP often remains elusive, hindering both early diagnosis and the implementation of targeted therapeutic interventions.
Skeletal muscles in patients with CP are altered due to neurological lesions. These brain lesions cause various neurological symptoms, including dystonia, ataxia, athetosis, and particularly spasticity [3, 4]. Loss of upper motor neuron inhibition on the lower motor neurons resulted in spasticity, altered muscle tone, and increased or impaired motor unit firing [5]. Although the mechanism is unknown, spastic muscle often shortens to create muscle contractures, which is a primary disability of CP that leads to further complications. CP is the most prevalent non-genetic cause of secondary dystonia, and its clinical management poses significant challenges [6]. The primary objectives in treating dystonia associated with CP are to mitigate dystonic symptoms, optimize functional capacity, alleviate pain, and enhance overall care convenience [7]. Oral medications, physical therapy techniques, chemical neurectomies with phenol or alcohol, chemodenervation using neurotoxins, and deep brain stimulation have been utilized to decrease spasticity and dystonic symptoms among children with CP, but often yield suboptimal results [8].
Skeletal muscle in patients with CP exhibits distinct characteristics, including muscle tissue and fiber atrophy, decreased cross-sectional area, muscle shortening, and reduced specific tension [9]. Identifying reliable biomarkers associated with CP is crucial for understanding its diverse etiologies, facilitating early diagnosis, prognostication, and targeted therapeutic interventions. However, the identification of reliable biomarkers and their translation into clinical practice remain significant challenges.
This study aimed to address these challenges by systematically identifying potential biomarkers for CP and developing robust prediction models. By leveraging advanced computational algorithms, we sought to uncover biomarkers that could serve as reliable indicators of CP risk and severity. In this study, we provided a detailed description of our methods for the discovery of biomarkers and the development of predictive models. We discussed the implications of the findings for clinical practice and proposed strategies for the future integration of biomarker-based diagnostics in the management of CP.
MATERIALS AND METHODS
Data acquisition and preprocessing
The data used in this article was obtained from the NCBI Gene Expression Integration (GEO) database. The following criteria were used for screening the datasets: (1) inclusion of samples from CP patients and healthy individuals, (2) focus on muscle tissue gene expression profiles, (3) availability of publicly accessible raw or processed data, (4) research conducted on Homo sapiens, (5) total sample size greater than 15, and (6) exclusion of samples associated with other diseases. Two different gene expression datasets were analyzed in this study: GSE11686 [10] as the analysis set and GSE31243 [11] as the validation set. Detailed characteristics are shown in Table 1. To ensure an adequate sample size and the generalizability of the results, we included data from different muscle samples and performed quality control, preprocessing, and statistical analysis using the limma package in R Studio. The data analysis workflow is depicted in Figure 1.
TABLE 1 | Detailed characteristics of the included data sets.
[image: Table 1][image: Figure 1]FIGURE 1 | Flowchart of data preparation and analysis in this study. GEO, Gene Expression Omnibus; WGCNA, weighted gene co-expression network analysis; GSEA, gene set enrichment analysis; PPI, protein-protein interaction; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; ROC, receiver operating characteristic; DCA, decision curve analysis.
Identification of the differentially expressed genes (DEGs)
DEGs between the CP group and the control group were identified using the limma package and visualized with a volcano plot. Genes were selected for further analysis in the network construction based on the significance analysis of microarrays (SAM) with adjusted p-value < 0.05 and |log2 fold change (FC)| ≥ 1.2. A heatmap of the DEGs that were screened was generated in R software.
Gene set enrichment analysis (GSEA)
To provide a clearer representation of the gene expression level of highly enriched functional pathways, we used the GSEA software (version 3.0) and downloaded the sub-aggregate of c2.cp.kegg.v7.4.symbols.gmt. from the Molecular Signatures Database (DOI:10.1093/bioinformatics/btr2601 [12]. The minimum gene set was 5, the maximum gene set was 5,000, and 1,000 resampling was performed. A p-value of <0.05 was considered statistically significant.
Functional enrichment analysis
The DEGs were subjected to functional enrichment analysis using DAVID2. Gene ontology (GO) analysis was performed to identify distinguishing biological characteristics, including molecular functions (MF), biological pathways (BP), and cellular components (CC). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was used to explore the activities of genes and their connections to high-level genomic information.
Evaluation and correlation analysis of infiltration-related immune cells
The infiltration matrix of immune cells was obtained by filtering 22 types of immune cell matrices using the cell-type identification by estimating relative subsets of RNA transcripts (CIBERSORT) website (p < 0.05) [13]. The Spearman correlation analysis was conducted between unique diagnostic markers and immune infiltrating cells using the “ggplot2” package to illustrate the results.
Construction of weighted gene co-expression network and identification of significant modules
The weighted gene co-expression network analysis (WGCNA) is a valuable tool for studying gene set expression. Data were processed using R-Studio 4.2.2, and abnormal samples were excluded for reliability. Samples were clustered to identify outliers, and the network was built using the automatic network construction function, which determined the soft threshold power β. Adjacency was calculated based on co-expression similarity. Hierarchical clustering created a tree diagram with modules, which were automatically merged for highly correlated feature genes (TOM type = “unsigned,” min module size = 30, merge cut height = 0.25). Genes with similar expression patterns were grouped into modules, each assigned a specific color. Module membership (MM) and gene significance (GS) were calculated for clinically relevant modules. Gene information from these modules was extracted for further analysis, and the characteristic gene network was visualized.
Identification of candidate genes
The Venn diagram shows the intersection of WGCNA brown modular genes and DEGs, representing disease-related genes and differentially expressed genes. In total, 45 genes were identified as candidate genes, and their expression is shown in Table 2.
TABLE 2 | The gene expression levels of 45 overlap hub genes.
[image: Table 2]Protein-protein interaction (PPI) network construction and identification of hub genes
To identify the hub genes of each module, the previously acquired genes were mapped to the STRING database3, a platform for searching PPI. The protein interactions of each module were then constructed and visualized using the CytoHubba plugin within the Cytoscape software4. The hub gene was determined as the one with the highest degree of connection. In this study, the Maximal Clique Centrality (MCC) method in CytoHubba, known for its accuracy in predicting essential proteins, was used [14].
Validation of the hub genes expression and prediction value
To validate the expression differences of the hub genes and their universality, we utilized gene expression data from GSE31243, which consists of 20 CP and 20 non-CP muscle samples. The expression of hub genes in muscle samples from CP and non-CP patients was analyzed using box plots created with the “ggplot2” package in R software. The data were presented as standard deviation. Statistical analysis was performed using an unpaired independent t-test, with a significance level set at p < 0.05.
Establishment and validation of prediction models and nomogram
To establish the prediction model, we utilized logistic regression analysis. The multivariate model included hub genes that showed differential expression in both the training and validation cohorts. Based on the regression coefficients of the relevant genes in the training cohort, we developed a nomogram. Model covariates were assigned points in the range of 0–100, corresponding to their values. The total points obtained from the predictive model indicated the risk of CP. We assessed the performance of the nomogram using the calibration curve in the training cohort. The predictive ability of the model was evaluated in both the training and validation cohorts using the area under the ROC curve (AUC). We generated ROC curves using SPSS. Genes were considered to have potential clinical significance if their AUC was greater than 0.6.
Prediction of potential drugs
Based on the biomarkers of CP, the DGIdb database5 was utilized to predict potential drugs for the treatment of CP. The network of biomarker-compound pairs was visualized using the Cytoscape software.
RESULTS
GSEA
GSEA was conducted on both patients with CP and healthy control subjects to investigate the biological signaling pathway. The top five terms are shown in Figure 2A. Linoleic acid metabolism, Huntington’s disease, circadian rhythm, lysosome, oxidative phosphorylation, and glycerolipid metabolism were significantly enriched in the patients with CP.
[image: Figure 2]FIGURE 2 | Detection of differentially expressed genes and functional enrichment analysis. (A) GSEA analysis; (B) Volcano plot of the 353 DEGs; (C) KEGG pathway enrichment analysis; (D) GO enrichment analysis; (E) The KEGG-enriched chord diagram shows the genes involved in the KEGG term. DEGs, differentially expressed genes; FC, fold-change; GSEA, gene set enrichment analysis; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
Functional enrichment analysis of DEGs
A total of 353 DEGs were identified, including 173 upregulated and 180 downregulated genes (Figure 2B). We performed functional analysis to gain a deeper understanding of the biological functions of the DEGs. In terms of BP, the clusters were significantly associated with the regulation of biological quality, chemical homeostasis, and organic acid metabolic process. In the MF analysis, our results indicate that the DEGs are significantly associated with anion binding, small molecule binding, and carbohydrate derivative binding. In the CC enrichment analysis, the focus was on the extracellular matrix (ECM), collagen-containing ECM, and contractile fiber (Figure 2D). In the KEGG pathway analysis (Figures 2C, E), mineral absorption, tight junction, and protein digestion and absorption were identified as significant pathways in the DEGs.
Infiltration of immune cells results
The assessment of immune infiltration within the sample was conducted using robust bioinformatics methodologies, specifically the CIBERSORT algorithms. Compared to normal samples, samples from patients with CP generally exhibited a higher proportion of mast cells (p = 0.013), while Dendritic cells were relatively lower (p = 0.058, Figure 3A). In particular, CP patient samples often had a higher proportion of resting mast cells and T cells follicular helper (p < 0.05), suggesting a potential regulatory role in the immune response (Figures 3B, C). These findings highlight the complex interplay of various immune cell subsets and emphasize the importance of their interactions in shaping the immune landscape of the analyzed sample.
[image: Figure 3]FIGURE 3 | Evaluation and visualization of immune cell infiltration. (A) Boxplot of the proportion of four classes of immune cells; (B) Boxplot of the proportion of 22 types of immune cells; (C) Stacked bar graph of the proportion of 22 types of immune cells. NK, natural killer. *p < 0.05 compared with the controls.
Identification of co-expression gene modules in CP
In the CP datasets, after excluding any outliers, we used WGCNA to identify co-expression gene modules among multiple genes (Figures 4A, B). To ensure that the network resembled a scale-free network, we calculated the soft-thresholding power, which was found to be 8 based on a scale independence of >0.9 (Figure 4C). By employing hierarchical clustering analysis and dynamic branch cut methods on the gene dendrograms, we grouped the genes into 26 modules (Figure 4F). The clustering dendrogram of the genes is shown in Figure 4E, where genes with similar characteristics are clustered together and represented by the same module color. Importantly, these modules were found to be independent of one another. Figure 4D provides a summary of the significance of all genes in each module with respect to CP. Notably, the brown module exhibited a significant association with CP and was selected for further analysis (p = 3e-04). The scatter plot in Figure 4G illustrated the relationship between CP gene significance and module membership, with a total of 762 genes being significantly associated with CP.
[image: Figure 4]FIGURE 4 | Weighted co-expression network related datasets construction. (A) Sample dendrogram and trait heatmap; (B) Gene dendrograms obtained by average linkage hierarchical clustering; (C) Analysis of network topology for various soft thresholds (β); (D) Module-trait relationships; (E) Clustering dendrogram of genes; (F) Module eigengene adjacency heatmap; (G) The correlation between the module membership (MM) and gene significance (GS) of the disease group of all genes in the brown module. The correlation value represents the absolute correlation coefficient between GS and MM. CP, cerebral palsy.
Extract hub genes from DEGs and the hub module in WGCNA
Forty-five candidate genes were identified from the intersection of a venn diagram between two sets of the DEGs and WGCNA brown module (Figure 5A). To explore the biological features and significance of these 45 hub genes, GO and KEGG pathway enrichment analyses were performed (Figures 5D, E). The results of the analysis revealed that these hub genes were significantly related to various biological processes such as muscle contraction, carboxylic acid metabolic process, and phosphocreatine biosynthetic process. In terms of molecular function, the hub genes are associated with creatine kinase activity, DNA-directed DNA polymerase activity, and calcium ion binding. The enrichment analysis of cell component showed a focus on mitochondrion, muscle myosin complex, and neuronal cell body. Additionally, the KEGG pathway analysis indicated that arginine and proline metabolism, cysteine and methionine metabolism, and metabolic pathways were significant pathways in these 45 hub genes. These findings suggest that these genes are significantly enriched in energy metabolism-related pathways, indicating their potential role in muscular movement. For further analysis, a PPI network was constructed among the 45 candidate genes using Cytoscape software (Figure 5C). The MCC method in the CytoHubba plug-in was used to identify potential key genes. The top 10 Hubba nodes were collected for subsequent analysis (Figure 5B). Among the 45 genes, CKMT2, TNNT2, MYH4, MYH1, FABP3, PVALB, GOT1, GPX3, TST, and LPL were identified as the hub genes by the CytoHubba plug-in.
[image: Figure 5]FIGURE 5 | Hub genes identification and functional enrichment analysis. (A) The overlap of DEGs and module genes was shown as a Venn diagram; (B) The top 10 hub genes with the most correlations identified using CytoHubba; (C) PPI network of 45 hub genes generated by the Cytoscape software; (D) Gene ontology enrichment analysis; (E) The Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis.
Screening and validation of diagnostic markers
To further demonstrate the significance of the key genes in the module of interest, we assessed the expression of 45 candidate genes using muscle samples from the GSE31243 dataset (Figure 6A). Comparative analysis between the two samples revealed that 14 genes exhibited statistically significant differences in the CP sample. When the top 10 hub genes identified by MCC were analyzed together, we found 6 genes that were statistically different: CKMT2, TNNT2, MYH4, MYH1, GOT1, and LPL. This suggests that these six genes are important in relation to CP. Consequently, we developed a prediction model for CP in the validation cohort based on the expression of these six genes. The final model we obtained was as follows: prediction model = 104.2864 + 0.3745*CKMT2 + 0.8794*TNNT2 + 1.4529*MYH4 − 6.6211*MYH1 − 2.5241*GOT1 + 1.2096*LPL. Additionally, we created a nomogram to visualize the model and used a calibration curve to assess its accuracy. The nomogram is presented in Figure 6B, and the calibration curve is shown in Figure 6E (Mean absolute error = 0.066). The calibration curve of the nomogram for predicting CP risk demonstrated good agreement. Furthermore, the Hosmer-Lemeshow test, which evaluated the model, yielded a Chi-square value of 12.045 (p = 0.1492 > 0.05), indicating that the predictive model performed well. In addition, we compared the predictive value of the model with that of the six individual genes. The ROC curves revealed that the combined six-gene prediction had a higher value than the prediction based on a single gene (AUC = 0.905 in the validation cohort) (Figures 6C, D). Finally, according to the results of the decision curve analysis (DCA), the nomogram model provided a superior clinical benefit (Figure 6F).
[image: Figure 6]FIGURE 6 | Validation of the hub genes. (A) The expression of 45 genes in the validation cohort (GSE31243); (B) A nomogram estimated CP risk in the training cohort by summing scores from each risk factor and positioning the total on the corresponding bottom line to calculate the probability of CP; (C) ROC curves of the training cohort; (D) ROC curves of the validation cohort; (E) The calibration curve shows the nomogram-predicted CP probability (x-axis) versus actual CP probability (y-axis). The diagonal dotted line represents perfect predictions, while solid lines represent nomogram performance. The closer the solid lines are to the diagonal, the better the prediction accuracy; (F) Decision curve analysis shows the prediction model’s net benefit (y-axis) against the threshold probability (x-axis), where the harm of false positives exceeds that of false negatives. Higher net benefit at the same probability indicates better clinical usefulness. CP, cerebral palsy. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05.
Potential drugs targeting the diagnostic genes
To investigate potential drugs for CP therapy, we conducted a search in the DGIdb database for drugs targeting the biomarkers. Our analysis revealed that 28 drugs targeting LPL and 4 drugs targeting TNNT2 were identified. Subsequently, we generated a gene-drug network consisting of 34 nodes, which is presented in Figure 7. Notably, regulatory approval has been granted to 19 drugs targeting LPL and 1 drug targeting TNNT2.
[image: Figure 7]FIGURE 7 | Drugs–hub genes interaction network. The red nodes represent genes, yellow nodes represent approved drugs, and blue nodes represent drugs not yet approved.
DISCUSSION
This study emphasizes the urgent need for early and accurate identification of biomarkers for CP to enhance diagnostic precision and improve patient outcomes. Through rigorous analysis, several potential biomarkers were identified, providing insights into the pathophysiological mechanisms related to CP. Developing predictive models based on these biomarkers offers opportunities for early diagnosis and personalized therapeutic interventions for CP. In our research, we identified 45 potential key genes through differential expression and WGCNA. Subsequent GO and KEGG analyses revealed that these genes are primarily involved in energy metabolism-related pathways in the development of CP, underscoring their crucial role in muscle movement. Further dataset validation identified CKMT2 as the key gene most closely associated with CP. Additionally, we established a predictive model for CP by combining five other significantly differentially expressed genes (TNNT2, MYH4, MYH1, GOT1, and LPL).
Previous studies had also identified differential genes and pathways associated with CP, which share many similarities with our research. Our study, along with those by Pingel and Robinson et al., identified genes related to energy production and muscle function as significant in CP [15, 16]. Genes involved in ECM structure and turnover have been emphasized in multiple studies. Increased ECM turnover and net collagen synthesis enable ECM remodeling as an adaptive response to the increased mechanical load and functional demands caused by spasticity [17]. Previous research had shown significantly lower LPL expression and increased intramuscular fat levels in CP patients, which was consistent with our findings [18, 19]. Additionally, Pingel et al.’s study highlighted the importance of calcium homeostasis in skeletal muscle movement and plasticity, finding distorted calcium ion handling in CP [11]. Stress, cell death, and autophagy also had contributed to the pathology of CP. Each study provided unique insights into the specific genes and mechanisms involved in CP pathology, underscoring the importance of genes related to energy metabolism, muscle function, and ECM structure in CP.
In our diagnostic model, CKMT2 was identified as the key gene most closely related to CP. The CKMT2 gene encodes mitochondrial creatine kinase, an enzyme crucial for energy metabolism in tissues with high and fluctuating energy demands, such as the brain and muscles. CKMT2 plays a primary role in maintaining cellular energy homeostasis by facilitating the reversible transfer of phosphate groups between adenosine triphosphate (ATP) and creatine [20]. This process allows for the storage and transportation of energy within cells, particularly in mitochondria-rich tissues. Additionally, mitochondrial creatine kinase is believed to be essential for maintaining mitochondrial morphology by stabilizing contact sites between the inner and outer mitochondrial membranes. Impaired activity of CKMT2 has been associated with the loss of mitochondrial membrane potential and apoptosis [21]. In the intact rabbit heart, a rapid and irreversible loss of CKMT2 was observed, which was directly related to the duration of ischemia. This loss of CKMT2 correlated with contractile dysfunction during reperfusion [22].
Further studies have demonstrated that CKMT2 overexpression protects against cellular oxidative stress damage, likely due to increased creatine kinase activity and its role in promoting mitochondrial integrity [23, 24]. CKMT2 is crucial for regulating energy production and utilization in the brain, ensuring a constant energy supply essential for neuronal function, neurotransmission, and brain health. Beyond energy provision, CKMT2 maintains cellular energy reserves and buffers against energy fluctuations. Variations or mutations in the CKMT2 gene may contribute to mitochondrial dysfunction, disrupting energy balance in neurons and potentially influencing the onset or severity of CP. Therefore, studying the correlation between CKMT2 variants and CP clinical features (such as severity, motor impairment patterns, or associated comorbidities) can deepen the understanding of disease subtypes and their pathological mechanisms, providing opportunities for personalized treatment. Exploring pathways aimed at regulating mitochondrial function or enhancing energy metabolism may serve as therapeutic strategies to alleviate symptoms or prevent the progression of related damage. Further large-scale genetic studies, functional analyses, and investigations into mitochondrial function will be essential to determine their significance in disease development and identify potential therapeutic targets.
The remaining five genes in the diagnostic model (TNNT2, MYH4, MYH1, GOT1, and LPL) also contribute to the pathology of CP through different mechanisms. TNNT2 encodes a component of the troponin complex critical for muscle contraction regulation, with variants linked to neuromuscular disorders [25]. In CP, TNNT2 variations might affect muscle tone regulation, contributing to motor impairments. MYH4 and MYH1 encode myosin heavy chain proteins, which are essential for muscle contraction. Alterations in these genes may impact muscle fiber composition or contractile properties, potentially leading to abnormalities in motor function and muscle tone observed in CP [26, 27]. GOT1 (Glutamic-Oxaloacetic Transaminase 1) is involved in amino acid metabolism [28]. Although its direct role in CP is not yet clear, disruptions in amino acid metabolism pathways could potentially affect brain development or neural function, thus contributing to the complex etiology of CP. LPL (Lipoprotein Lipase) plays a crucial role in lipid metabolism, affecting neurodevelopment and neuronal health [29]. Dysregulation of LPL may lead to changes in lipid metabolism, which correlates with the previously observed increase in intramuscular fat levels [18]. In conclusion, while the roles of TNNT2, MYH4, MYH1, GOT1, and LPL genes in CP are still under investigation, their involvement in muscle function, metabolic pathways, and potentially neurodevelopmental processes could contribute to the diverse clinical manifestations observed in individuals with CP. Variations in TNNT2, MYH4, and MYH1 may affect muscle structure, contractility, or neuromuscular junction function, contributing to motor impairments and muscle tone abnormalities. Meanwhile, genes such as GOT1 and LPL, involved in amino acid and lipid metabolism respectively, may indirectly affect neurodevelopmental processes and lipogenesis in muscle. Dysregulation of these pathways could impact substance synthesis and neuronal health within muscle, potentially contributing to the multifactorial nature of CP. Further research is needed to validate the differential expression of these genes and their direct impact on the pathogenesis of CP. Experimental models and functional assays are necessary to elucidate their specific contributions to neuronal development or muscle function. Additionally, studying the differential expression of genes and their potential association with birth complications may provide valuable insights into the etiology of CP.
Through the DGIdb database, we obtained potential therapeutic agents targeting the biomarkers. Purpurogallin (PPG) possesses significant antioxidant properties. By inhibiting the TLR4/NF-κB pathway and thereby attenuating endoplasmic reticulum stress and neuroinflammation, PPG demonstrates potential neuroprotective effects against cerebral ischemia-reperfusion injury [30]. Insulin, beyond its role in glucose metabolism, has shown neuroprotective effects and might influence brain development and neuroplasticity, which could be relevant in CP management. Lymphokine-activated killer (LAK) Cells and recombinant lymphokine have cytotoxic activity against tumor cells when activated in vitro, but their effects on CP remain unexplored. Levosimendan has a vasodilatory effect, and its potential impact on cerebral circulation and muscle tissue blood supply in CP patients needs further clarification [31]. Statins (Lovastatin, Pravastatin) have shown neuroprotective and anti-inflammatory effects, potentially beneficial in managing neuroinflammation in CP. Diazoxide, a vasodilator and potassium channel opener, does not have well-documented effects on CP but might influence blood flow or neural excitability. Triamcinolone, a corticosteroid, has the potential to suppress inflammation and immune responses, making it a potential option for managing inflammation-related aspects of CP. In a frozen shoulder rat model, the injection of triamcinolone acetonide has shown effective anti-fibrosis, anti-angiogenesis, and anti-inflammatory properties [32]. While these drugs show promise in affecting neurological functions or mechanisms related to CP, their specific impacts on CP patients require extensive clinical studies. Considerations such as dosage, duration, individual variability, and underlying pathology are crucial when evaluating their effects. Some drugs’ impacts on CP may not be well-documented or explored in clinical trials specifically for this condition, necessitating targeted research or clinical trials to evaluate their efficacy and safety in this population.
The study used samples from various muscle groups, with tissue collection sites as potential confounders. Different muscle groups exhibited unique gene expression profiles due to their physiological functions and fiber types [33]. Wrist muscles, crucial for fine motor skills and complex hand movements, showed a high gene expression in pathways involved in neuromuscular junctions, muscle contraction, and calcium handling [34, 35]. Conversely, hamstring and quadriceps muscles, involved in gross motor functions, exhibited increased gene expression in ECM tissue and muscle fiber composition for structural integrity and weight-bearing [36]. Additionally, elevated expression related to oxidative phosphorylation, muscle repair, and regeneration supported endurance and adaptive recovery [37, 38]. These differences highlight the unique needs of each muscle group and suggest personalized strategies for treating related diseases. However, obtaining muscle biopsy tissue from high-risk CP patients is an unavoidable challenge. Ethical considerations and strict informed consent procedures, especially for children, must be given primary consideration. The invasiveness of the surgery, along with the risks of postoperative infection, bleeding, and discomfort, may deter participation. Additionally, the medical fragility and anesthesia risks in CP patients complicate the procedure. Despite these challenges, muscle biopsies are crucial for studying the pathophysiology of CP and subsequently developing targeted therapies to improve muscle function and quality of life. Careful planning and ethical oversight are required, balancing the need for high-quality data with alternative, less invasive methods.
The CP prediction model based on hub genes demonstrates superior predictive power and accuracy compared to utilizing single genes. However, certain limitations related to the data must be acknowledged. The limited size of the cohorts in our dataset was a significant constraint, restricting the statistical power and robustness of our findings. Additionally, differences in age and sex between the control and CP groups represented potential confounding factors. Age-related gene expression differences and sex-specific biological variations can impact results, making it challenging to attribute observed differences solely to CP. Secondly, variability in the severity of CP may exhibit different molecular characteristics. Stratifying CP patients based on detailed clinical data and severity could help elucidate the relationship between CP severity and biomarker expression. It is essential to dynamically monitor changes in gene expression profiles throughout disease progression in longitudinal cohorts. Furthermore, variability among different muscle samples needs further clarification. In CP patients, muscle tissue often exhibits unique pathological changes such as increased ECM, fat infiltration, and heightened inflammation, which can affect gene expression outcomes due to differences in tissue composition. Isolating specific cell types or using single-cell RNA sequencing can provide a more precise understanding of the molecular basis of CP.
Our study highlights the importance of considering demographic variables, repeated measures, and tissue composition in biomarker research. Despite the limitations, our findings provide valuable insights into the molecular underpinnings of CP. Future research should focus on using larger, well-matched cohorts and advanced analytical techniques to improve the accuracy and applicability of biomarker discoveries. By addressing these factors, we can enhance the diagnostic and therapeutic potential of CP biomarkers.
CONCLUSION
This study provides new insights into identifying potential biomarkers for CP and developing predictive models for early diagnosis and personalized treatment. Using comprehensive bioinformatics approaches, promising biomarkers (CKMT2, TNNT2, MYH4, MYH1, GOT1, and LPL) were identified, and robust predictive models for muscle sample markers specific to CP were developed. The findings highlight the importance of incorporating biomarker-based diagnostics into clinical practice to enable early and accurate diagnosis, leading to timely interventions and improved long-term outcomes. Future research should validate these biomarkers and models in larger cohorts and translate them into practical diagnostic tools and treatment protocols, ultimately enhancing the quality of life for individuals with CP and their families.
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Abstract
Observational studies have linked autoimmune diseases (ADs) with rhinosinusitis (RS) manifestations. To establish a causal relationship between ADs and RS, and to explore the potential mediating role of inflammatory mediators between ADs and RS, we utilized Mendelian randomization (MR) analysis. Using a two-sample MR methodology, we examined the causality between multiple sclerosis (MS), rheumatoid arthritis (RA), ankylosing spondylitis (AS), psoriasis (PsO), type 1 diabetes (T1D), Sjogren’s syndrome (SS), celiac disease (CeD), Crohn’s disease (CD), hypothyroidism (HT), Graves’ disease (GD), and Hashimoto’s thyroiditis and their association with chronic and acute rhinosinusitis (CRS and ARS, respectively).To achieve this, we employed three distinct MR techniques: inverse variance weighting (IVW), MR-Egger, and the weighted median method. Our analysis also included a variety of sensitivity assessments, such as Cochran’s Q test, leave-one-out analysis, MR-Egger intercept, and MR-PRESSO, to ensure the robustness of our findings. Additionally, the study explored the role of inflammation proteins as a mediator in these relationships through a comprehensive two-step MR analysis. Among the ADs, MS, RA, T1D, CeD, and HT were determined as risk factors for CRS. Only CeD exhibited a causal relationship with ARS. Subsequent analyses identified interleukin-10 (IL-10) as a potential mediator for the association of MS, RA and HT with CRS, respectively., while C-X-C motif chemokine 10 levels (CXCL10) and T-cell surface glycoprotein CD6 isoform levels (CD6) were found to influence HT’s effect on CRS. Our findings demonstrate a causative link between specific autoimmune diseases and rhinosinusitis, highlighting IL-10, CXCL10, and CD6 as potential mediators in this association.
Keywords: autoimmune diseases, rhinosinusitis, inflammatory factors, mediating role, Mendelian randomization
IMPACT STATEMENT
This study establishes a causal link between several autoimmune diseases (ADs)—specifically multiple sclerosis, rheumatoid arthritis, type 1 diabetes, celiac disease, and hypothyroidism—and rhinosinusitis, employing Mendelian randomization (MR) techniques, including inverse variance weighting, MR-Egger, and weighted median methods, alongside a variety of sensitivity assessments. By demonstrating that several ADs are risk factors for chronic rhinosinusitis and identifying celiac disease as a causal factor for acute rhinosinusitis, this work advances understanding of the interplay between autoimmune disorders and sinusitis. Crucially, it identifies inflammatory mediators such as interleukin-10, C-X-C motif chemokine 10, and CD6 isoform levels as key components in these relationships, offering new insights into potential therapeutic targets. These findings significantly impact the field by providing updated clues of the pathological links between autoimmune conditions and sinus health, with implications for treatment strategies.
INTRODUCTION
Autoimmune diseases (ADs), characterized by the immune system’s disarray leading to self-directed tissue and organ damage, include diseases like multiple sclerosis (MS), rheumatoid arthritis (RA), type 1 diabetes (T1D), systemic lupus erythematosus (SLE), celiac disease (CeD), Crohn’s Disease (CD), and autoimmune thyroid diseases (AITD). Their development is tightly linked to genetics, environmental influences, and shifts in the microbiota [1–3]. Epidemiologically, the escalating incidence of ADs is recognized as a significant global health menace, posing a formidable challenge to public health systems [4, 5]. While treatment approaches have evolved, there’s a continuing need for tailored treatment plans and profound investigations into the mechanisms of these complex diseases.
Divided into acute and chronic categories, rhinosinusitis (RS) adversely affects the sinus mucous membranes [6]. The acute rhinosinusitis (ARS) presents with symptoms such as nasal congestion, secretion of mucoid or purulent material, facial discomfort, and olfactory reduction, not exceeding 4 weeks in duration [6, 7]. Chronic rhinosinusitis (CRS), lasting over 12 weeks, invariably involves nasal inflammation, often with preceding rhinitis symptoms [6, 8]. Its occurrence is tightly linked with factors including bacterial, viral, genetic, immune deficiency, environmental components, and air quality [8, 9], with nasal polyps and turbinate enlargement also contributing to the severity [10, 11]. Management options range from antibiotics, vasoconstrictors, antihistamines, and hypertonic saline for symptomatic relief to surgical procedures, with treatment efficacy potentially influenced by factors such as weather and emotional states [9, 12].
Inflammation is a key player in the progression of diseases, holding significant importance for both science and public health. Triggered by bacteria such as Streptococcus pneumoniae and viruses like coronaviruses, ARS involves the activation of various inflammatory cytokines, including IFN-α, IL-1β, and IL-6 [13, 14]. CRS, mirroring the complexity of chronic diseases, poses a significant challenge in finding a cure. The expression and regulation of cytokines are paramount in its etiology. CRS inflammation is differentiated into three categories based on the elevation of specific lymphocyte cytokines: Types 1, 2, and 3 [15, 16]. The complexity of interactions between immune cells and cytokines plays a critical role in CRS-related inflammation and tissue remodeling [17]. As mediators of communication among immune cells, cytokines are crucial in the regulation of immune responses and inflammation [18]. Aberrant cytokine levels in autoimmune diseases can result in sustained inflammation, leading to tissue damage and advancement of the disease [18, 19]. It has been indicated that autoimmune diseases could heighten the risk of CRS, influencing its prognosis [20, 21]. While the direct causal link remains to be established, the association between immune dysfunctions and inflammatory responses directs future research towards understanding the interplay between these conditions and enhancing therapeutic approaches.
Mendelian randomization (MR) utilizes genetic variants as instruments to investigate the causal relationships between particular exposures and outcomes, leveraging single nucleotide polymorphisms (SNPs) from genome-wide association studies (GWAS) to bypass traditional study confounders and enhance causal inference accuracy. This study is centered on exploring the Mendelian causality between ADs and RS, specifically focusing on the role of inflammatory mediators. Employing large GWAS datasets from European populations, through dual-sample MR analysis and a two-phase mediation approach, our aim is to reveal both the direct and indirect causal links between ADs and RS, contributing to a deeper biological understanding of their mutual influences.
MATERIALS AND METHODS
Study design
To delineate the causal dynamics and possible mediating roles between ADs and RS, chronic and acute, this study embarked on a two-phased Mendelian randomization approach. The initial phase employed univariable MR (UVMR) to explore the causal relationships between ADs and RS. Only exposures with a significant causal link to RS, and where reverse causation was excluded, were subjected to further scrutiny. The subsequent phase was dedicated to identifying and measuring the influence of circulating inflammatory proteins as mediators in the causal pathway from ADs to RS. Conducted in accordance with the “Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization,” this investigation required no additional ethical approvals or informed consent, leveraging publicly accessible GWAS data. The design and analytical procedure are summarized in Figure 1 (All references in the Methods section are listed in Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Overview of the MR Study Design. The study is structured into two analytical phases. Analysis 1 employed UVMR to investigate the causal links between ADs and RS. Analysis 2 utilized a two-step MR approach to explore the potential mediation effect of inflammatory proteins on the causal association between ADs and RS. MR, Mendelian randomization; UVMR, univariable Mendelian randomization analyses; IVs, Instrumental variables; SNPs, single-nucleotide polymorphisms; LD, linkage disequilibrium; WM, weighted median; IVW, inverse variance weighted; PRESSO pleiotropy residual sum and outlier.
Data sources
Employing publicly accessible GWAS summary datasets, this MR study assessed designated traits (refer to Table 1). For T1D, genetic tools were sourced from a meta-analysis involving UK and Sardinian participants (7,467 cases versus 10,218 controls). The RA dataset originated from a meta-analysis involving 14,361 cases and 43,923 controls, while genetic instrument variables (IVs) for MS were furnished by a German study (4,888 cases and 10,395 controls). Data for Ankylosing spondylitis (AS) were contributed by the International Genetics of Ankylosing Spondylitis Consortium (IGAS) (9,069 cases and 13,578 controls), and IVs for Psoriasis (PsO) came from research involving 15,967 cases and 28,194 controls. Systemic lupus erythematosus (SLE) data involved 5,201 European descent cases and 9,066 controls. The IEU GWAS database provided information for Sjogren’s syndrome (407,746 samples), Celiac disease (11,812 cases and 11,837 controls), Hypothyroidism or myxoedema (405,357 samples), and Crohn’s disease (17,897 cases and 33,977 controls). Graves’ disease (1,678 cases and 456,942 controls) and Hashimoto thyroiditis (15,654 cases and 379,986 controls) data were derived from a meta-analysis of the European population.
TABLE 1 | Data source details for our GWAS study.
[image: Table 1]Data regarding rhinosinusitis cases were retrieved from the FinnGen project’s R10 dataset, involving 412,181 individuals with European descent, documenting 21,311,942 variants. Summary GWAS results for ARS (with 10,916 cases against 182,945 controls) and CRS (8,524 cases compared to 167,849 controls) were acquired from FinnGen1. Information on circulating inflammatory proteins, considered as potential mediators, was taken from a recent European study spanning 11 cohorts, which analyzed 91 plasma proteins across 14,824 samples and performed a comprehensive genome-wide protein quantitative trait loci (pQTL) study. Detailed data on the inflammatory proteins can be found in Supplementary Table S2.
Selection criteria for IVs
When selecting appropriate genetic IVs from GWAS of 12 ADs using the TwoSampleMR package in R studio (default settings), we primarily chose SNPs with p-values less than 5.0E-08 to ensure genome-wide significance. Specifically, for Sjogren’s syndrome (SS), due to a lack of SNPs meeting the p < 5.0E-08 criterion, we lowered the threshold to p < 5.0E-06 to secure a sufficient number of valid IVs. MR-Steiger analysis was utilized to assess the direction and validity of causal relationships, with p > 0.05 indicating potential reverse causation, prompting reverse MR analysis. Lower significance threshold to consider p < 5.0E-06 was also adopted when analyzing the potential mediating effects of inflammatory proteins. Independence of SNPs was ensured using an r2 = 0.001 and a clumping window of 10,000 kb. The validity of all IVs was evaluated based on the F-statistic (F = β^2/se^2), considering IVs effective when F values exceeded 10.
Statistical analysis
Univariable Mendelian randomization
A UVMR approach was used to examine causal links between ADs and RS, including inverse-variance weighted (IVW), weighted median, and MR-Egger analysis. The IVW method, serving as the main approach, offers precise causal estimates under the condition that all IVs are valid. MR-Egger method, which offers adjustments for estimate heterogeneity and an intercept term for evaluating pleiotropy, enhances the robustness of causal inference. The weighted median approach, effective when a majority of SNPs are credible IVs, allows for an unbiased estimation of causality. Additionally, MR-Steiger analysis was utilized to verify causal direction and mitigate reverse causality concerns among SNPs.
Mediation analysis
After conducting UVMR to assess causal links between ADs and RS, significant causations were selected for mediation effect analysis in a two-step approach. The research delved into the potential mediating roles of 91 inflammatory proteins between ADs and RS. The total causal effect of ADs on RS (β) was first identified via UVMR, followed by an evaluation of the causal influences of ADs on 91 inflammatory proteins (β1) and their subsequent effects on RS (β2). Diseases with evidence of reverse causality were excluded from the mediation analysis. The correlation between inflammatory proteins and the risk for ADs or RS was assessed via two step MR analyses, using the IVW method with p < 0.05 indicating statistical significance. For inflammatory proteins related to both ADs and RS, the mediation effect was examined, calculated as the product of β1 and β2 divided by β, and the proportion of mediation effect was estimated using the delta method for 95% confidence intervals (CI).
Sensitivity analysis
This research applied MR-Egger and weighted median methods for sensitivity analysis to confirm the UVMR analysis’s robustness, additionally utilizing the Cochran Q test to examine IVs heterogeneity. The MR-Egger intercept was deployed to evaluate pleiotropy, depicted in scatter diagrams. High-heterogeneity SNPs were removed through a leave-one-out procedure, with a subsequent reassessment of outcomes. MR-Presso identified and eliminated outlier SNPs, enhancing estimation accuracy. MR-Steiger testing further affirmed causal direction and reliability. The analyses utilized R software (version 4.0.2), specifically through the “TwoSampleMR” (version 0.5.8), “MendelianRandomization” (version 0.9.0), and “MRPRESSO” packages, as detailed in Supplementary Table S1.
RESULTS
Effects of ADs on RS
The MR results for the impact of ADs on CRS are detailed in Figure 2. After rigorous selection and exclusion, the IVs demonstrated F-statistics greater than 10, indicating no weak instrument bias (Supplementary Table S3). If significant heterogeneity was detected (Cochrane Q test p-value <0.05), the random effects model of the IVW method was employed as the primary analytical approach; otherwise, the fixed effects model of IVW was utilized. Two-sample MR (TSMR) revealed that the genetic predisposition to CRS is significantly associated with MS (OR = 1.04, 95% CI: 1.01-1.07, p = 1.51E-02), CeD (OR = 1.04, 95% CI: 1.01-1.06, p = 1.42E-03), RA (OR = 1.05, 95% CI: 1.01-1.09, p = 2.72E-02), T1D (OR = 1.04, 95% CI: 1.02-1.06, p = 8.67E-05), and hypothyroidism or myxedema (OR = 1.07, 95% CI: 1.02-1.12, p = 6.36E-03). The MR-Egger intercept analysis did not demonstrate horizontal pleiotropy, and MR-Steiger testing validated the directionality of our causal inferences (Supplementary Table S4). Scatter plots, funnel plots, and leave-one-out analyses further describe the results (Supplementary Figures S1–12). Similarly, using two-sample MR and the IVW method, only the relationship between CeD and ARS was significant (OR = 1.04, 95% CI: 1.01-1.06, p = 2.07E-03). The MR results for ADs on ARS are presented in Supplementary Figure S13, with sensitivity analyses and MR-Steiger test results in Supplementary Table S4. Scatter plots, funnel plots, and leave-one-out analyses further detail these findings (Supplementary Figures S14–25).
[image: Figure 2]FIGURE 2 | MR is used to examine the link between 12 autoimmune diseases and chronic rhinosinusitis. inverse variance weighted (IVW), number of SNPs used in MR (nsnps), odds ratio (OR), confidence interval (Cl).
Mediating effect of inflammatory proteins
Following the MR analysis between ADs and RS, we identified five ADs with a close relationship to RS and compared them against 91 circulating inflammatory proteins. Analysis using TSMR and the IVW method revealed that 15, 10, 9, 7, and 12 inflammatory proteins were significantly associated with MS, CeD, RA, T1D, and hypothyroidism (HT), respectively (Figure 3). To investigate which specific inflammatory proteins could serve as potential mediators in the causal relationship between ADs and RS, we analyzed those proteins significantly associated with ADs as new exposures in relation to RS. The MR-Steiger test was employed to validate the direction of causality, excluding reverse causal associations from mediation analysis. After SNP filtering and MR analysis, only inflammatory proteins significantly related to both ADs and RS were considered for mediation analysis. The IVW method indicated that interleukin-10 levels (IL-10) were significantly associated with MS (OR = 0.97, 95% CI: 0.95–0.99, p = 4.04E-03), RA (OR = 1.04, 95% CI: 1.01–1.06, p = 1.13E-03), and HT (OR = 1.05, 95% CI: 1.02–1.08, p = 3.87E-04), as detailed in Figure 4. Additionally, T-cell surface glycoprotein CD6 isoform levels (CD6) were significantly related to HT (OR = 1.03, 95% CI: 1.00–1.06, p = 4.92E-02) and CRS (OR = 1.16, 95% CI: 1.03–1.30, p = 1.16E-02), and C-X-C motif chemokine 10 levels (CXCL10) to HT (OR = 1.05, 95% CI: 1.02–1.08, p = 1.90E-03) and CRS (OR = 1.20, 95% CI: 1.06–1.34, p = 2.74E-03), acting as mediators. Weighted median and MR-Egger analyses confirmed the IVW, with heterogeneity and pleiotropy detailed in Supplementary Table S5. Scatter plots, leave-one-out plots, and funnel plots for the relevant instrumental variables provided further evidence (Supplementary Figures S26–S33).
[image: Figure 3]FIGURE 3 | Heatmap of the causal relationships between five autoimmune diseases and 91 inflammatory proteins. (A): Effects of multiple sclerosis on inflammatory proteins. (B): Effects of celiac disease on inflammatory proteins. (C): Effects of type 1 diabetes on inflammatory proteins; (D), Effects of rheumatoid arthritis on inflammatory proteins. (E): Effects of hypothyroidism or myxedema on inflammatory proteins. The color gradient from blue to red indicates an increasing significance of the causal relationship.inverse variance weighted (IVW), number of SNPs used in MR (nsnps), odds ratio (OR), confidence interval (Cl).
[image: Figure 4]FIGURE 4 | Mediation analysis of the effect of autoimmune diseases on chronic rhinosinusitis via inflammatory proteins. (A): Summary MR for the effect of MS on CRS via inflammatory factor. (B): Summary MR for the effect of RA on CRS via inflammatory factor. (C): Summary MR for the effect of HT on CRS via inflammatory factor; inverse variance weighted (IVW), number of SNPs used in MR (nsnps), odds ratio (OR), confidence interval (Cl) Table 2. IL-10, nterleukin-10; CXCL10, C-X-C motif chemokine 10; CD6, T-cell surface glycoprotein CD6 isoform.
We further quantified the mediating effects of these inflammatory proteins (Table 2), finding IL-10 levels mediated the causal relationship between MS, RA, and HT with CRS. Specifically, the mediation effects were −11.65% (95% CI: −26.73 to 3.44) for MS, 10.73% (95% CI: −3.30–24.76) for RA, and 10.48% (95% CI: −1.84–22.79) for HT. For HT and CRS, the mediation proportions for CXCL10 and CD6 were 12.27% (95% CI: −1.95–26.48) and 6.59% (95% CI: −2.99–16.17), respectively. No inflammatory proteins were identified as mediators between ADs and ARS (Supplementary Figure S34).
TABLE 2 | Mediation analysis of the effect of ADs on CRS risk via potential mediators.
[image: Table 2]DISCUSSION
Employing multiple GWAS datasets, this study leverages Mendelian randomization to shed light on the causal links between ADs and RS. Our genetic analyses identified causal associations between five ADs and CRS: MS, CeD, RA, T1D, and HT. The relationship between CeD and ARS is significant. The role of cytokines has been increasingly recognized in the etiology and progression of ADs and RS, though their exact mechanism within the causal framework between ADs and RS is not fully understood. Given the increased risk of developing RS associated with these ADs, we further employed a large-scale genetic dataset comprising 91 cytokines to explore their role in these relationships.
Evidence suggests a notable link between ADs and CRS, indicating that ADs could serve as risk factors for CRS. A cross-sectional analysis highlighted the disparity in CRS prevalence among various ADs, including multiple sclerosis at 1.4%, ankylosing spondylitis at 6.05%, systemic lupus erythematosus at 3.9%, rheumatoid arthritis at 5.0%, psoriasis at 3.8%, and inflammatory bowel disease at 3.5%. Additionally, this study identified the prevalence of CRS with nasal polyps (CRSwNP) at 9.3% and CRS without nasal polyps (CRSsNP) at 91.7%, analyzing the proportions of CRSwNP and CRSsNP within these ADs [31]. A retrospective study in Asia confirmed the significant correlation between CRS and various ADs, particularly in ankylosing spondylitis, SLE, psoriasis, RA, and Sjögren's syndrome [32]. Our research indicates that, beyond MS and RA, T1D, CeD, and HT are also significantly associated with CRS. It is well recognized that immune dysfunction in diabetes mellitus (DM) patients facilitates infections. A retrospective cohort study of 376 CRS patients found that those with DM were prone to Gram-negative bacterial sinus infections [33]. DM patients are at high risk for mucormycosis, susceptible to severe rhino-orbital-cerebral and pulmonary infections. Hence, prompt diagnosis and management of potential life-threatening fungal infections are crucial for DM patients [22, 23, 34]. Although CeD, as a multisystem autoimmune disease, may cause extraintestinal otolaryngological manifestations [24, 25], current research is insufficient to clarify this relationship, indicating the need for further investigation. Limited studies exist on the relationship between CRS and HT. Existing research has shown that patients with HT experience prolonged mucociliary clearance times [26, 27], and animal experiments have demonstrated nasal mucosal hypertrophy, cilia loss, and inflammation following thyroidectomy [28]. These findings align with our results, suggesting the importance of close monitoring for respiratory diseases and sinus infections in patients with HT.
The association between inflammatory proteins and ADs involves intricate regulation of the immune system and a disruption in self-tolerance. Studies have indicated that the expression of tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ), and several interleukins (such as IL-1, IL-6, IL-12, and IL-17) is elevated in autoimmune diseases, driving inflammation and tissue damage [18]. These cytokines activate immune cells, leading to self-tissue destruction and disease progression [19]. Concurrently, regulatory cytokines, such as IL-10, IL-4, and TGF-β, suppress immune responses by promoting immune tolerance and limiting inflammatory reactions, thereby protecting tissues [18]. Rhinosinusitis, involving inflammation of the nasal sinus mucosa, can be triggered by infections, allergies, or environmental factors, with the disease mechanism centrally involving the modulation of immune system responses by inflammatory proteins [29].
When examining inflammatory proteins as mediators between ADs and RS, we identified IL-10 as a mediator in the relationships between MS, RA, and HT with CRS. As a key anti-inflammatory cytokine, IL-10 effectively suppresses the production of pro-inflammatory cytokines, including TNF-α and IL-1, by various immune cells, such as macrophages and dendritic cells. It also enhances the development of regulatory T cells, regulating immune reactions accordingly [30, 35]. In MS patients, serum IL-10 secretion decreases before MS relapse and increases during remission [36], partially aligning with our findings of reduced IL-10 levels in MS patients. In animal models of autoimmune encephalomyelitis (EAE), IL-10 deficiency resulted in more severe disease progression [37, 38]. Studies have shown increased concentrations of IL-10 in the serum and synovial fluid of RA patients [39, 40]. In animal studies, IL-10 reduced symptoms of RA in rats, curbed neutrophil penetration and activation within synovial tissues, and diminished the production of pro-inflammatory cytokines such as TNF, IL-1, and IL-6 [41, 42]. These findings and our results underscore IL-10’s undisputed regulatory function as an anti-inflammatory cytokine in arthritis. In patients with autoimmune thyroid disease (AITD), IL-10 mRNA expression was found to increase significantly, decreasing as the autoimmune process subsided [43]. IL-10 mitigates inflammation in early thyroiditis by inhibiting Th1 cytokines like TNF-α and IL-1, while in later stages, Th2 cell activation promotes humoral responses [44, 45]. Changes in IL-10 levels among CRS patients remain contentious [46–49]. Moreover, viral and bacterial infections play a crucial role in exacerbating CRS, where IL-10 demonstrates potential therapeutic value in regulating inflammation and ADs by modulating M2 macrophages and mitigating bacterial inflammatory responses triggered by Toll-like receptor signaling [29, 50, 51]. Therefore, these immunoregulatory functions of IL-10 suggest its potential therapeutic role in preventing inflammatory and autoimmune diseases.
The IL-10 cytokine family, which includes IL-19, IL-20, IL-22, IL-24, and IL-26, is integral to regulating anti-inflammatory, pro-inflammatory, and antiviral responses. Although they were not found to act as mediators in our study, they remain key targets for immunomodulatory therapy [52]. Elevated IL-19 expression has been observed in the mononuclear cells within the synovial fluid of RA sufferers [53]. Antibodies targeting IL-19 have prevented arthritis and osteolysis in animal models by diminishing the secretion of pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and RANKL [54]. In psoriasis (PsO), elevated levels of IL-19 have been observed, which induce dysplasia and activation of keratinocytes [55, 56], and also prompts CD8+ T cells to generate Keratinocyte Growth Factor [57]. IL-20 is linked with increased inflammatory activity in RA joints, and its antagonists may offer therapeutic benefits [58]; its overexpression causes psoriasis-like skin conditions [59], while blocking its pathway reduces psoriasis symptoms [60]. IL-22 is enhanced during active MS, affecting T cell function and participating in the disease process [61], and by regulating keratinocyte differentiation, it influences the mechanisms of PsO [62]. IL-24 aggravates inflammation in RA and PsO, yet it plays a protective role in inflammatory bowel disease by sustaining epithelial and mucosal integrity, thus displaying a bidirectional regulatory capacity in inflammation [63]. In summary, through their complex pro-inflammatory and anti-inflammatory functions, members of the IL-10 family play a crucial regulatory role in ADs.
Our investigation also reveals a causal connection between CXCL10 and the relationship between HT and CRS, highlighting CXCL10’s critical function in immune cell migration to areas of inflammation or damage, thus contributing to the progression of ADs. Elevated CXCL10 expression in conditions such as RA and AITD is closely associated with disease severity and inflammation levels [64, 65]. By interacting with its receptor, CXCR3, CXCL10 triggers Th1 immune responses, promoting infiltration by inflammatory cells and increasing the production of inflammatory mediators, which aggravates tissue damage [64, 66]. Moreover, airway epithelial cells increase the secretion of inflammatory mediators such as IL-1, IL-6, IL-8, and CXCL10 following infections [67, 68], recruiting inflammatory cells to the inflammation site and intensifying the response [69]. Thus, CXCL10, and its receptor CXCR3, are pivotal in enhancing immune responses and inflammation, presenting new avenues for therapeutic intervention in inflammatory diseases and ADs. Additionally, our study identified CD6 as a significant mediator. Primarily found on T and some B cells, CD6 is integral to the immunoglobulin superfamily [70]. It significantly influences T cell activation by interacting with its ligand ALCAM (CD166) [71], bolstering TCR signal transmission and encouraging T cell activation and proliferation [70]. CD6’s role in immune cell adhesion and migration is vital for inflammation and immune surveillance. With CD6 anomalously expressed in multiple ADs, including MS, SLE, and RA [72], its dysregulated activity could exacerbate inflammatory symptoms and tissue damage. Despite limited direct research on CD6 in HT and CRS, its role in autoimmune processes suggests potential underlying connections that merit further exploration.
Beyond the aforementioned mediatory inflammatory proteins, the significance of other inflammatory proteins in ADs should not be overlooked. For instance, IL-17 levels are elevated in patients with MS, and its inhibitors can mitigate brain damage, underscoring the role of IL-17 in promoting inflammation in the nervous system and exacerbating demyelination and axonal damage [73]. Synovitis in RA is characterized by the continuous influx of immune cells and the production of various pro-inflammatory cytokines such as TNF, IL-1, IL-17, and IL-22, which stimulate bone and cartilage inflammation and damage [74]. In T1D, IL-10, TGF-β, and IL-33 aid in reinstating immune tolerance and shielding β-cells from harm, whereas IL-6, IL-17, IL-21, and TNF accelerate the disease’s advancement [75]. Th17 cells, along with their associated inflammatory cytokines IL-17 and IL-23, play a role in the development of autoimmune thyroid (AITD) [44]. IL-15 levels correlate positively with active lesions in patients with celiac disease (CeD), highlighting its importance in CeD [76]. In multiple sclerosis, CC chemokines such as CCL2 and CCL5 promote central nervous system inflammation by regulating immune cell migration [77]. In autoimmune diseases, fibroblast growth factors (FGFs) and their receptors play key roles in inflammatory responses and tissue repair, such as FGF-23, which promotes pro-inflammatory responses of M1 macrophages during infections [78].
Through the application of Mendelian randomization, this research has adeptly navigated confounders and the issue of reverse causation, achieving credible causal effect estimations from observational data [79]. The use of mixed data MR models, incorporating substantial GWAS datasets, has notably increased the efficiency of the analysis compared to smaller-scale, single data models [80]. The study, however, faces significant limitations, notably its sample composed entirely of European individuals, which narrows the generalizability of its findings, and the persistent heterogeneity that could not be fully eradicated, despite thorough attempts with multiple sensitivity analyses, leaving a risk of diversity. Certain Mendelian randomization findings lack empirical backing and thus necessitate careful interpretation, yet they provide a logical foundation for further research. Summarily, the MR analysis elucidated the causal connections between autoimmune diseases and rhinosinusitis, and the mediating influence of inflammatory proteins between ADs and CRS, offering essential biomarkers and potential targets for deciphering disease mechanisms and crafting therapeutic strategies.
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Abstract
Antiretroviral drugs have made significant progress in treating HIV-1 and improving the quality of HIV-1-infected individuals. However, due to their limited permeability into the brain HIV-1 replication persists in brain reservoirs such as perivascular macrophages and microglia, which cause HIV-1-associated neurocognitive disorders. Therefore, it is highly desirable to find a novel therapy that can cross the blood-brain barrier (BBB) and target HIV-1 pathogenesis in brain reservoirs. A recently developed 2-amino-3-methylpentanoic acid [2-morpholin-4-yl-ethyl]-amide (LM11A-31), which is a p75 neutrotrophin receptor (p75NTR) modulator, can cross the BBB. In this study, we examined whether LM11A-31 treatment can suppress HIV-1 replication, oxidative stress, cytotoxicity, and inflammatory response in macrophages. Our results showed that LM11A-31 (100 nM) alone and/or in combination with positive control darunavir (5.5 µM) significantly suppresses viral replication and reduces cytotoxicity. Moreover, the HIV-1 suppression by LM11A-31 was comparable to the HIV-1 suppression by darunavir. Although p75NTR was upregulated in HIV-1-infected macrophages compared to uninfected macrophages, LM11A-31 did not significantly reduce the p75NTR expression in macrophages. Furthermore, our study illustrated that LM11A-31 alone and/or in combination with darunavir significantly suppress pro-inflammatory cytokines including IL-1β, IL-8, IL-18, and TNF-α and chemokines MCP-1 in HIV-induced macrophages. The suppression of these cytokines and chemokines by LM11A-31 was comparable to darunavir. In contrast, LM11A-31 did not significantly alter oxidative stress, expression of antioxidant enzymes, or autophagy marker proteins in U1 macrophages. The results suggest that LM11A-31, which can cross the BBB, has therapeutic potential in suppressing HIV-1 and inflammatory response in brain reservoirs, especially in macrophages.
Keywords: LM11A-31, HIV-1, inflammation, macrophages, oxidative stress, cytotoxicity
IMPACT STATEMENT
The current antiretroviral drugs do not adequately cross the blood-brain-barrier (BBB) and suppress neuroHIV leading to persistent HIV-1 replication in brain reservoirs and subsequently leading to HIV-1-associated neurocognitive disorders (HAND). The efficacy of LM11A-31, a p75NTR modulator, has been extensively reported in several neurological diseases including Alzheimer’s disease (AD), ischemic stroke, and traumatic brain injury. Our study has shown that LM11A-31 can suppress HIV-1 replication in macrophages, and microglia inflammatory functions, which are the major viral reservoirs in the brain. Owing to its ability to cross the BBB, LM11A-31 can potentially be developed as a novel therapy to suppress HIV-1 neuropathogenesis and HAND. Furthermore, since LM11A-31 can potentially treat AD, which is a common comorbidity in HIV-1 aging populations, it can have a dual benefit in HIV-1-AD comorbid conditions.
INTRODUCTION
Human Immunodeficiency Virus- 1 (HIV-1) primarily infects T-cells, peripheral macrophages, and multiple cells in the central nervous system (CNS) including perivascular macrophages, microglia, and astrocytes [1–4]. Combination antiretroviral therapy (ART) has improved the quality of HIV-1-infected individuals by suppressing the virus in the periphery at a controlled level [5]. However, ART drugs poorly cross the blood-brain barrier (BBB) and are unable to suppress the virus in the brain reservoirs, especially perivascular macrophages and microglia [2, 6]. Due to the inability of ART drugs to suppress HIV-1 in the CNS viral reservoirs, HIV-1-associated neurocognitive disorder (HAND) is prevalent among HIV-1-infected individuals [7]. Additionally, many ART drugs have been shown to be neurotoxic [7]. Therefore, it is highly desirable to find safe and effective therapeutic agents, which can effectively cross the BBB and suppress HIV-1 in brain reservoirs.
A recently developed water-soluble compound, 2-amino-3-methylpentanoic acid [2-morpholin-4-yl-ethyl]-amide (LM11A-31), is a small molecule, non-peptide p75NTR ligand, which penetrates the BBB [8]. The compound inhibits the binding of precursor nerve growth factor (proNGF) to the p75 neurotrophin receptor (p75NTR). Recent attention has been paid to p75NTR as this receptor is upregulated in several CNS diseases [9]. LM11A-31 is orally bioavailable and no systemic toxicity has been reported [10]. Moreover, LM11A-31 is in phase 2 clinical trials for mild-to-moderate Alzheimer’s disease (AD)1 [11]. LM11A-31 activates survival signaling and suppresses degenerative signaling [11]. Recently, the effects of LM11A-31 have been reported in a variety of diseases including but not limited to stroke, AD, Huntington’s disease, and traumatic brain injury [8, 12–14]. Additionally, It has been reported that daily treatment of LM11A-31 for 4 months in HIV-1 gp120 transgenic mice reduces microglial activation and dendritic varicosities, and activates microtubule-associated protein-2 (MAP-2) in the hippocampus [15]. LM11A-31 also decreases cell apoptosis and improves mitochondrial movement in cultured rat neurons following exposure to HIV-1 gp120 or conditioned medium from human monocyte-derived macrophages (MDM), which was treated with gp120 [16]. Treatment of 10 nM LM11A-31 to macrophages and microglia upon exposure to HIV-1 gp120 has been shown to inhibit the release of neurotoxic factors from MDM and microglia. Furthermore, the treatment of 10 nM LM11A-31 reduced or eliminated the neuronal pathology as well as the Feline Immunodeficiency Virus (FIV) effect on astrocytes and microglia [17]. However, FIV replication remained unaffected by LM11A-31. These reports illustrate the promising therapeutic effect of LM11A-31 on HIV-1 pathogenesis. Therefore, we hypothesize that LM11A-31 suppresses HIV-1 pathogenesis including inflammatory functions in HIV-1 infected macrophages.
MATERIALS AND METHODS
Cell culture and drug treatment
Human monocyte-derived macrophages (MDM) were prepared as described previously [18]. In brief, peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats (Interstate Blood Bank, Memphis, TN) after density-gradient separation using the established protocol. PBMCs were allowed to adhere to the plastic for 4 h. Then, they were removed and cultured in media supplemented with M-CSF (25 µM) for 7–10 days to promote their differentiation into macrophages. MDM was collected and treated with polybrene for 30 min followed by infection with HIV-1-Ada strain (20 ng/106). The HIV-1 Ada-M monocytetropic virus was obtained from the NIH AIDS Reagent Program (Germantown, MD). Infected cells were seeded in 6-well plates and fresh media was added every third day to maintain cell viability. To determine the p24 antigen levels in the culture supernatant, the collected samples were subjected to p24 ELISA analysis according to the protocol. Once the viral infection is confirmed (7–10 days), HIV-1-infected MDM was treated with either control (DMSO) or LM11A-31 (100 nM). We used DMSO as a control because darunavir (DRV), which was used in subsequent treatments, is dissolved in DMSO.
The HIV-1-uninfected U937 monocytic cell line and HIV-1-infected U1 monocytic cell line were obtained from ATCC (Manassas, VA). The cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 media (Sigma Aldrich, St. Louis, MO), containing 10% FBS (Atlanta biologicals, Atlanta, GA) and 1% L-glutamine (Corning Inc, Tewksbury, MA). To assess the chronic effects of LM11A-31, darunavir (DRV), and combination therapy on HIV-1 replication, we used a previously described method [19]. Briefly, U937 and U1 cells were seeded at 0.4 × 106 cells/mL per well containing 100 nM phorbol-12-myristate-13-acetate (PMA) to differentiate into macrophages and induce HIV-1 replication. At 72h, cells were washed using PBS, and media was substituted with fresh RPMI overnight. The next day, cells were treated once daily using DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV (100 nM + 5.5 μM) for 72 h. The supernatant was collected daily to measure the concentration of HIV-1 p24 antigen in U1 cells. Lastly, cells were collected at 24 h following the last dose.
Measurement of ROS by flow cytometry
The reactive oxygen species (ROS) was measured using 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA), which was obtained from Thermo Fisher Scientific (Waltham, MA). As previously mentioned [20], the level of ROS in DMSO, LM11A-31, DRV, and LM11A-31 + DRV in U1 cells was assessed. In brief, U1 cells were collected and washed using phosphate buffer saline (PBS) after treatment with DMSO or drugs. Then, cells were incubated using the CM-H2DCFDA dye (2–5 µM) for 30 min at 37°C. After incubation, the cells were washed using PBS and the mean fluorescent intensity (MFI) of samples was analyzed using an Agilent Novocyte flow cytometer (Agilent, Santa Clara, CA). The MFI obtained for DMSO-treated control cells served as 100%.
Western blot analysis
Cells were lysed using RIPA buffer and cellular protein was quantified using Pierce BCA Protein Assay Kit (ThermoFisher Scientific). An equal amount of protein (10 µg) obtained from DMSO- and drug-treated U937 and U1 cells was loaded into polyacrylamide gel and electrophoresed, followed by transfer to a PVDF membrane. Then, the membrane was blocked using Li-Cor blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1h. Then, membranes were incubated overnight at 4°C with primary antibodies, including p75NTR (1:500, catalog no. sc-271708, Santa Cruz Biotechnology), SOD1 (1:500, catalog no. sc-101523, Santa Cruz Biotechnology), Catalase (1:500, catalog no. sc-365738, Santa Cruz Biotechnology), Beclin-1 (1:500, catalog no. sc-11427, Santa Cruz Biotechnology), p-Akt (1:1,000, catalog no. S473, Cell Signaling). and β-Actin (1:1,000, catalog no. 3700, Cell Signaling). The next day, membranes were washed three times for 5 min each in PBS containing 0.2% Tween 20 and then incubated with either goat anti-mouse or goat anti-rabbit secondary antibody (1:10,000 dilution, LI-COR Biosciences) for 1 h at room temperature in the dark. Membranes were washed again and scanned using the Li-Cor Scanner (LI-COR Biosciences) for 1h following the secondary antibody. Densitometry analyses of the proteins were conducted using LI-COR Image Studio Software (v.5.2, Nebraska, United States).
Multiplex ELISA
As previously reported [21], the level of cytokines, both pro-inflammatory and anti-inflammatory, and chemokines from cells supernatants were evaluated using customized human 9-Plex ProcartaPlex™ multiplex immunoassay (ThermoFisher Scientific). In brief, U937 and U1 cells were treated with DMSO, LM11A-31, DRV, and LM11A-31 + DRV for 24 and 48 h. Then, supernatants from U937 and U1 cells were collected at 24 and 48 h and transferred to an ELISA plate. Following incubation of samples and standards using a magnetic 96-well ELISA plate for 1 h at room temperature, wells were washed, and then detection antibody, streptavidin-PE, and reading buffer were added. According to the manual, the levels of cytokines/chemokines quantification were measured. The concentration of cytokines and chemokines was reported as pg/mL.
HIV-1 type 1 p24 ELISA
In this study, we used HIV-1 p24 ELISA to measure HIV-1 replication. The majority of HIV-1 p24 assays available in the market utilize a conventional ELISA to capture and identify the p24 antigen. These techniques can detect HIV-1 p24 antigen in the range of 5–25 pg/mL without the need for signal amplification [22, 23]. The HIV-1 Type 1 p24 Antigen ELISA kit was purchased from ZeptoMetrix Corporation (Buffalo, NY). The level of HIV-1 p24 antigen in supernatant collected from U1 macrophages (24, 48, and 72 h post-PMA treatment) and HIV-1-infected MDM (24 and 48 h) was assessed using the enzyme-linked immunoassay (HIV-1 p24 ELISA). Viral antigen in the media is captured into the immobilized monoclonal antibody for p24 coated on microwells in the p24 assay. According to the manufacturer’s protocol, the captured viral antigen was sequentially exposed to a biotin-labeled human antibody to HIV-1, streptavidin conjugated to horseradish peroxidase, and tetramethylbenzidine substrate. The optical density of each well was analyzed using a microplate reader at 450 nm and compared against the standard curve to find the concentration of HIV-1 p24 antigen (pg/mL) in the samples. The amount of HIV-1 p24 from DMSO-treated U1 cells was treated as 100%.
LDH activity
To assess the cytotoxic effect of DMSO, LM11A-31, DRV, and combination therapy in U937 and U1 cells, the CyQUANT™ LDH Cytotoxicity Assay Kit (Catalog no. C20300, ThermoFisher Scientific) was used. In brief, U937 and U1 cells were treated using DMSO or drugs for 24, 48, and 72 h. Then, supernatants were collected daily and transferred to a 96-well plate. The reaction mixture was added to the cell culture supernatant for 30 min at room temperature. LDH activity was analyzed using a microplate reader at 680 and 490 nm. Background absorbance of 680 nm was subtracted from 490 nm absorbance to find the LDH activity.
Statistical analysis
The results were expressed as mean ± SEM. Differences among experimental groups were assessed by student’s t-test or one-way ANOVA followed by Tukey’s post hoc test. The level of significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
RESULTS
The effect of LM11A-31 on cytotoxicity, antioxidant enzymes, and autophagy marker in HIV-1-uninfected U937 macrophages
Before assessing the effect of LM11A-31 in MDM and HIV-1-infected U1 macrophages, we determined whether LM11A-31 is cytotoxic to HIV-1-uninfected U937 macrophages (control cells). U937 macrophages were treated with LM11A-31 (100 nM), DRV, and LM11A-31 + DRV at 24 and 48 h. The results showed that LM11A-31 and DRV are not cytotoxic at 24 and 48 h in U937 macrophages (Figures 1A, B). Furthermore, we determined whether LM11A-31 alters antioxidant enzymes, SOD1 and catalase (markers of oxidative stress), and Beclin-1, a marker of autophagy. Our results demonstrated that LM11A-31, DRV, and combination therapy do not alter the protein levels of catalase (Figure 1C), SOD1 (Figure 1D), and Beclin-1 (Figure 1E) at 24 and 48 h in U937 macrophages.
[image: Figure 1]FIGURE 1 | The effect of LM11A-31 on cytotoxicity, antioxidant enzymes, and autophagy marker in U937 macrophages. U937 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The cytotoxicity was measured using CyQUANT™ LDH Cytotoxicity Assay Kit. (A) LDH measurement at 24 h. (B) LDH measurement at 48 h. (C) Quantification of protein level of catalase at 48 h. (D) Quantification of protein level of SOD1 at 48 h. (E) Quantification of protein level of Beclin-1 at 48 h. Values are expressed as mean [image: image] SEM (n = 3), *p < 0.05.
The effect of LM11A-31 on inflammatory response in U937 macrophages
To evaluate whether LM11A-31 affects inflammatory response in the control U937 macrophages, the cells were treated with LM11A-31, DRV, and LM11A-31 + DRV at 24 and 48 h. We then conducted cytokine assays to measure the levels of key pro-inflammatory, and anti-inflammatory cytokines, and chemokines. The data demonstrated that LM11A-31 and DRV do not alter the levels of pro-inflammatory and anti-inflammatory cytokines at 24 h (Figure 2A). Moreover, no changes were observed in the levels of pro-inflammatory cytokines and chemokines at 48 h by LM11A-31 (Figure 2B). However, DRV significantly reduced the levels of RANTES at 24 h (Figure 2A) and TNF-α at 48 h (Figure 2B). Furthermore, LM11A-31, DRV, and combination therapy significantly decreased the level of IL-1RA at 48 h (Figure 2B). Overall, the results suggest that LM11A-31 does not show a significant inflammatory response in U937 macrophages.
[image: Figure 2]FIGURE 2 | The effect of LM11A-31 on inflammatory response in U937 macrophages. U937 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The cytokines and chemokines profile were measured using a customized human 9-Plex ProcartaPlex™ multiplex immunoassay. (A) Proinflammatory, chemokines, and anti-inflammatory measurement at 24 h. (B) Proinflammatory, chemokines, and anti-inflammatory measurement at 48 h. Values are expressed as mean [image: image] SEM (n = 3). *p < 0.05, **p < 0.01.
The effect of LM11A-31 on viral replication in MDM
We examined whether LM11A-31 can suppress the viral replication in MDM following 24 and 48 h of acute treatment by measuring the protein level of p24. We found that LM11A-31 significantly decreased (p < 0.05) viral replication compared to the control at 24 h treatment (Figure 3A). In contrast, LM11A-31 did not result in significant change at 48 h treatment (Figure 3B). Following confirmation that LM11A-31 is potentially efficacious in suppressing HIV-1 in primary macrophages, we used HIV-1-infected U1 macrophages for the subsequent studies because the U1 monocytic or HIV-1-infected U937 cell line is the standard model to study HIV-1 pathogenesis [24].
[image: Figure 3]FIGURE 3 | The effect of LM11A-31 on HIV-1 replication in MDM. MDM was prepared and infected with HIV-1 as described in Materials and Methods. MDM was treated with DMSO and LM11A-31 (100 nM) for 48 h. The HIV-1 replication was measured using p24 ELISA kit. (A) P24 measurement at 24 h. (B) P24 measurement at 48 h. Values are expressed as mean [image: image] SEM (n = 3), *p < 0.05.
The effect of LM11A-31 on viral replication in U1 macrophages
To examine the effect of LM11A-31, a positive control DRV, and combination on HIV-1 replication in U1 macrophages, we treated the U1 cells at 24, 48, and 72 h. The results showed that LM11A-31 (100 nM) and positive control DRV (5.5 μM) significantly (p < 0.05) suppressed the viral replication following 24 and 48 h treatments in U1 macrophages (Figures 4A, B). Interestingly, the HIV-1 suppression by both LM11A-31 and positive control DRV was comparable at both 24 and 48 h treatments. Although both DRV and the combination showed a significant reduction, LM11A-31 did not show a significant change in the viral replication following 72 h treatment (Figure 4C). LM11A-31 may be less stable, or partially metabolized or effluxed out in U1 macrophages at 72 h.
[image: Figure 4]FIGURE 4 | The effect of LM11A-31 on HIV-1 replication in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 72 h. The HIV-1 replication was measured using p24 ELISA kit. (A) P24 measurement at 24 h. (B) P24 measurement at 48 h. (C) P24 measurement at 72 h. Values are expressed as mean [image: image] SEM (n = 3–6), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
The effect of LM11A-31 on cytotoxicity in U1 macrophages
To examine the effect of LM11A-31, DRV, and combination therapy on cytotoxicity in U1 macrophages, we treated U1 cells at 24 h, 48 h, and 72 h and then assessed cytotoxicity using the LDH assay. Our results showed that LM11A-31, DRV, and combination therapy significantly (p < 0.05) reduced cytotoxicity compared to the control group following 24 h treatments (Figure 5A). However, no effect on cytotoxicity was observed after 48 and 72 h treatments in U1 macrophages (Figures 5B, C).
[image: Figure 5]FIGURE 5 | The effect of LM11A-31 on cytotoxicity in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 72 h. The cytotoxicity was measured using CyQUANT™ LDH Cytotoxicity Assay Kit. (A) LDH measurement at 24 h. (B) LDH measurement at 48 h. (C) LDH measurement at 72 h. Values are expressed as mean [image: image] SEM (n = 3–6), *p < 0.05, **p < 0.01, ***p < 0.001.
The effect of HIV-1 infection in U1 macrophages on p75NTR regulation
To explore whether p75NTR is altered in HIV-1-infected cells, we seeded U1 and U937 (uninfected) macrophages and then measured the protein level of p75NTR using western blotting. We found that p75NTR expression was significantly upregulated (p < 0.05) in U1 compared to U937 macrophages (Figure 6A). This result indicates that HIV-1 infection stimulates protein expression of p75NTR. We then determined whether LM11A-31 and/or DRV suppress p75NTR. Our western blot, data showed that treatment with LM11A-31 and/or DRV does not significantly downregulate p75NTR expression in U1 macrophages at 24 h (Figure 6B). However, there was a trend in the reduction in the level of p75NTR after treatment at 48 h (Figure 6C).
[image: Figure 6]FIGURE 6 | The effect of p75NTR in LM11A-31-mediated viral replication in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The protein expression was measured using a western blot. (A) Quantification of protein level of p75NTR in U1 and U937. (B, C) Quantification of protein level of p75NTR at 24 and 48 h. Values are expressed as mean [image: image] SEM (n = 3–4), *p < 0.05.
The effect of LM11A-31 on autophagy and cell survival pathways in U1 macrophages
ER stress followed by autophagic dysregulation plays a significant role in the pathogenesis of HIV-1 infection [25]. To determine the role of LM11A-31 on autophagic dysregulation, we performed a western blot for the autophagy marker protein, Beclin-1 in U1 macrophages following 24 and 48 h treatments. Our results showed that LM11A-31 does not change the protein level of Beclin-1 compared to the control at both time points (Figures 7A, B). Further, treatment using DRV alone and in combination with LM11A-31 did not affect the expression of Beclin-1. Since p75NTR has been shown to be involved in cell survival via the p-Akt pathway, we decided to examine whether LM11A-31 alters the protein level of p-Akt in U1 macrophages. However, no change was observed in the protein level of p-Akt following LM11A-31 alone and/or in combination with DRV at 48 h treatment (Figure 7C).
[image: Figure 7]FIGURE 7 | The effect of LM11A-31 on autophagy and cell survival pathways in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The protein expression was measured using a western blot. (A, B) Quantification of protein level of Beclin-1 at 24 and 48 h. (C) Quantification of protein level of p-Akt at 48 h.Values are expressed as mean [image: image] SEM (n = 4).
The effect of LM11A-31 on oxidative stress in U1 macrophages
Oxidative stress is one of the major factors in HIV-1 pathogenesis. Therefore, we determined whether LM11A-31 alters ROS and antioxidant enzymes protein level, SOD1, and catalase. For this, U1 macrophages were treated using DMSO, LM11A-31, DRV, and combination therapy for 48 h, and ROS and antioxidant enzymes were assessed. Our results showed that LM11A-31 significantly reduced ROS in U1 macrophages following 48 h treatment Additionally, DRV and combination therapy did not alter the ROS level compared to the control group (Figure 8A). Further, the levels of SOD1 and catalase were also unaltered following treatment of LM11A-31, DRV, and combination at 24 h (Figures 8B, C) and 48 h treatments (Figures 8D, E). Overall, the results showed that LM11A-31 either alone or in combination with DRV did not enhance oxidative stress. This is important because many ART drugs and/or drug combinations are known to increase oxidative stress [26, 27].
[image: Figure 8]FIGURE 8 | The effect of LM11A-31 on oxidative stress in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The ROS was measured using flow cytometry. The protein expression was measured using a western blot. (A) Measurement of ROS at 48 h, *p < 0.05. (B) Quantification of protein level of SOD1 at 24 h. (C) Quantification of protein level of catalase at 24 h. (D) Quantification of protein level of SOD1 at 48 h. (E) Quantification of protein level of catalase at 48 h. Values are expressed as mean [image: image] SEM (n = 3–4).
The effect of LM11A-31 on inflammatory response in U1 macrophages
Inflammation plays a significant role in the pathogenesis of HIV-1. To determine the impact of LM11A-31 on inflammation, we performed a cytokine assay for the major HIV-1-associated pro-inflammatory and anti-inflammatory cytokines and chemokines on U1 macrophages following 24 and 48 h treatments. (Figures 9A, B). For this, we ran a series of pro-inflammatory (IL-1β, IL-6, IL-8, IL-18, and TNF-α), anti-inflammatory cytokines (IL-1RA and I-10), and chemokines (MCP-1 and RANTES) upon treatments with LM11A-31, DRV, and combination at 24 and 48 h treatments. The results showed that treatment of U1 macrophages using LM11A-31 significantly reduced the levels of IL-1β, IL-8, and IL-18 compared to the control at 24 and 48 h (Figures 9A, B; p < 0.05). Additionally, DRV significantly reduced the levels of IL-1β and IL-18 at both time points (Figures 9A, B). Combination therapy using LM11A-31 and DRV also significantly downregulated IL-1β, IL-18, and TNF-α at 24 and 48 h (Figures 9A, B; p < 0.05). However, the level of anti-inflammatory cytokines IL-1RA, and IL-10, were also significantly reduced in LM11A-31 + DRV and LM11A-31 groups compared to the control at 24 and 48 h, respectively (Figures 9A, B; p < 0.05). With regards to proinflammatory chemokine, the level of MCP-1 was significantly reduced in LM11A-31 and LM11A-31 + DRV groups compared to the control at 24 h (Figure 9A; p < 0.05). No changes were observed in the level of RANTES for both time points (Figures 9A, B). Overall, the results with LM11A-31 on reducing inflammatory cytokines were comparable to the results obtained by the known ART drug, DRV.
[image: Figure 9]FIGURE 9 | The effect of LM11A-31 on inflammatory response in U1 macrophages. U1 macrophages were differentiated and then treated with DMSO, LM11A-31 (100 nM), DRV (5.5 μM), and LM11A-31 + DRV for 48 h. The cytokines and chemokines profile were measured using a customized human 9-Plex ProcartaPlex™ multiplex immunoassay. (A) Proinflammatory, chemokines, and anti-inflammatory measurement at 24 h. (B) Proinflammatory, chemokines, and anti-inflammatory measurement at 48 h. Values are expressed as mean [image: image] SEM (n = 4–6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.(b)
DISCUSSION
Despite freely and widely available ART drugs for HIV-1 treatment, they are unable to suppress the HIV-1 replication in the brain reservoirs. Macrophages express the entry receptor CD4 and co-receptors CCR5 and CXCR4 which interact with the envelope protein of HIV-1 to facilitate entry and infection. They are viral reservoirs and represent a source of infection [28]. In contrast to T cells, productive HIV-1 infection happens in macrophages without relying on the synthesis of cellular DNA, and ART drugs exhibit distinct mechanisms in macrophages and lymphocytes [29]. Pro-inflammatory cytokines have a significant impact on HIV-1 pathogenesis in macrophages [30].
This is the first report that showed that the modulator of p75NTR, LM11A-31, suppresses viral replication and reduces cytotoxicity and inflammatory response in macrophages. LM11A-31 can cross the BBB and suppress the virus in CNS reservoirs. Previous reports have shown the potential role of LM11A-31 in multiple neuronal diseases by modulating p75NTR [15–17]. In this study, we observed that HIV-1-infected U1 macrophages upregulate the expression of p75NTR compared to the uninfected U937 macrophages. Our results are consistent with previous reports, which showed that HIV-1 protein gp120 activates p75NTR expression [15, 31]. Although there is a trend, a lack of significant reduction in the level of p75NTR by LM1A-31 in U1 macrophages suggests that LM11A-31 likely suppresses HIV-1 via multiple pathways.
The current study showed that the effect of LM11A-31 is comparable to the effect caused by positive control DRV. We have previously shown that DRV significantly reduces p24 viral replication in HIV-1-infected monocytic cells including U1 macrophages [32, 33]. HIV-1 RNA, anti-HIV antibodies, and HIV-1 capsid protein (p24 antigen) serve as a primary viral indicator for the identification of HIV-1 infection and for monitoring the advancement of the disease [22]. The p24 antigen becomes detectable approximately 2 weeks following HIV-1 infection due to the initial rapid viral replication phase, which is correlated with viremia elevation.
Our results clearly showed that LM11A-31 suppresses viral replication in both MDM and U1 macrophages, especially at early time points, in acute treatment. It can also be noted that while in MDM its effect is diminished after 24 h, in U1 macrophages the effect continues until 48 h. Although results obtained from U1 macrophages have been replicated in MDM [18, 34], it is possible that MDM is more sensitive to LM11A-31 exposures than U1 macrophages. Primary macrophages and U1 macrophages might have differences in cellular mechanisms and metabolic activities, which can lead to the different effects of LM11A-31 on viral replication [35, 36]. Furthermore, macrophages have different activation states including, M1 or M2 polarization, which may be differentially affected by various drug exposures including LM11A-31 in MDM and U1 macrophages [37, 38].
Further, our results clearly show that the LM11A-31 effect continues for a relatively short period compared to DRV, which sustains the effects until 72 h in U1 macrophages. The findings can be explained by the fact that LM11A-31 is hydrophilic, while DRV is a lipophilic drug [8, 39]. Being hydrophilic, it may be metabolized or destabilized more rapidly than DRV. The findings are also consistent with the literature that LM11A-31 has a relatively lower half-life than DRV (3–4 h vs. 7 h) [10]. LM11A-31 also showed additive effects with DRV at 48 h treatment in U1 macrophages. These findings have significant clinical relevance because LM11A-31 can cross the BBB. Moreover, LM11A-31 has shown the potential to treat several neurological diseases, especially AD, which is a common comorbidity in HIV-1 aging populations [8, 11, 14].
Another interesting observation was that LM11A-31 showed relatively lower cytotoxicity compared to the control and compared to DRV, at 24h in U1 macrophages. Literature has shown that several ART drugs are cytotoxic in brain cells including HIV-1 reservoirs macrophages, microglia, and astrocytes [40]. As expected, LM11A-31 and DRV did not trigger cytotoxicity in control U937 macrophages at 24 and 48 h.
Our study has shown that DRV in combination with ritonavir reduces cell viability [41]. Thus, LM11A-31, being less toxic, could be potentially added with ART treatment to suppress HIV-1 in brain reservoirs. This would also reduce the ART drug load and ART-induced neurotoxicity.
Oxidative stress is one of the hallmarks of HIV-1 pathogenesis, especially in CNS [42]. In our previous report, we have shown that several factors including cigarette smoking trigger oxidative stress and contribute to HIV-1 replication [18, 43]. The present study exhibits that LM11A-31 suppresses ROS in U1 macrophages. While the protein expression of two important antioxidant stress enzymes (SOD1 and catalase) was not altered by LM11A-31 treatment after 24 and 48 h. It is possible that these enzymes in LM11A-31-treated U1 macrophages are at optimum levels to reduce the ROS levels. Additionally, LM11A-31 and DRV did not change the protein expression of these enzymes in U937 macrophages at 48 h, suggesting that LM11A-31 does not cause oxidative stress. Importantly, unlike many drugs including ART drugs [26, 27], LM11A-31 did not increase oxidative stress. Our previous study has shown that DRV in combination with ritonavir enhances oxidative stress by enhancing the levels of ROS and reducing SOD1 [41].
Inflammation is another hallmark of HIV-1 pathogenesis, especially in brain reservoirs [44]. Moreover, recently we have shown that benzo(a)pyrene, which is a major component of cigarettes, induces IL-1β and other cytokines and chemokines in U1 macrophages [45]. Furthermore, we have shown that IL-1β released from HIV-infected U1 macrophages are taken up by neuronal cells leading to neuroinflammation [46]. This phenomenon occurs via extracellular vesicles (EVs) mediated intercellular interactions. Like viral proteins, the inflammatory agents can also be taken up by neurons directly or by packaging in EVs and modulate neuronal inflammation [47]. In this context, cytokines, and chemokines, released from macrophages, can be packaged in EVs, and delivered to neurons reducing neuroinflammation. Therefore, drugs that reduce inflammation in macrophages or neuronal cells are important in reducing HIV-1-induced neuroinflammation. Our results exhibited that LM11A-31 alone and in combination with DRV downregulates many pro-inflammatory cytokines IL-1β, IL-8, IL-18, and TNF-α and chemokine MCP-1. Our results are consistent with the previous report that HIV-1-infected monocytes increase the production of pro-inflammatory cytokines [48]. Importantly, LM11A-31 or DRV did not alter the levels of most pro-inflammatory cytokines and chemokines in U937 macrophages, except for an anti-inflammatory cytokine IL-1RA at 48 h. Taken together, our findings indicate that LM11A-31 reduces HIV-1-induced inflammatory response.
It has been reported that HIV-1 infection increases the level of IL-10 and suppression of IL-10 improves the function of T cells in HIV-1 patients [49]. IL-1RA suppresses IL-1-induced viral replication in U1 macrophages [50]. IL-1 promotes viral replication through IL-1RA [50]. These data demonstrate that LM11A-31 suppresses inflammatory cytokines alone or along with DRV in U1 macrophages. ART drugs, especially protease inhibitors, show increased levels of proinflammatory cytokines in the serum of HIV-1-infected individuals who were treated with different ART drugs [51]. Thus, the addition of LM11A-31 could work effectively as an additive agent with ART drugs without causing drug-induced inflammation.
ER, stress and subsequent autophagic dysregulation by ART drugs are other characteristics of HIV-1 pathogenesis, especially in macrophages [7, 52]. In a study, it has been shown that the ART drug efavirenz dysregulates autophagy by blocking the activity of the Beclin-1/Atg14/PI3KIII complex [53]. Therefore, we determined whether LM11A-31 alone or in combination with DRV also dysregulates autophagy by measuring the levels of Beclin-1. The inability of LM11A-31 to alter the levels of belclin-1 suggests that unlike efavirenz, LM11A-31 is safe with regards to autophagic activity and subsequent autophagic cell death.
A study from Meeker’s group in FIV, which is like HIV-1 in producing systemic and CNS disease, has demonstrated the role of LM11A-31 in reducing FIV-induced microglial, astrocytic, and neuronal pathogenesis [17]. LM11A-31 prevented the development of foci of calcium accumulation and beading in the dendrites in feline neurons upon exposure to a conditioned medium from FIV-treated macrophages. The findings from Meeker’s study suggest that LM11A-31 may have excellent potential for the treatment of HIV-1-associated neurodegeneration [17]. Our findings from LM11A-31 in U1 macrophages are somewhat consistent with Meeker’s FIV study on neuronal pathogenesis. For example, our study suggests that LM11A-31 has the potential to reduce not only HIV-1 replication in myeloid-derived cells (e.g., U1 macrophages) but also oxidative stress and inflammation, which are known to cause HIV-associated neuropathogenesis, including HAND.
Previous reports have shown that HIV-1-infected individuals are susceptible to developing many other neuronal diseases/conditions including cognitive disorders, stroke, AD, and rapid aging in their life [54]. A phase 2a safety and exploratory endpoint trial in AD subjects testing LM11A-31 has recently been completed (EU Clinical Trials Registration: 2015-005263-16, ClinicalTrials.gov registration: NCT03069014). Furthermore, our group found the efficacy of LM11A-31 in a mouse model of ischemic stroke (data not shown). Therefore, LM11A-31 could be relevant to HIV-1-infected individuals who are prone to other neuronal diseases, especially AD and stroke. LM11A-31 along with ART drugs could have a dual role in improving the outcome of comorbidities with HIV-1 and stroke or AD.
In conclusion, we report that LM11A-31 suppresses HIV-1 and has an additive effect on DRV. To some extent, it also decreases cytotoxicity and oxidative stress without causing autophagic dysregulation. More importantly, LM11A-31 alone and in combination with DRV decreases several proinflammatory cytokines and chemokine, resulting in a reduced inflammatory response in macrophages. Due to the inability of ART drugs to cross BBB and suppress HIV-1 in the brain, our present report has clinical relevance as LM11A-31 is hydrophilic and permeable to BBB. However, further studies are needed using an appropriate HIV-1 animal as well as dual (HIV-1+stroke) to fully realize the therapeutic potential of LM11A-31 in HIV-1 and other comorbid conditions.
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Abstract
Cardiovascular diseases (CVDs) are the leading cause of death worldwide, having become a global public health problem, so the pathophysiological mechanisms and therapeutic strategies of CVDs need further study. Legumain is a powerful enzyme that is widely distributed in mammals and plays an important role in a variety of biological processes. Recent research suggests that legumain is associated with the occurrence and progression of CVDs. In this review, we provide a comprehensive overview of legumain in the pathogenesis of CVDs. The role of legumain in CVDs, such as carotid atherosclerosis, pulmonary hypertension, coronary artery disease, peripheral arterial disease, aortic aneurysms and dissection, is discussed. The potential applications of legumain as a biomarker of these diseases are also explored. By understanding the role of legumain in the pathogenesis of CVDs, we aim to support new therapeutic strategies to prevent or treat these diseases.
Keywords: legumain, cardiovascular disease, atherosclerosis, coronary artery disease, aortic disease
IMPACT STATEMENT
CVDs are the leading cause of death globally and remain a heavy unresolved societal burden. The discovery of novel biomarkers and therapeutic targets may improve the situation. Legumain is involved in the occurrence, development, and prognosis of multiple CVDs. This work details the action mechanism of legumain in CVDs to develop new therapeutic targets. It also describes the research progress on legumain as a biomarker for CVDs.
INTRODUCTION
Cardiovascular diseases (CVDs) are the leading cause of death worldwide [1]. In recent years, with the continuous development of biomarkers and new drugs, the secondary prevention of CVDs has made significant progress, but their mortality rate is still high. Therefore, it is still necessary to further explore the pathogenesis of CVDs and find new strategies for diagnosis and treatment.
Cysteine proteases are involved in the degradation of intracellular proteins and the extracellular matrix (ECM), protein processing and cell signal transduction, playing an important role in the pathogenesis of CVDs, and their inhibitors have therapeutic potential for CVDs [2]. As a member of the cysteine protease family, legumain (LGMN) augments the occurrence and development of atherosclerosis, pulmonary hypertension, peripheral vascular disease, aortic aneurysm and dissection, and promotes the outcome of coronary heart disease. In this review, we discuss mechanistic and biomarker-related studies of LGMN in CVDs and explore LGMN as a potential therapeutic target for these diseases.
THE ORIGIN AND REGULATION OF LGMN
Source of LGMN
LGMN, also known as asparaginyl endopeptidase (AEP), belongs to the C13 family of cysteine proteases. It was first identified in the early 1980s and received its name in 1993 for its function in legume seeds [3, 4]. In 1996, LGMN was identified in mammalian tissues, and it is widely distributed in various tissues, including the testes, kidneys, liver, heart, and vasculature [5, 6].
In cells, mature LGMN is located primarily in the lysosome. Prolegumain is translocated from the endoplasmic reticulum and Golgi apparatus to the lysosomal system and activated in the acidic environment of the lysosome. Prolegumain can be secreted extracellularly directly through the Golgi apparatus or via the lysosomal/endosomal system [7], allowing LGMN to be detected in the plasma/serum of patients.
Activation of LGMN
Prolegumain has 433 amino acids and molecular mass of 56 kDa. It has 3 parts: the catalytic domain, activation peptide (AP) and LGMN stabilization and activity-modulating (LSAM) domain. Prolegumain has no protease activity because the LSAM covers the catalytic active site. In an acidic environment, LGMN undergoes a pH-dependent conformational change, and at pH < 4.5, autocatalytic cleavage exposes the active site (Cys189) in the catalytic domain to yield biologically active mature LGMN with a molecular mass of 36 kDa [8, 9]. LGMN is activated primarily in lysosomes and can be delivered extracellularly. According to the latest literature, the secreted protein LGMN can act as a novel signaling molecule to perform biological functions outside the cells [10, 11].
Inducers and inhibitors of LGMN
Hypoxia-inducible factor 1-alpha (HIF1α) is a nuclear transcription factor that directly increases the gene and protein expression levels of LGMN [11, 12]. In vitro studies revealed that primary human monocytes polarized to M1 macrophages in response to the proinflammatory factors lipopolysaccharide (LPS) and IFN-γ had 9-fold higher LGMN protein expression levels than IL-4-polarized M2 macrophages, whereas no significant difference in LGMN secretion was observed between M2-type and resting macrophages [13]. Various proinflammatory cytokines, such as Interleukin-1β (IL-1β), interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α), can increase the protein expression levels of various cysteine proteases in monocytes and vascular cells [14–16]. The protein expression levels of LGMN may also be regulated by these cytokines and further research is needed.
Currently, several small-molecule substrates, inhibitors, and activity-based probes of LGMN have been developed [17]. The inhibitor RR-11a appears to be a promising agent for disease treatment. RR-11a is a synthetic LGMN-specific inhibitor that irreversibly inhibits LGMN function by forming a covalent bond to the catalytic cysteine Cys189, demonstrating potential therapeutic utility in several CVD disease models [10, 18, 19].
LGMN IN CVDS
Carotid atherosclerosis
Atherosclerosis is a common CVD characterized by the accumulation of lipids and other molecules in the walls of arteries and the formation of plaques, resulting in the narrowing and hardening of blood vessels, such as medium and large arteries, throughout the body [20, 21]. LGMN plays a key role in the development of atherosclerosis. LGMN was increased in the plasma and arterial tissue of patients with carotid atherosclerosis as well as in mouse models of atherosclerosis [22, 23]. Carotid artery stenosis, i.e., atherosclerotic narrowing or even occlusion of the carotid arteries, can produce serious or lethal neurological consequences, so identifying potential diagnostic, therapeutic and risk stratification methods for carotid artery stenosis is essential [24]. LGMN protein expression levels are elevated in the plasma and plaques of patients with carotid stenosis [15], suggesting that it may be involved in the occurrence and progression of this disease.
The mechanism of action of LGMN in atherosclerosis is complex. LGMN can indirectly participate in the degradation of the ECM by activating cathepsins B, H, and L, as well as matrix metalloproteinase-2 (MMP-2) [25, 26], enzymes that promote atherogenesis by degrading ECM collagen and elastin [27–29]. LGMN can directly degrade fibronectin in the ECM [30]. Degradation of the ECM allows the accumulation of lipids and other substances, and facilitates the formation of fatty streaks in the arterial wall, the earliest stage of atherosclerosis. In addition, the protein expression levels of LGMN, MMPs, and cathepsins are higher in unstable than stable plaques. A potential activator of MMPs and cathepsins, LGMN may destabilize plaques by activating these ECM-degrading enzymes.
LGMN is involved in tumor neovascularization [31, 32]. In atherosclerotic plaques, intraplaque angiogenesis enhances deposition but also fragility and instability of plaques [33]. Further studies are necessary to understand the mechanisms of LGMN in plaque stability and to develop effective therapeutic strategies. The increased protein expression levels of LGMN in unstable plaques could be used to identify people at high risk of developing CVDs, allowing for early detection and preventive treatment.
The protein expression level of LGMN is elevated in macrophages of atherosclerosis. LGMN expression, activity and secretion are significantly enhanced during the differentiation of monocytes to macrophages, the major inflammatory cells in atherosclerosis. The protein expression level of LGMN is higher in proinflammatory M1 macrophages than in anti-inflammatory M2 macrophages. These findings suggest that LGMN may regulate monocyte/macrophage inflammatory functions [15, 34]. In vitro migration assays revealed that LGMN dose-dependently increased the migration of monocytes and their adhesion to endothelial cells [23], followed by their migration in the subendothelium, where they differentiated into macrophages, initiating the formation of atherosclerotic lesions [35]. LGMN can be secreted extracellularly, and the chemotactic effect of extracellular LGMN on monocytes may contribute to the recruitment of monocytes/macrophages into atherosclerotic lesions and exacerbate inflammation in the vessel wall. In vitro, LGMN increases endothelial cell expression of proinflammatory cytokines, such as monocyte chemoattractant protein-1 (MCP-1) [5], which is a multifunctional chemokine that promotes monocyte adhesion, migration, and induction of inflammatory responses.
Foam cells, macrophages that phagocytose large amounts of lipid, are atherosclerotic hallmarks. Stimulation with cholesterol crystals significantly increases the secretion of LGMN by M1-type macrophages, suggesting that LGMN may promote lipid metabolism [15]. LGMN increases the protein expression levels of scavenger receptor class A (SR-A), acyl-coenzyme A: cholesterol acyltransferase-1 (ACAT-1), and neutral cholesterol ester hydrolase (NCEH) in macrophages and may regulate lipid metabolism through this pathway to increase oxidized low-density lipoprotein (oxLDL) induced foam cell formation [5]. SR-A is one of the main receptors responsible for ox-LDL binding and uptake in macrophages [36]. Uncontrolled uptake of ox-LDL leads to impaired intracellular cholesterol metabolism and the accumulation of cytoplasmic lipid droplets, subsequently triggering the formation of foam cells. ACAT1 and NCEH play key roles in cholesterol esterification. ACAT1 esterifies free cholesterol in the endoplasmic reticulum to form cholesteryl esters. NCEH can hydrolyze lipid droplets in the cytoplasm and excrete them from the cell [37]. The balance between ACAT1 and NCEH regulates intracellular lipid metabolism.
The discovery, validation and implementation of novel biomarkers are important for clarifying disease diagnoses, determining disease severity and predicting clinical prognoses. The protein expression levels of LGMN was significantly higher in the plasma and plaques of patients with carotid stenosis than in healthy control individuals and was increased in the carotid plaques of recently symptomatic patients compared to asymptomatic patients. These findings suggest that the protein expression levels of LGMN is elevated in stenotic disease and indicate that LGMN may be a useful atherosclerotic biomarker for diagnosing and assessing the disease [15]. LGMN protein promotes plaque instability, further suggesting that LGMN may be a new therapeutic target for unstable plaques and a biomarker that can predict clinical prognosis to diagnose and assess disease [22].
Peripheral artery disease
Peripheral artery disease (PAD) affects more than 200 million people worldwide and is most commonly caused by atherosclerosis. Atherosclerotic plaques cause arterial stenosis which limits blood supply to distal tissues [38, 39]. Most patients with PAD have no obvious symptoms. When stenosis is severe, it can cause intermittent claudication, resting pain, and even foot ulcers and gangrene, which not only seriously affect the patient’s quality of life but may also lead to amputation or even death [39]. Serum LGMN was significantly higher in PAD patients than in non-PAD patients, and high serum LGMN was independently associated with an increased risk of PAD [40]. These findings suggest LGMN could be a blood biomarker and predictor of PAD. The mechanism of action of LGMN and its roles as a therapeutic target and biomarker of atherosclerosis-related diseases deserve further study.
Pulmonary arterial hypertension
Pulmonary arterial hypertension (PAH) is a serious and potentially life-threatening condition characterized by increased vascular stiffness, which can lead to severe symptoms such as progressive dyspnea, fatigue, chest pain, and syncope [41].
LGMN serum concentration paralleled the severity of PAH, suggesting that this protein may be involved in disease progression [19]. LGMN knockdown or inhibition reduces the severity of PAH in animal models. In PAH, elastin degradation, collagen deposition and cross-linking, and tenascin and fibronectin deposition in the ECM lead to pulmonary vascular wall remodeling and vascular stiffening [42]. The transforming growth factor-β1 (TGF-β1) signaling pathway is a key initiator and driver of ECM protein deposition and fibrotic disease [43, 44], and excessive TGF-β-mediated signaling promotes PAH development [45]. Macrophage-derived LGMN promotes the deposition of collagen I, fibronectin and tenascin-C in the ECM via the MMP2/TGF-β signaling pathway, contributing to the progression of PAH [19]. LGMN promotes the synthesis of ECM components in PAH and the degradation of ECM components in atherosclerosis, further demonstrating the key role of LGMN in tissue remodeling.
The involvement of LGMN in pulmonary vascular wall remodeling has implications for the occurrence and progression of PAH. Targeting LGMN might reduce pulmonary vascular wall remodeling to improve symptoms. In addition, the LGMN inhibitor RR-11a may be used to reduce the risk and progression of PAH [19]. Further studies are needed to fully understand the role of LGMN in the development of PAH and to develop safe and effective treatments.
Coronary artery disease
The global epidemic of coronary artery disease (CAD) is imposing ever-increasing rates of morbidity and mortality [46]. CAD is caused by atherosclerotic plaque accumulation leading to coronary artery stenosis or occlusion, and acute attacks may lead to conditions such as myocardial infarction and angina pectoris. LGMN was overexpressed in the plasma and tissues of acute CAD patients, suggesting that it may play an important role in the occurrence and progression of this disease [18, 47–49]. One study also found plasma LGMN to be independently associated with complex CAD [49], suggesting that LGMN may be a potential biomarker of CAD. Plasma LGMN levels have also been associated with patient outcomes. A study of patients with acute coronary syndrome with a 1-month follow-up showed that plasma LGMN was negatively associated with the incidence of stroke [47]. However, two studies with long-term follow-up of all-cause mortality in the myocardial infarction population yielded opposite results: One showed that low plasma LGMN was associated with increased mortality in the myocardial infarction population [48]. The other showed that all-cause mortality was significantly higher in the high-plasma-LGMN group than in the low-LGMN group [18]. Thus, prospective studies with larger cohorts are needed to clarify the predictive role of LGMN in acute myocardial infarction patients.
A recent study has shown that LGMN colocalized with platelets in arterial plaques and was released in response to platelet activation. Circulating LGMN protein was significantly correlated with plasma levels of the platelet activation markers P-selectin and platelet factor 4 (PF4), further suggesting that LGMN plays an important role in plaque stability and thrombosis [48]. Circulating LGMN is elevated in patients with acute myocardial infarction, a potentially deadly manifestation of CAD [18, 48]. In animal studies, the LGMN inhibitor RR-11a was found to improve myocardial remodeling and reduce the rate of cardiac rupture by inhibiting ECM degradation, demonstrating that LGMN may be a therapeutic target for myocardial infarction.
LGMN is also involved in regulating the efferocytosis of apoptotic cells. Efferocytosis is the phagocytosis and removal of cells that have undergone programmed cell death by macrophages. The timely removal of dead cells is essential to maintain physiological homeostasis or pathological improvements and to avoid further damage to surrounding tissues by the release of intracellular contents from dead cells [50, 51]. Macrophage secretion of LGMN was required to promote the efferocytosis of apoptotic cardiomyocytes in myocardial infarction, and selective overexpression of LGMN by macrophages improved cardiac function in mice after myocardial infarction. LGMN knockout resulted in the accumulation of apoptotic cardiomyocytes and exacerbated myocardial infarction [52].
The development and prognosis of myocardial infarction can be improved by regulating the function of LGMN, which will require more studies to clarify the function of LGMN in disease occurrence, progression, and recovery.
Aortic aneurysm and aortic dissection
Aortic aneurysms and dissection are severely life-threatening, and mortality after aortic rupture can be as high as 85% [53]. The formation of aortic aneurysm and dissection may be related to ECM degradation, vessel wall inflammation, oxidative stress, and vascular smooth muscle cell (VSMC) dysfunction [54, 55]. The exact mechanism of aortic aneurysm and dissection is unknown, but recent studies have identified increased the protein expression levels of LGMN in the plasma and tissue of patients with aortic aneurysm and dissection [10, 56] and have identified a new potential role for LGMN in the pathogenesis of aortic aneurysm and dissection.
LGMN promotes degradation of the ECM components of the aortic wall and alters the structure and integrity of the aortic wall, which may be related to the formation of aortic aneurysms and dissection. Recent studies have shown that LGMN promoted the formation of thoracic aortic dissection by participating in the phenotypic switching of VSMCs [10]. VSMCs in healthy vessel walls exhibited a contractile phenotype to maintain vascular tone, moderating blood pressure and flow through their contractile and diastolic capacities [57]. The loss of VSMC contractile function altered vascular tone, increased aortic wall stress, and decreased vascular elasticity, thereby promoting aneurysm and dissection formation [54]. During thoracic aortic dissection, LGMN binds and blocks integrin αvβ3, thereby attenuating Rho GTPase activation, downregulating VSMC differentiation markers [10]. This study also showed that LGMN deficiency or inhibition can inhibit ECM degradation and VSMC transformation to synthetic type, reducing the incidence, mortality and degree of aortic dilatation in animal models. The results show that LGMN may be a potential therapeutic target for thoracic aortic dissection.
No diagnostic biomarkers or therapeutic agents are approved for abdominal aortic aneurysm (AAA). A recent study identified potential diagnostic biomarkers through proteomics analysis of AAA patients and healthy control individuals [56]. It identified 39 differentially expressed plasma proteins and subjected them to ROC analysis. LGMN was screened as a key protein that could be used as a diagnostic biomarker for AAA and further validated by ELISA in a larger cohort. LGMN may become a novel biomarker or therapeutic target for AAA [56].
DISCUSSION
Current studies indicate that LGMN may serve as a potential plasma biomarker for the diagnosis, severity, and prognosis of various CVDs (Table 1). Because the sensitivity and specificity of a single biomarker are often inadequate [58], the establishment of diagnostic models combining LGMN with other differentially expressed proteins or traditional biochemical indicators will further improve the diagnostic performance of LGMN for CVDs. Meanwhile, recent evidence suggests that LGMN is a multifunctional protein. In addition to LGMN’s well-known lysosomal protease activity, its protease-independent functions have also been increasingly recognized, including regulation of inflammation, ECM remodeling, lipid metabolism, efferocytosis, and VSMC phenotypic transformation in CVDs (Figure 1). Therefore, LGMN is a promising therapeutic target for CVDs.
TABLE 1 | Legumain has potential as a biomarker or therapeutic target for CVDs.
[image: Table 1][image: Figure 1]FIGURE 1 | Illustration of the legumain pathway. ①LGMN could promote ECM degradation by activation of proMMP-2, processing of cathepsins or by direct proteolysis of ECM components like fibronectin. Meanwhile, LGMN promotes ECM remodeling by activating the MMP-2/TGF-β1 signaling. ②LGMN is involved in regulating the recruitment and infiltration of inflammatory cells, as well as regulating the expression of intracellular inflammatory factors. ③LGMN promotes clearance and degradation of apoptotic cardiomyocytes by efferocytosis. ④LGMN promotes macrophage uptake of ox-LDL to form lipid droplets by increasing SR-A expression. ⑤LGMN binds and blocks integrin αvβ3, thereby attenuating Rho GTPase activation and downregulating VSMC differentiation markers. ER: endoplasmic reticulum; ACAT1: acyl-coenzyme A: cholesterol acyltransferase-1; NCEH: neutral cholesterol ester hydrolase; SR-A: scavenger receptor class A; ox-LDL: oxidized low-density lipoprotein; α-SMA: α–smooth muscle actin; AM22α: smooth muscle 22α; CNN1: calponin 1; TGF-β: transforming growth factor-β; PASMC: pulmonary artery smooth muscle cell; MARCO: macrophage receptor with collagenous structure; IL: Interleukin; MPO: myeloperoxidase.
LGMN knockout inhibits the upregulation of proinflammatory cytokines in ischemia-reperfusion injury (IRI) induced acute kidney injury [59], providing evidence of the involvement of LGMN in the proinflammatory response. In vitro, LGMN increases the protein expression levels of Macrophage receptor with collagenous structure (MARCO) in macrophages [5], which may increase the protein expression levels of proinflammatory factors [60, 61]. Some in vitro studies findings suggest that LGMN may increase the expression of proinflammatory factors by increasing the expression of MARCO in macrophages. Some in vitro studies have shown that LGMN promotes the protein expression levels of anti-inflammatory factors in monocytes, inhibits monocyte activation and facilitates macrophage polarization toward the M2 type [48]. LGMN promotes the protein expression levels of the anti-inflammatory factors IL-10 and CD163 in primary monocytes and inhibits the protein expression levels of the proinflammatory cytokines MCP-1 and MPO. LGMN also inhibits the protein expression levels of CD14, an activation marker of monocytes. LGMN inhibits the protein expression levels of TLR2 and TLR4, which are markers of M1 macrophages, but increases the protein expression levels of MSR1, CD36, and CD163, which are markers of M2 macrophages [48]. These results identify anti-inflammatory mechanisms of LGMN in monocytes.
LGMN induces monocyte/macrophage recruitment in atherosclerosis, and in animal models of stroke, LGMN promotes inflammatory cell infiltration at sites of cerebral ischemia [62]. The aforementioned reduction of acute IRI-induced kidney injury by LGMN knockout further substantiates LGMN recruitment of monocytes/macrophages [59]. In contrast, during myocardial infarction, LGMN deficiency increases macrophage infiltration and monocyte recruitment [38]. These seemingly contradictory results may be related to the functional differences in LGMN in monocytes/macrophages in different tissues and organs. In addition, LGMN promotes monocyte/macrophage recruitment in inflammatory disease, reduce monocyte/macrophage infiltration and promote inflammation regression by promoting efferocytosis. Further studies are required to clarify the mechanism of LGMN in the occurrence, progression, and regression of CVDs.
Recently, new mechanisms of LGMN have also been discovered. Ferroptosis, an iron-dependent mode of cell death associated with lipid peroxidation [63], is involved in CVDs such as atherosclerosis, PAH, myocardial infarction, and aortic aneurysm and dissection [64–66]. Recent studies of acute kidney injury implicated LGMN in the degradation of glutathione peroxidase 4 (GPX4), a key protective factor against ferroptosis, through molecular chaperone-mediated lysosomal autophagy [59]. LGMN-mediated promotion of ferroptosis may play the same role in CVDs, which warrants further investigation.
Age is an independent risk factor for CVDs, as large and medium-sized arteries in elderly individuals exhibit changes in vascular structure and function that lead to vascular disease [67]. Lysosomes are degradation centers and signaling hubs in cells that participate in aging-related metabolism [68, 69]. LGMN is one of the key proteins involved in lysosome function, promoting the progression of aging. The protein expression levels and activation of LGMN in the brain increased with age and were associated with age-related neurodegenerative diseases [70]. The progression of neurodegenerative diseases was attenuated by pharmacologic inhibition of LGMN [71]. In CVDs, the protein expression levels of LGMN was related to aging in aortic tissue [23]. More research is needed to elucidate the underlying mechanism of LGMN in vascular aging.
Hypertension is one of the most important risk factors for CVDs. Recent studies have shown that gene expression levels of LGMN is significantly increased in CD4+ T cells from hypertensive patients and mice [72]. LGMN directly interacts with and promotes the degradation of tumor necrosis factor receptor-associated factor 6 (TRAF6) through chaperone-mediated autophagy, thereby inhibiting NF-κB activation and impairing regulatory T-cell (Treg) differentiation and function to prevent hypertension and its complications [72]. LGMN may be an innovative approach for treating hypertension and deserves further study.
Statins reduce cholesterol synthesis by inhibiting hydroxymethylglutaryl coenzyme A reductase of the mevalonate pathway. Statins are effective agents for the treatment of CVDs, and their pleiotropic effects on patients include increased expression of genes involved in monocyte/macrophage apoptosis, inhibition of the inflammatory response, antioxidant effects, prevention of foam cell formation, and stabilization of atherosclerotic plaques [73]. The abundance of LGMN mRNA in circulating monocytes was reduced in patients treated with atorvastatin and was further validated in vitro [34, 73]. Additionally, in animal experiments, atorvastatin treatment reduced the abundance of LGMN in macrophages in aortic atherosclerotic plaques [74]. The inhibitory effect of statins on the abundance and activity of LGMN further demonstrates the promise of LGMN as a new therapeutic target for CVDs.
In summary, current evidence shows that LGMN is associated with CVDs such as atherosclerosis, PAD, PAH, CAD, aortic aneurysms and dissection. In most cases, LGMN plays a harmful role in CVDs, and animal experiments show that inhibiting the function or protein expression levels of LGMN can alleviate the development of atherosclerosis, PAH, and aortic dissection. Meanwhile, in specific conditions, LGMN can also play a beneficial effect in myocardial infarction. The platelet-derived LGMN has anti-inflammatory effects and may improve outcomes in ST-elevation myocardial infarction patients [48]. And cardiac resident macrophage-derived LGMN can improve cardiac repair by promoting clearance of apoptotic cardiomyocytes after myocardial infarction through phagocytosis [52]. The underlying mechanism of LGMN in different CVDs needs further study.
CONCLUSION
LGMN is a promising therapeutic target for CVDs. LGMN has both protease and non-protease functions and plays either deleterious of beneficial roles in different diseases depending on the cell source that secretes LGMN, which deserves further study. By understanding the pathogenesis and biomarker function of LGMN in CVDs, we will develop new strategies to prevent, diagnose, or treat these diseases.
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A Retraction of the Original Research Article 
MicroRNA-34a alleviates steroid-induced avascular necrosis of femoral head by targeting Tgif2 through OPG/RANK/RANKL signaling pathway
 by Peng W. X., Ye C., Dong W. T., Yang L. L., Wang C. Q., Wei Z. A., Wu J. H., Li Q., Deng J., and Zhang J. (2017). Experimental Biology and Medicine. 242(12):1234–1243. doi: 10.1177/1535370217703975


Following publication, the authors contacted the Editorial Office to request the retraction of the cited article, stating that concerns were raised on the PubPeer platform regarding the reuse of certain images, as well as concerns over incomplete data. Particularly, in Figure 3, Panels c and d appear to overlap. Those panels also show duplication with Figure 11B from Zhang et al 2017 and Figure 5 from Yu et al 2019 (both retracted sources). Further, in Tables 2, 3 values are shown as means ± standard deviation and no exact measurements are provided. Therefore, the article has been retracted.
[image: Figure 3]FIGURE 3 | Comparison of the morphology changes in the femoral head by HE staining among (×100) among normal control, model control, negative control, miR-34a mimics and miR-34a inhibitor groups. (A), normal control group; (B), model control group; (C), negative control group; (D), miR-34a mimics group; (E), miR-34a inhibitors group; miR-34a, miRNA-34a. (A color version of this figure is available in the online journal).
TABLE 2 | Comparison of parameters of trabecular in the cancellous bone within the unit volume of the center of the femoral head between normal control group and model control group.
[image: Table 2]TABLE 3 | Comparison of parameters of trabecular in the cancellous bone within the unit volume of the center of the femoral head among normal control, model control, negative control, miR-34a mimics and miR-34a inhibitor groups.
[image: Table 3]Figure 3 appears to show an overlap between panels (c) and (d).
Tables 2, 3 show values as means +/− deviation, no exact measurements provided.
This retraction was approved by the Editor-in-Chief of Experimental Biology and Medicine. The authors received communication regarding the retraction but did not respond. The communication has been recorded by the publisher.
Copyright © 2024 EBM Editorial Office. 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.
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Sample size  Age (mean + SD)  Sample size  Age (mean + SD)

GSE11686 Training 6 103 + 379 2 85+ 21 ‘Wrist muscle extensors and flexors

GSE31243 Validation 10 148 £1.25 10 12815 Gracilis and semitendinosus

Note: SD. standard deviation.
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