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Background: Vascular smooth muscle cell (VSMC) phenotype switching has been preliminarily found in aortic aneurysms. However, two major questions were raised: (1) What factors drive phenotypic switching of VSMCs in aortic aneurysms? (2) What role does VSMC phenotype transformation play in aortic aneurysms? We speculated that the interaction between infiltrated immune cells and VSMCs played a pivotal role in aortic aneurysm expansion.

Materials and Methods: We obtained single-cell transcriptome data GSE155468 that incorporate eight aortic aneurysm samples and three normal aorta samples. A standard single-cell analysis procedure was performed by Seurat (v3.1.2) for identifying the general cell components. Subsequently, VSMCs were extracted separately and re-clustered for identifying switched VSMC phenotypes. VSMC phenotype annotation was relied on the definitions of specific VSMC phenotypes in published articles. Vital VSMC phenotypes were validated by immunofluorescence. Next, identified immune cells and annotated vital VSMC phenotypes were extracted for analyzing the intercellular communication. R package CellChat (v1.1.3) was used for investigating the communication strength, signaling pathways, and communication patterns between various VSMC phenotypes and immune cells.

Result: A total of 42,611 cells were identified as CD4 + T cells, CD8 + T cells, VSMC, monocytes, macrophages, fibroblasts, endothelial cells, and B cells. VSMCs were further classified into contractile VSMCs, secreting VSMCs, macrophage-like VSMCs, mesenchymal-like VSMCs, adipocyte-like VSMCs, and T-cell-like VSMCs. Intercellular communication analysis was performed between immune cells (macrophages, B cells, CD4 + T cells, CD8 + T cells) and immune related VSMCs (macrophage-like VSMCs, mesenchymal-like VSMCs, T-cell-like VSMCs, contractile VSMCs). Among selected cell populations, 27 significant signaling pathways with 61 ligand–receptor pairs were identified. Macrophages and macrophage-like VSMCs both assume the roles of a signaling sender and receiver, showing the highest communication capability. T cells acted more as senders, while B cells acted as receivers in the communication network. T-cell-like VSMCs and contractile VSMCs were used as senders, while mesenchymal-like VSMCs played a poor role in the communication network. Signaling macrophage migration inhibitory factor (MIF), galectin, and C-X-C motif chemokine ligand (CXCL) showed high information flow of intercellular communication, while signaling complement and chemerin were completely turned on in aortic aneurysms. MIF and galectin promoted VSMC switch into macrophage-like phenotypes, CXCL, and galectin promoted VSMCs transform into T-cell-like phenotypes. MIF, galectin, CXCL, complement, and chemerin all mediated the migration and recruitment of immune cells into aortic aneurysms.

Conclusion: The sophisticated intercellular communication network existed between immune cells and immune-related VSMCs and changed as the aortic aneurysm progressed. Signaling MIF, galectin, CXCL, chemerin, and complement made a significant contribution to aortic aneurysm progression through activating immune cells and promoting immune cell migration, which could serve as the potential target for the treatment of aortic aneurysms.

HIGHLIGHTS

- MIF signaling from T cells promoted the transformation of contractile VSMCs to macrophage-like VSMCs; MIF signaling from VSMCs recruited immune cells (especially B cells) into aortic aneurysms.

- GALECTIN signaling presented the immunomodulatory capacity of macrophage-like VSMCs and macrophages and promoted the formation of macrophage-like VSMCs and T-cell-like VSMCs.

- CXCL signaling promoted VSMC switch into T-cell-like phenotypes and mediated immune cell migration into aortic aneurysms.

- COMPLEMENT and CHEMERIN signaling were turned on in aortic aneurysms, which promoted macrophage migration, thereby aggravating aortic inflammation.

Keywords: aortic aneurysm, immune cells, VSMC phenotype switching, intercellular communication, single-cell transcriptome


INTRODUCTION

Aortic aneurysm refers to permanent localized dilation of the aorta (expansion ratio > 150% or diameter > 3 cm) (1). Although aortic aneurysms are usually asymptomatic and are diagnosed on physical examination, ruptured aortic aneurysms have a mortality rate of more than 80 percent. Therefore, medical intervention for aortic aneurysm is necessary. Currently, the effective treatments for aortic aneurysm are open surgery repair (OSR) and endovascular aneurysm repair (EVAR), whose indication is an aneurysm diameter over 5.5 cm (2). The application of OSR and EVAR is limited by a large number of complications and a large financial burden. OSR causes significant physical harm to patients, especially for thoracic aortic aneurysm (TAA). However, currently, there is no effective pharmacotherapy for aortic aneurysm, which is due to the misunderstanding of the pathogenesis of aortic aneurysm. Early studies have suggested that the pathological features of aortic aneurysms include loss or apoptosis of VSMCs (3), immune cell infiltration (lymphocytes, neutrophils, dendritic cells, macrophages) (4), extracellular matrix remodeling (5), atherosclerosis (6), and intraluminal thrombus (7). However, none of the clinical drug trials based on these conventional mechanisms has shown the ability to reduce AAA expansion, including MMP inhibitors (doxycycline) (8), antiatherosclerotic drugs (fenofibrate, statins) (9, 10), and antithrombotic drugs (ticagrelor). The failure of these clinical trials suggests that the pathophysiological mechanisms of aortic aneurysm remain poorly studied.

Previous studies indicated that the lack of contractile force caused by VSMC apoptosis or VSMC loss was one of the direct causes of aortic dilatation. Subsequently, emerging studies found that VSMCs in aortic aneurysms underwent phenotypic transformation. Part of VSMCs lost the expression of specific contractile protein and transformed into intermediate state cells which could further transform into macrophage-like VSMCs (expressing macrophage markers MAC2 and CD68) under conditional stimulation (11). Phenotypic transformation of VSMCs is regulated by growth factor (such as connective tissue growth factor, CTGF) (12), non-coding RNA (such as miR-143/145) (13), transcription factor (such as Kruppel-like factor 4, KLF4) (14), and environmental factor (such as lactate) (15).

However, no studies have shown the effect of changes in aortic aneurysm cell composition on phenotypic transformation of VSMCs. We are interested in how VSMCs function and interact with surrounding cells as they undergo phenotypic transformation. The infiltrating immune cells in aortic aneurysms include neutrophils, macrophages, B cells, and T cells, which maintain a chronic inflammatory environment in the aorta. Since the transformed VSMCs also exhibited immune-related phenotypes, we speculated that immune cells interacted with VSMCs during the phenotypic transformation of VSMCs. The interaction of immune cells with target cells depends on a series of receptor–ligand binding, which is a precondition for the activation of immune cells. For example, the interaction between antigen-presenting cells (APC) and T cells depends on the binding of MHC-CD3 and costimulatory receptor CD28-B7. Therefore, we believe that on the one hand, immune cells promote the transformation of VSMCs to immune-related phenotypes; on the other hand, immune-related VSMCs strengthen the function of immune cells and recruit immune cells to infiltrate into the aorta, promoting aortic aneurysm growth. Therefore, the present study investigated the interaction pattern between immune-related VSMC and immune cells in aortic aneurysms, as well as the involved signaling pathway and ligand–receptor pairs, which could be the potential target for the treatment of aortic aneurysms.



MATERIALS AND METHODS


Data Source and Data Pre-processing

Single-cell sequencing data for eight human aortic aneurysm samples (four males, four females) and three human normal aorta samples (one male, two females) were obtained from GSE155468 (16). Patients in dataset GSE155468 aged from 56 to 78 years and the maximum aneurysm diameter ranged from 4.9 cm to 5.8 cm. Of note, 10 of 11 patients were non-Hispanic, nine of 11 patients were white, and 10 of 11 patients had hypertension. Aortic aneurysm samples and normal aorta samples were merged for creating two Seurat objects, respectively, through using Seurat R package (version 3.1.2) (17). Subsequently, data integration was performed between the aortic aneurysm Seurat object and the normal aorta Seurat object through identifying anchors between the two datasets. Cells with less than 200 genes or more than a 10% mitochondria content and genes with less than 10 cells were removed. The count matrix was normalized and scaled by “NormalizeData” function and “ScaleData” function in Seurat, respectively.



General Cell Type Identification and Vascular Smooth Muscle Cell Phenotype Identification

Top 2000 highly variable genes (HVGs) were calculated through “FindVariableFeatures” function in Seurat, and top 20 principal components were calculated by “RunPCA” function according to the top 2000 HVGs. The t-distributed stochastic neighbor embedding (t-SNE) algorithm with a solution of 0.6 was used for clustering and visualization of all cell clusters. The automatic cell annotation algorithm “SingleR” annotated all cell clusters by using databases “HumanPrimaryCellAtlasData” and “BlueprintEncodeData” as the reference. Background knowledge pertaining to the cellular components of normal aortas and aortic aneurysms was used to assist cell annotation. VSMCs identified by the aforementioned steps were separately extracted, and HVGs and top 20 principal components were recalculated for re-clustering. Because VSMC phenotype transformation is a new concept proposed in recent years and its identification relies on the expression of specific marker genes, SingleR does not work on VSMC phenotypic annotation. In order to recognize marker genes, we calculated differently expressed genes through “FindAllMarkers” function in Seurat. The threshold of log fold-change was set as 0.25, and the Wilcoxon rank sum test was used to test the significance of differences.



Mice Aortic Aneurysm Model Construction

Male C57/BL6 mice (8–10 weeks old, 25–30 g) were obtained from the Experimental Animal Centre, Shanxi Medical University, China. The mice were anesthetized using ether inhalation. Then, abdominal organs were exposed via a median abdominal incision. The abdominal aorta was exposed through reversing colons and intestines. The abdominal aorta was isolated from the inferior vena cava under an optical microscope. Gelatin sponge (1 mm × 1 mm × 5 mm) was soaked in elastase solution (100 mg/ml) and was then covered on the surface of the aorta for 20 min. Subsequently, the abdominal cavity was irrigated with normal saline at 37°C for three times. The muscle layer and skin layer were sutured, respectively. After surgery, the mice recovered on a 37°C warm pad. A feed of 0.2% (v/v) 3-aminopropionitrile fumarate (BAPN) was given to mice to help aortic aneurysm formation. After 21 days, aortic aneurysm was obtained for immunofluorescence staining.



Immunofluorescence Staining

Briefly, the mice aortic aneurysm was irrigated with normal saline, fixed in 4% paraformaldehyde, and dehydrated in graded ethanol. The sections were immersed in ethylenediaminetetraacetic acid (EDTA) antigen retrieval buffer, and endogenous peroxidase was blocked by 3% H2O2. After blocking with 3% bovine serum albumin (BSA), the sections were incubated with αSMA antibody (Santa Cruz, sc-32251, 1:200), CD68 antibody (Santa Cruz, sc-20060, 1:200), CD3D antibody (Abcam, ab213362, 1:200), and CD34 antibody (Santa Cruz, sc-7324, 1:200) overnight at 4°C. Secondary antibody was incubated for 50 min at room temperature.



Analysis of General Intercellular Communication Between Immune Cells and Immune-Related Vascular Smooth Muscle Cells

R package “CellChat” (version 1.1.3) is the latest algorithm that infers intercellular communication from gene expression levels from single-cell transcriptome data (18). Immune cells (incorporating macrophages, CD4 + T cells, CD8 + T cells, and B cells), contractile VSMCs, and immune-related VSMC phenotypes (including mesenchymal-like VSMC, T-cell-like VSMC, and macrophage-like VSMC) were extracted for intercellular communication analysis. The gene expression profile of extracted cells was input for identifying differentially overexpressed ligands and receptors of each cell population. “CellChat” first calculated a probability value of each ligand–receptor interaction, and then the communication probability of each signaling pathway was calculated by summarizing the probability of its subordinate ligand–receptor pairs. The communication probability refers to communication strength. Statistically significant interactions were counted if p-value < 0.05. Finally, the number of significant interactions and communication strength were visualized by circ plot.



Identification of Vital Signaling Pathways and Ligand–Receptor Pairs in the Communication Network

“CellChat” allows researchers to visualize each signaling pathway or ligand–receptor pair between cell groups of interest. Immune cells were considered as source cells and VSMCs as target cells, and then their positions were switched. For vital signaling pathways, the hierarchy plot was first applied for visualizing the network structure among source cells and target cells. Heatmap was plotted for picturing communication probabilities between all cell pairs. Network centrality analysis was performed to investigate the role each cell population played in the signaling pathway. The roles incorporate “Sender,” “Receiver,” “Mediator,” and “Influencer.” The contribution of significant ligand–receptor pairs to the signaling pathway in the communication network was analyzed by calculating the relative ratio of communication strength of single ligand–receptor pair to that of the whole signaling pathway.



Recognition of Communication Patterns

Except for investigating individual pathways, “CellChat” also allows exploring how multiple cell groups and signaling pathways act in concert to function. To achieve this, “CellChat” outputs the so-called incoming/outgoing communication patterns for uncovering the coordination relationship between cell groups and signaling pathways. In addition, “CellChat” could recognize the similarity between signaling pathways and group similar signaling pathways into groups.



Exploring Changes of Signaling Pathways and Communication Patterns Between the Aortic Aneurysm and Normal Aorta

Selected cell types from the aortic aneurysm and normal aorta were used for constructing two CellChat objects, respectively. The information flow value of each signaling pathway was first calculated by summarizing all communication probabilities of the signaling pathway. Significant signaling pathways were sorted according to differences in their relative information flow ratio in the inferred networks between the aortic aneurysm and normal aorta. The alterations of incoming/outgoing communication strength were illustrated in two-dimensional diagrams.



Quantitative Polymerase Chain Reaction

qPCR was used to quantify vital ligands and receptors in signaling MIF, galectin, CXCL, chemerin, and complement. Total RNA was extracted from mice aortic aneurysm tissues using the Tiangen RNA Simple Total RNA Kit (DP419, Tiangen). Subsequently, 1 μg of total RNA was reverse-transcribed using PrimeScript RT Master Mix (RR036A, Takara). Amplification was performed using SYBR Green Premix (RR420A, Takara). NADPH was used as the internal reference for mRNA qPCR. The independent sample t-test was used to validate any significant differences of relative expression levels between the aortic aneurysm and normal aorta. P-values < 0.05 were considered statistically significant. Primers used in this work are listed in Supplementary Data Sheet 1.




RESULTS


Identified Cell Types and Vascular Smooth Muscle Cell Phenotypes in Aortic Aneurysms

A total of 42,611 cells with 20,551 genes remained after unqualified cells and genes were filtrated. Top 2000 HVGs were calculated for clustering (see Supplementary Data Sheet 2). The unsupervised clustering algorithm clustered 42,611 cells into 25 cell populations. Marker genes of each cell cluster could be seen in Supplementary Data Sheet 3. Then the automated reference-based annotation algorithm “SingleR” annotated 25 cell populations as cell types incorporating CD4 + T cells, CD8 + T cells, VSMCs, monocytes, macrophages, fibroblasts, endothelial cells, B cells, and hematopoietic stem cells (HSC) (Figures 1A,B). The percentage of CD4 + T cells, CD8 + T cells, B cells, monocytes, and macrophages increased in aortic aneurysms, while the proportion of VSMCs and fibroblasts significantly decreased (Figure 1C).
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FIGURE 1. Clustering all cells filtrated from GSE155468. The t-distributed stochastic neighbor embedding (t-SNE) plot of the aligned gene expression of cells from the normal aorta and aortic aneurysms, respectively, showing the distribution of nine cell identities (A). The expression level and expression percentage of marker genes are illustrated on the dot plot (B). The change of proportion of identified cell types was shown in a donut chart (C). The proportion of adipocyte-like VSMCs, mesenchymal-like VSMCs, macrophage-like VSMCs, and T-cell-like VSMCs significantly increased in aortic aneurysms (inner donut), and the proportion of contractile VSMCs dramatically decreased in the normal aorta (outer donut).


Subsequently, all VSMCs were separately extracted and re-clustered into 16 VSMC clusters (Figure 2A). Marker genes of each VSMC cluster could be seen in Supplementary Data Sheet 4. According to the canonical definition of each specific VSMC phenotype (19), we identified six VSMC phenotypes incorporating contractile VSMCs (ACTA2 + MYH11+), secreting VSMCs (ACTA2 + MYH11 + COL1A1 + COL1A2+), mesenchymal-like VSMCs (ACTA2 + MYH11 + CD34 + PDGFRA +), adipocyte-like VSMCs (ACTA2 + MYH11 + FABP4 + EBF2+), macrophage-like VSMCs (ACTA2 + MYH11 + CD14 + CD68+), and T-cell-like VSMCs (ACTA2 + MYH11 + CD3D + CD3G+) (Figures 2B,C). The percentage of secreting VSMCs, mesenchymal-like VSMCs, adipocyte-like VSMCs, macrophage-like VSMCs, and T-cell-like VSMCs significantly increased in aortic aneurysms, whereas contractile VSMCs were reduced (Figure 2D).


[image: image]

FIGURE 2. Reanalysis of VSMC subtypes. t-SNE of identified 16 cell clusters (A), which were then annotated as six VSMC phenotypes (B). The expression level and expression percentage of specific marker genes were illustrated on the dot plot (C). The proportion of monocyte, B cells, T cells, and macrophages was increased in aortic aneurysms (inner donut), while the proportion of smooth muscle cells, fibroblasts, and HSC was higher in the normal aorta (outer donut) (D).




Successful Validation of Immune-Related Vascular Smooth Muscle Cell Phenotypes in the Mice Model of Aortic Aneurysms

According to published articles, mesenchymal-like VSMCs were prone to switch into several phenotypes such as macrophage-like VSMCs (20). Therefore, we consider mesenchymal-like VSMCs, macrophage-like VSMCs, and T-cell-like VSMCs as immune-related VSMCs. In order to confirm the presence of immune-related VSMC phenotypes in aortic aneurysms, we constructed mice models of aortic aneurysms through periaortic elastase induction. After 21 days, no mice died during the modeling process, and all six mice were successfully modeled (see Supplementary Figure 1). Aortic aneurysm tissues were obtained for double immunofluorescence staining. Macrophage-like VSMCs (αSMA + CD68+) were observed in the tunica media of aortic aneurysms but were not fund in the normal aorta (Figure 3A). T-cell-like VSMCs (αSMA + CD3D+) existed in the tunica media of aortic aneurysm but not in the normal aorta (Figure 3B). Mesenchymal-like VSMCs appeared in both of the aortic aneurysm and normal aorta but demonstrated a much greater proportion in aortic aneurysms (Figure 3C).
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FIGURE 3. Validation of VSMC subtypes through immunofluorescence staining. Macrophage-like VSMC was labeled by αSMA and CD68 (A). T-cell-like VSMC was labeled by αSMA and CD3D (B); mesenchymal-like VSMC was labeled by αSMA and CD34 (C).




Overview of Intercellular Communication Between Immune Cells and Immune-Related Vascular Smooth Muscle Cells

The overall communication number and weight between immune cells and immune-related VSMCs were quantified and visualized (Figures 4A,B). Among all immune cells, macrophages showed the highest numbers and strengths of interaction with each VSMC phenotypes, especially macrophage-like VSMCs and T-cell-like VSMCs (Figure 4C). CD4 + T cells and CD8 + T cells both demonstrated a strong communication number and strength with macrophage-like VSMCs but weaker communication with other VSMC phenotypes. Nevertheless, B cells showed a weak intercellular communication with all VSMC phenotypes. In brief, macrophages possess the strongest intercellular communication with all VSMC phenotypes.
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FIGURE 4. Global cell–cell communication between immune cells and selected VSMC phenotypes. The overall intercellular interaction number (A) and weight (B) were visualized in the network. The line width represents the intensity. Subsequently, the communication intensity from each immune cell type to all VSMC phenotypes or from each VSMC phenotype to all immune cell types was visualized, respectively (C). The incoming and outgoing communication capacity of each cell type (D).


We subsequently investigated the role of cells in the communication network (Figure 4D). Macrophages and macrophage-like VSMCs both assume the roles of senders and receivers, and they showed the highest communication capability. CD8 + T cells and CD4 + T cells acted more as a sender, rather than a receiver. B cells act primarily as a receiver in the communication network. T-cell-like VSMCs and contractile VSMCs acted as a sender in the communication network, whereas mesenchymal-like VSMCs play a poor role in the communication network.



Significant Signaling Pathways and Ligand–Receptor Pairs Between Immune Cells and Immune-Related Vascular Smooth Muscle Cells

A total of 61 significant ligand–receptor pairs were identified among immune cells and VSMC phenotypes, which were grouped into 27 signaling pathways incorporating but not limited to MIF, galectin, CXCL, growth arrest-specific gene (GAS), pleiotrophin (PTN), visfatin, CC chemokine ligand (CCL), annexin, and secreted phosphoprotein 1 (SPP1) (see Supplementary Data Sheet 5). We understand this mechanism in terms of the sender/target and signaling pathway, respectively. We first set immune cells as the senders and set VSMCs as the receivers because we speculated that signaling from immune cells to VSMCs promotes phenotype transformation of VSMCs (Supplementary Figure 2A). We found that macrophages sent the most complex signaling pathways, while macrophage-like VSMCs received the most kinds of signaling pathways. Among these significant signaling pathways, MIF–(CD74 + CD44) pairs mediated the strongest communication probability from CD4 + T cells and CD8 + T cells to macrophage-like VSMCs. NAMPT–(ITGA5 + ITGB1) showed the highest communication force from macrophages and B cells to macrophage-like VSMCs. In addition, galectin signaling (LGALS9-CD44/CD45) also played a pivotal role in the communication from macrophages to T-cell-like VSMCs and macrophage-like VSMCs. In conclusion, the formation of macrophage-like VSMCs is associated with MIF, NAMPT, and galectin signaling, and the formation of T-cell-like VSMCs is associated with galectin signaling.

Subsequently, immune cells were set as the receivers and VSMCs were set as the senders because we reckon that signaling from VSMCs to immune cells could explain how immune-related VSMC phenotypes aggravate aortic aneurysm progression (Supplementary Figure 2B). We found that macrophage-like VSMCs were characterized by the maximum number of the signaling pathways sent, and macrophages received the maximum signaling pathways. Through PTN, galectin, and CXCL signaling, macrophage-like VSMCs could communicate with all immune cells, indicating the potential role of modulating immune response. Additionally, CXCL12–CXCR4 pair also connected T-cell-like VSMCs and mesenchymal-like VSMCs with all immune cells. We also noticed the high communication probability of MIF signaling from contractile VSMCs, T-cell-like VSMCs, and macrophage-like VSMCs to B cells, which may be associated with B cell infiltration in aortic aneurysms.

Among 27 significant signaling pathways, MIF, galectin, and CXCL were the signaling pathways with the highest communication strength (see Supplementary Data Sheet 6) and seem to play a significant role in immune regulation. Thus, we showed all detailed intercellular communication mediated by them and the role each cell played in these pathways. The MIF pathway mediated intercellular communication among multiple distinct cells and formed a sophisticated communication network (Figures 5A,B). The hierarchy plot indicated that macrophage-like VSMCs and immune cells were the primary target of the MIF pathway. CD8 + T cells and CD4 + T cells were the principal secreting cells, and importantly, macrophages merely secreted MIF. CD8 + T cells obtained the highest mediator score, which indicated that CD8 + T cells act as a gatekeeper to control the communication flow in the inferred MIF signaling network (Figure 5C). Of note, macrophage-like VSMCs acquired the highest influencer score, indicating that macrophage-like VSMCs possess a high capacity of the influencing information flow. Ligand MIF primarily combined with receptors CD74, CD44, and CXCR4 (Figures 5D,E).
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FIGURE 5. MIF signaling pathway-mediated intercellular communication intensity is shown in the hierarchy plot (A) and heatmap (B). Network center score showed the role each cell type played, including sender, receiver, mediator, and influencer (C). Contribution of each ligand–receptor pair to MIF signaling (D). Expression level of every ligand and receptor gene in each cell type (E).


Distinct from the redundant and complex signaling structures of MIF, galectin signaling demonstrated its simple inferred network structure. Only two cell groups, macrophages and macrophage-like VSMCs, acted as the sender cells, while all cells were the receivers (especially CD4 + T cells and CD8 + T cells) (Supplementary Figures 3A,B). Macrophages also took on the role of a mediator and influencer (Supplementary Figure 3C). Of note, only one ligand (LGALS9) was paired with three receptors (CD44, CD45, and HAVCR2), and LGALS9–CD44 pairs seem to make the greatest contribution (Supplementary Figures 3D,E).

The senders of CXCL signaling were macrophages, mesenchymal-like VSMCs, T-cell-like VSMCs, and macrophage-like VSMCs, while the receivers were mainly T-cell-like VSMCs, CD4 + T cells, CD8 + T cells, and B cells (Supplementary Figures 4A–C). CXCL singling was mainly mediated by CXCL12–CXCR4 and CXCL16–CXCR6 pairs (Supplementary Figure 4D). Macrophages and immune-related VSMCs (mesenchymal-like, T-cell-like, and macrophage-like VSMCs) secreted CXCL12/16 that were then received by T cells, B cells, and T-cell-like VSMCs. T-cell-like VSMCs were also characterized by playing a mediator role. The level of CXCL12/16 in macrophage-like VSMCs is as high as that in macrophages, while the level of CXCR4/6 is similar between T cells and T-cell-like VSMCs, which indicated the functional similarity between macrophages and macrophage-like VSMCs and similarity between T cells and T-cell-like VSMCs (Supplementary Figure 4E).



Coordinated Communication Patterns

In addition to investigating the role of individual signaling pathways in intercellular pathways, it is of great significance to explore how cells and significant pathways work in concert. The outgoing communication patterns were first studied, in which all cells were considered as secreting cells (Supplementary Figure 5A). The analysis revealed that contractile VSMCs, mesenchymal-like VSMCs, and macrophage-like VSMCs shared the pattern #1 that incorporated signaling pathways such as GAS, PTN, tumor necrosis factor-like weak inducer of apoptosis (TWEAK), platelet-derived growth factors (PDGF), and fibroblast growth factor (FGF). Outgoing signaling of macrophages and B cells were characterized by pattern #2 including but not limited to galectin. CXCL, visfatin, SPP1, progranulin (GRN), epidermal growth factor (EGF), and tumor necrosis factor (TNF). Meanwhile, CD4 + T cells and CD8 + T cells both concentrated on outgoing communication pattern #3, driven by pathways including MIF, transforming growth factor beta (TGFb), interferon-II (IFN-II), protease-activated receptors (PARs), and CD40. On the other hand, when considered as target cells/receivers, contractile VSMCs, mesenchymal-like VSMCs, and T-cell-like VSMCs showed the same pattern #1 that included PTN, visfatin, SPP1, TWEAK, GRN, and PDGF (Supplementary Figure 5B). Macrophage-like VSMCs and macrophages demonstrated the immune-related incoming pattern #2 such as CCL, annexin, IFN-II, CD40, and complement, indicating their functional similarity in the immune signaling pathway. In brief, through analyzing communication patterns, we learned that distinct cell groups could share mostly overlapping signaling pathways, such as the similarity between macrophage-like VSMCs and macrophages.



Alterations of Intercellular Communication Patterns Between the Normal Aorta and Aortic Aneurysm

The aforementioned analysis investigated the intercellular communication from a global perspective. Furthermore, the changes in communication patterns between the normal aorta and aortic aneurysm samples could interpret the relationship between intercellular communication and aortic aneurysm progression. Altogether, the number of significant interactions between selected VSMC phenotypes and immune cells was more numerous in aortic aneurysms than in the normal aorta (472 vs. 357) (Figure 6A). However, the average interaction strength was reduced in aortic aneurysms compared with the normal aorta (Figure 6B).
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FIGURE 6. Alterations of intercellular communication patterns between the aortic aneurysm and normal aorta. The number of interactions increased (A), but the mean interaction strength decreased in aortic aneurysms (B). Relative information flow of the significant signaling pathway in the normal aorta and aortic aneurysm (C). Sources and targets of signaling complement (D) and chemerin (E). Alteration of incoming/outgoing communication ability of each cell type between the aortic aneurysm and normal aorta (F).


Second, we compared the information flow between the aortic aneurysm and normal aorta (Figure 6C). In aortic aneurysms, relative information flow of signaling chemerin, FGF, complement, TWEAK, hepatocyte growth factor (HGF), TNF, CXCL, IFN-II, CCL, and SPP1 were elevated and signaling chemerin and complement were completely turned on, whereas the relative information flow of signaling galectin, insulin-like growth factor (IGF), colony-stimulating factor (CSF), PDGF, TGFb, EGF, MIF, and GAS were decreased and signaling (C-X3-C motif chemokine) CX3C, B-cell activating factor (BAFF), and angiopoietin-like protein (ANGPTL) were completely turned off in aortic aneurysms. Therefore, we speculated that signaling chemerin and complement play a pivotal role in promoting VSMC phenotype switching in aortic aneurysms. We visualized signaling chemerin and complement by heatmap (Figures 6D,E). In complement signaling, macrophage-like VSMCs acted as a sender, and the message was received by macrophages. For macrophage-like VSMCs, complement signaling can be regarded as the autocrine signaling pathway to a certain extent. Regarding to chemerin signaling (RARRES2-CMKLR1), contractile VSMCs and mesenchymal-like VSMCs seem to have the highest communication strength as a signaling source, and macrophage-like VSMCs and VSMCs received signaling. As CMKLR1 mediates the migration of macrophages and dendritic and NK cells (21), we speculated that chemerin signaling from VSMCs could active immune cell migration and aggravating aortic aneurysm progression.

We also compared the intensity of incoming and outgoing communication of each cell population between the aortic aneurysm and normal aorta, which was projected in a two-dimensional plot (Figure 6F). In brief, the incoming communication strength of macrophage-like VSMCs and T-cell-like VSMCs significantly increased, whereas that of mesenchymal-like VSMCs and contractile VSMCs significantly decreased. On the other hand, the outgoing communication strength of T-cell-like VSMCs and contractile VSMCs was dramatically enhanced, while that of macrophage-like VSMCs, mesenchymal-like VSMCs, and B cells was reduced.

Finally, we compared the difference in incoming signaling patterns and outgoing signaling patterns between the aortic aneurysm and normal aorta. Although the overall outgoing signaling was significantly decreased in macrophage-like VSMCs, the intensity of CXCL, FGF, chemerin, complement, and PROS increased (Supplementary Figure 6A). According to incoming signaling, GAS, annexin, chemerin, CD40, PROS, and ANGPT were significantly elevated (Supplementary Figure 6B). Of note, the overall outgoing signaling and incoming signaling of T-cell-like VSMCs both dramatically increased, including a variety of pathways.



Validation of Expression Levels of Vital Signaling Pathways in Aortic Aneurysm

Quantitative polymerase chain reaction was performed for quantifying relative expression of significant ligand–receptor pairs of signaling MIF, galectin, CXCL, chemerin, and complement (Figure 7). For MIF signaling, the expression level of all ligand and receptors were upregulated: MIF = 2.142 (p < 0.05), CD74 = 23.82 (p < 0.05), CD44 = 8.476 (p < 0.05), and CXCR4 = 4.398 (P < 0.001). For galectin signaling, all ligands and receptors were overexpressed LGALS9 = 6.739 (P < 0.05), CD44 = 8.476 (p < 0.05), CD45 = 9.463 (p < 0.001). For CXCL signaling, the ligand–receptor pairs were overexpressed: CXCL12 = 14.28 (p < 0.05) and CXCR4 = 3.101 (p < 0.05). However, for chemerin signaling, the ligand RARRES2 showed a non-significant upregulation: RARRES2 = 1.560 (p = 0.113) and CMKLR1 = 12.17 (p < 0.001). Finally, the C3-C3AR pair in complement signaling was also overexpressed, C3 = 6.174 (p < 0.0001) and C3AR = 17.28 (p < 0.0001).
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FIGURE 7. Validation of the expression level of significant ligand–receptor pairs of signaling MIF, galectin, CXCL, chemerin, and complement by qPCR. *P < 0.05, **P < 0.001, ***P < 0.0001.





DISCUSSION

In the healthy mature artery, VSMCs present a terminally differentiated and quiescent state termed as contractile VSMCs, which are characterized by little capacity of proliferation and migration but high capacity of contraction (22). Contractile VSMCs exist in the tunica media and contractile to confront the expansion force when large amounts of blood are pumped from the heart into the aorta, whereas once as injury occurred or the external environment changed, contractile VSMC loss its contractile markers such as ACTA2 and MYH11 and switched into an intermediate state. VSMCs in the intermediate state could transform into distinct phenotypes by receiving distinct stimulation (20). Some VSMC phenotypes, such as macrophage-like VSMCs, showed the inherent characteristics of immune cells such as phagocytosis and secreting chemokines (23). Therefore, it is natural to doubt whether an intimate communication exists between immune cells and VSMCs. The present study aimed to address the concern.

We found that the communication intensity between macrophages and VSMCs was the highest among all immune cells, while macrophage-like VSMCs showed the highest intercellular communication with immune cells. Similarly, the communication intensity between macrophages and macrophage-like VSMCs is also noticeable. It suggests that macrophages and macrophage-like VSMCs and their interaction may play a pivotal role in the progression of aortic aneurysms.

When analyzing communication between immune cells and VSMCs, we set two directions: from immune cells to VSMCs and from VSMCs to immune cells. We raised a hypothesis that signaling from immune cells to VSMCs acts as a trigger activating VSMC switching into immune-related phenotypes. On the other hand, signaling from immune-related VSMCs to immune cells exerts a chemotaxis function that attracts more immune cells to migrate to aorta lesions. In the whole analysis results, many signaling pathways showed special importance, but we considered MIF, galectin, CXCL, chemerin, and complement to be the most important.

Among all the significant signaling pathways identified from immune cells to VSMCs, MIF signaling was the one that shines the brightest. MIF was characterized by the highest information flow. We found that MIF–(CD44-CD74) pairs mediated signaling from CD4 + T cells and CD8 + T cells to macrophage-like VSMCs. On the other hand, MIF–(CD74 + CXCR4) mediated signal transmission from contractile VSMCs, T-cell-like VSMCs, and macrophage-like VSMCs to B cells Numerous studies have shown that MIF possesses the function of recruiting and activating macrophages through combining with CD74 and CXCR2 (24–26) and promote normal cells to acquire an inflammatory phenotype by interacting with the receptor CD74 (27). MIF binds to CD74 + CXCR4, which promotes B-cell migration (28). Therefore, in aortic aneurysms, MIF from T cells plays a role in promoting the transformation of VSMCs to macrophage-like VSMCs, while MIF from VSMCs recruits immune cells (especially B cells) into aortic aneurysms. As previous studies showed that galectin 9–CD44 interaction is in favor of stability and function of adaptive regulatory T cells (29), galectin 9–CD45 inhibits naive B-cell activation (30), and can inhibit CD4 + T-cell expansion and suppress Th1 effector function (31). Hence, we speculate that macrophage-like VSMCs and macrophages both exert an immunomodulatory capacity through the galectin signaling pathway. The recipients of CXCL signals are mainly T cells, B cells, and T-cell-like VSMCs. Previous studies have shown that T and B cells infiltrated in abdominal aortic aneurysms are CXCR4-positive and are recruited by CXCL12-positive stromal cells (32). CXCL16-CXCR6 also mediates the recruitment of lymphocytes and peripheral blood mononuclear cells (33, 34). Therefore, in aortic aneurysms, mesenchymal-like, macrophage-like, and T-cell-like VSMC can recruit circulating lymphocytes through the CXCL signaling pathway, exacerbating the aortic immune response. Furthermore, CXCL may promote VSMC switch into T-cell-like phenotypes since T-cell-like VSMC is the main receiver of CXCL signaling.

Signaling complement and chemerin did not exist in the normal aorta but were turned on in aortic aneurysm. In complement signaling, macrophage-like VSMCs secreted C3 and then C3 combined with receptors in macrophages and macrophage-like VSMCs including C3AR1, ITGAM, ITGAX, and ITGB2. ITGAM (integrin αM), a surface marker in mononuclear macrophages, is also termed as CD11b. ITGAM acts as an adhesion molecule and mediated the migration of circulating monocytes/macrophages; thus, ITGAM deficiency could ameliorate aortic aneurysm expansion (35). Similarly, C2AR1, ITGAX (CD11c), and ITGB2 (CD18) also promote the infiltration of macrophages in immune-mediated disease (36–38). Hence, complement signaling exerts a harmful effect that promotes aortic aneurysm expansion through mediating macrophage infiltration and migration. Regarding chemerin signaling, all VSMC phenotypes secreted chemerin (encoded by RARRES2), and then chemerin was received by chemerin chemokine-like receptor 1 (CMKLR1) in macrophages. Chemerin–CMKLR1 pair stimulated macrophage transformation to the M1 (proinflammatory) subtype via the p-Akt/CEBPα axis (39) and mediated the migration of macrophages and dendritic cells (40). Collectively, signaling complement and chemerin mainly promoted macrophage migration, thereby aggravating aortic inflammation.



CONCLUSION

Extensive intercellular communications exist between multiple VSMC phenotypes and immune cells, as macrophages and macrophage-like VSMCs mediated the highest communication intensity.

Signaling MIF, galectin, and CXCL showed high information flow of intercellular communication, while signaling complement and chemerin were completely turned on in aortic aneurysms. MIF and galectin promoted VSMC switch into macrophage-like phenotypes, and CXCL and galectin promoted VSMC transform into T-cell-like phenotypes. MIF, galectin, CXCL, complement, and chemerin all mediated the migration and recruitment of immune cells into aortic aneurysms.
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Aim: Systemic inflammation plays an important role in the occurrence and development of acute heart failure. The modified Glasgow Prognostic Score (mGPS) and “lymphocyte C-reactive protein score” (LCS) are used to assess the inflammation levels in cancer patients. The purpose of this study was to assess the prognostic value of these two inflammation-related scoring systems in patients with acute heart failure.

Methods: Two hundred and fifty patients with acute heart failure were enrolled in this study. The mGPS and LCS scores were recorded after admission. All patients were divided into 2 groups: the death group and the survival group according to the 3-month follow-up results. The predictive values of mGPS and LCS were assessed using receiver-operating characteristic (ROC) analyses. Univariate and multivariate logistic analyses were used to evaluate the relationships between variables and endpoint.

Results: The levels of mGPS and LCS in the death group were significantly higher than those in the survival group (P < 0.05). The areas under the ROC curve of the mGPS and LCS for predicting death were 0.695 (95%CI: 0.567~0.823) and 0.736 (95%CI: 0.616~0.856), respectively. Multivariate analysis demonstrated that both LCS, LVEF and serum direct bilirubin were independent predictors of all-cause death, excluding mGPS.

Conclusions: Compared with mGPS, LCS is independently associated with short-term outcomes in patients with acute heart failure. LCS was a clinically promising and feasible prognostic scoring system for patients with acute heart failure.
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INTRODUCTION

The incidence of acute heart failure (AHF) has been increasing year by year, and has become the most common reason for unplanned admission of patients over 65 years old (1). Patients with acute heart failure have high hospital costs and long-term mortality. Prognostic assessment has played an increasingly important role in the treatment of these patients. The inseparable association of inflammation and heart failure has long been recognized in many studies (2, 3). Recently, albumin (4, 5), C-reactive protein (6, 7) and lymphocytes (8, 9) have also been reported to predict the prognoses of patients with ADHF, sometimes even better than brain natriuretic peptide in predicting in-hospital death (10).

The modified Glasgow prognostic score (mGPS) and lymphocyte C-reactive protein score (LCS), these two new and readily available markers of inflammation, were initially shown to have independent prognostic value in cancer patients (11–13). Many studies have focused on the correlation between mGPS and prognosis of cardiovascular diseases (14–16), and it has been proved to be an effective and reliable prognostic indicator for patients with acute and chronic heart failure. Recently, Okugawa et al. developed a new inflammatory scoring system based on lymphocyte count and serum CRP level, known as the LCS (12), which has not been demonstrated the effect on prognosis in patients with AHF.

The aim of this study was to evaluate the clinically prognostic efficacy of mGPS and LCS for mortality in patients with AHF and to determine the most clinical practical scoring system for predicting outcomes of patients with AHF.



METHODS


Study Population

A total of 250 patients with AHF who were hospitalized in the Department of Cardiology, The Second Affiliated Hospital of Nantong University from October 2019 to October 2020 were eventually included in this study (156 males and 94 females). All patients met the diagnostic criteria for acute heart failure (17).

Patients with rheumatic disease; patients with hematological disease; patients with malignant tumors; patients with chronic or infectious disease; patients with incomplete data and lost to follow-up and pregnant patients were excluded from the study. Patients were also excluded due to chronic or infectious disease or due to taking immunosuppressive drugs for disease control that may influence the status of mGPS and LCS.

Two hundred and fifty-eight patients were initially enrolled in this study, but 250 patients were eventually included according to the exclusion criteria. Of those, 5 patients were excluded because they lacked one of the lymphocyte, CRP and albumin data. For these 5 patients, follow-up was still carried out, and no death occurred in 5 patients. In addition, only 3 patients were lost to follow-up in this study, and these patients were also excluded.

The investigation conformed to the principles outlined in the Declaration of Helsinki. The study was approved by the Ethics Committee of The Affiliated Hospital 2 of Nantong University, Nantong (IRB number: 2019KN104), and informed consent was obtained from all patients.



Data Collection

Demographic data (age, gender, body mass index (BMI), blood pressure, heart rate and treatment) was obtained from medical records. Diagnoses of hypertension and diabetes mellitus, and dyslipidemia were obtained from the patients' medical records or records of patient histories of previous medical therapy. The levels of lymphocyte count, leucocytes, C-reactive protein (CRP) and N-terminal brain natriuretic peptide (NT-proBNP) were measured immediately after admission. All the other measurements such as aspartate transaminase (AST), albumin, total bilirubin, direct bilirubin, total cholesterol, serum creatinine and urea nitrogen were performed on the second day of hospitalization, after fasting. Echocardiographic parameters include left ventricular ejection fraction (LVEF), left atrial diameter (LAD), left ventricular end diastolic diameter (LVEDD), and left ventricular end systolic diameter (LVESD). The glomerular filtration rate was estimated using the chronic kidney disease epidemiology collaboration (CKD-EPI) equation (18). Body mass index (BMI) was calculated as kg/ m2.



Follow-Up

All patients were prospectively followed up for 3 months or until death. All-cause mortality was defined as the study end point, and data was obtained from the telephone interview and outpatient visits.



The Definition of Two Scores

The mGPS, defined based on the combination of serum CRP and albumin, was described as Table 1. Patients with both CRP ≤ 10 mg/L and albumin ≥35 g/L were classified to a score of 0; patients with either CRP >10 mg/L or albumin ≥35 g/L were classified to a score of 1 and patients with both CRP >10 mg/L and albumin <35 g/L were classified to a score of 2 (12).


Table 1. Two types of systemic inflammation-based prognostic scores.
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The LCS, was established using the circulating lymphocyte count and CRP level as mentioned earlier. Patients with both the lymphocyte count ≥ 1 × 109/L and CRP ≤ 3 mg/L were scored as 0. If only one parameter changes, that is, lymphocyte count <1 × 109/L or CRP >3 mg/L, 1 point was allocated. If both parameters were altered, that is, CRP>3 mg/L and lymphocyte count <1 × 109/L, patients received 2 points (Table 1) (11).



Statistical Analysis

Baseline continuous variables were presented as mean ± standard deviations (SD) or median with the first and fourth quartile (Q1–Q4); depending on the distribution of the data. Categorical data is presented as counts and percentages. For comparisons between the patient groups with different endpoints, the independent samples t-test, the Mann–Whitney U test, and the χ2 test were used. Multivariate analysis using stepwise logistic regression model tested variables that were significant (P < 0.1) in the univariate analysis to determine independent predictors of all-cause mortality. Receiver operating characteristic curve (ROC) was used to evaluate the predictive value of various independent predictors for mortality in patients with acute heart failure. For all tests, a p-value < 0.05 was considered statistically significant. Analyses were performed with the statistical package SPSS 25.0 (SPSS Inc., Chicago, IL).




RESULTS


Patient Characteristics

Two hundred and fifteen patients were included in the study. Demographic, clinical, and laboratory characteristics of patients on admission who reached the endpoint are shown in Table 2. The all-cause mortality rate was 6% in 3 months. The levels of LCS and mGPS in the death group were significantly higher than those in the survival group (P < 0.05). Besides this, the death group had lower LVEF, systolic and diastolic blood pressure, but higher CRP, AST, creatinine, urea nitrogen, NT-proBNP levels, LVESD and incidence of previous myocardial infarction events than the survival group (P < 0.05). No significant differences were observed with respect to gender, age, BMI, white blood cell count, lymphocyte count, hemoglobin, total bilirubin, direct bilirubin, total cholesterol, eGFR and treatment.


Table 2. Characteristics of patients who reached and did not reach the primary outcome.
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Predicting Clinical Outcome

On univariate analyses, higher New York Heart Association class, CRP, total bilirubin, direct bilirubin, urea nitrogen, LVESD, LCS and mGPS but lower LVEF, systolic and diastolic blood pressure at admission were significantly associated with outcome (P < 0.05; Table 2). Variables that had a p-value < 0.1 in the univariate analyses were used in a multivariate logistic regression analysis model. After adjusting for other potential confounding factors, multivariate analyses showed that only direct bilirubin (OR: 1.096, 95%CI: 1.019~1.178, p = 0.014), CRP (OR: 1.036, 95%CI: 1.008~1.065, p = 0.011), LVEF (OR: 0.845, 95%CI: 0.750~0.952, p < 0.01) and LCS (OR: 11.694, 95%CI: 1.433~95.409, p = 0.022) at admission were independently associated with the mortality outcomes (Table 3).


Table 3. Univariate and multivariate analysis of variables associated with prognosis in patients with acute heart failure.
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ROC Curve Analysis

The area under the ROC curve of the mGPS for predicting death was 0.695, with a cut-off level of 0.5 (95%CI: 0.567~0.823), sensitivity of 86.7%, and specificity of 44.7% (p < 0.01; Figure 1). The area under the ROC curve of the LCS for predicting death was 0.736, with a cut-off level of 1.5 (95%CI: 0.616~0.856), sensitivity of 66.7%, and specificity of 74.9% (p < 0.01; Figure 1). Although the AUC of LCS was slightly larger, there was no statistical difference between these two methods (P > 0.05; Figure 1). However, the results of multivariate analyses showed that only LCS was independently associated with the prognosis of patients with acute heart failure.


[image: Figure 1]
FIGURE 1. Receiver operating characteristic curves for LCS, and mGPS in the prediction of mortality in patients with acute heart failure. The area under the receiver operating characteristic curve (AUC) for LCS was 0.736, AUC for mGPS was 0.695.





DISCUSSION

In recent years, more and more studies have elucidated the key role of inflammatory biomarkers in the development of acute heart failure (7, 19–21). Although the role of inflammation in heart failure has been recognized, inflammation scores have not been included in the risk assessment of acute heart failure, and this gap needs to be filled. As mGPS, an inflammatory-based prognostic risk score, has been gradually explored in predicting the prognosis of patients with different types of cancer, cardiovascular physicians are discovering its value in predicting the poor prognosis of patients with acute and chronic heart failure (14–16). In 2019, LCS developed by Okugawa et al. was also proved to be a reliable marker of inflammatory response in patients with gastric cancer (12). To our knowledge, this is the first study to evaluate the predictive value of LCS in patients with acute heart failure and the first study to compare the correlation between mGPS, LCS and prognosis in patients with acute heart failure.

The study showed that the levels of LCS and mGPS in the death group were significantly higher than those in the survival group. Although both mGPS and LCS were associated with 3-month mortality in the univariate analyses (p < 0.05), and there was no significant statistical difference of the AUC between these two scoring systems, only LCS is found to be independently associated with prognosis after adjustment for relevant factors, while mGPS was excluded. In conclusion, LCS has a more promising application in predicting the prognosis of acute heart failure.

The increased level of tumor necrosis factor-α (TNF-α) in the circulation of patients with chronic heart failure since Levine (22) first advocated it in 1990, has been widely explored for decades, and accumulating studies have elucidated the pivotal role of the inflammatory biomarkers in acute and chronic heart failure (7, 19–21). The inflammation-based prognostic score LCS combining CRP and lymphocyte count was originally used to measure systemic inflammatory status and predict prognosis in cancer patients. Similar to heart failure, cancer is also a systemic disease with activated inflammatory response. Previous studies have shown that low lymphocyte counts can help identify patients at higher risk of death in heart transplant patients and in patients with various types of acute or chronic heart failure (9, 23). In addition, high CRP levels on admission and discharge are considered to be closely associated with poor prognosis in patients with acute decompensated heart failure (7, 24). In the LCS scoring system, a lower lymphocyte count and a higher CRP level are assigned a higher score. In fact, several previous studies have hinted in part at the predictive power of LCS in patients with acute heart failure. The elevation of these inflammatory biomarkers in ADHF indicates that ADHF patients are in a significant systemic inflammatory state. In the LCS scoring system, a lower lymphocyte count and a higher CRP level are assigned a higher score, quantifying the inflammatory status and providing a more comprehensive measure of systemic inflammation. This study confirmed the relationship between a more activated inflammatory state and worse prognosis in acute heart failure and reported the successful implementation of the cancer-cohort-derived LCS risk score to a cohort with AHF patients.



CONCLUSIONS

In conclusion, this study has shown the clinical utility of the simple and objective inflammation-based score in acute heart failure patients. An activated inflammatory state appears to be characteristic for a more advanced disease. Compared with mGPS, LCS is independently associated with short-term outcomes in patients with acute heart failure. The LCS may help clinicians to identify AHF patients with worse prognosis, for whom more intensive and aggressive treatment may be needed and thus improve their prognosis.



LIMITATIONS

This study was retrospective and all patients enrolled were from the same institution. In the next step, we will include a larger sample size to validate the conclusions of this study and determine whether controlling inflammatory levels in patients with acute heart failure improves patient outcomes. Besides, the follow-up time of this study was only 3 months, so the follow-up time could be extended for further verification.
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Objective: To obtain various myocardial strain parameters by using two-dimension speckle tracking echocardiography (2D-STE) technique, calculate the myocardial composite index (MCI) which combines the global longitudinal strain (GLS) of left ventricle and the left ventricular twist (LVtw), and evaluate their diagnostic efficacies for subclinical left ventricular (LV) dysfunction in patients undergoing anthracycline chemotherapy.

Methods: A total of 35 female breast cancer patients, who underwent postoperative chemotherapy in the Department of Thyroid and Breast Surgery of Nantong Third People’s Hospital from September 2018 to December 2019 and had successful follow-up, were included into the chemotherapy group, and the patients were evaluated respectively at baseline and in early, interim and later chemotherapy stages according to the course of chemotherapy; in addition, 30 healthy women undergoing physical examination during the same period were included into the control group. In different chemotherapy stages, the data such as left ventricular end diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD), interventricular septal thickness (IVST), left ventricular posterior wall thickness (LVPWT) and left ventricular ejection fraction (LVEF) were collected by using conventional echocardiography, and various myocardial strain parameters such as GLS, global radial strain (GRS), global circumferential strain(GCS) and LVtw were measured using 2D-STE, and then MCI was calculated. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the application values of various parameters in the diagnosis of early cardiotoxicity.

Results: There was a difference in MCI between patients at baseline and in the early chemotherapy stage; there were differences in GLS, LVtw and MCI between patients at baseline and in the interim chemotherapy stage; there were differences in four parameters such as MCI, GLS, LVtw and GCS between patients at baseline and in the later chemotherapy stage; The AUC of MCI was 0.915, when the cutoff value was –210.89 (%×°), the sensitivity and specificity were 84.37% and 90.41%, respectively.

Conclusion: MCI combines the longitudinal and torsional motions of myocardium, and thus has a better diagnostic value for early detection of subclinical LV dysfunction caused by anthracycline chemotherapy drugs compared with strain parameters in a single direction.
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speckle tracking technique, myocardial composite index, anthracycline chemotherapy, subclinical LV dysfunction, left ventricular function


Introduction

The anthracycline chemotherapy drugs are widely used in the treatment of hematological and solid tumors. The anthracycline-based chemotherapy regimen is a classic first-line regimen for the treatment of breast cancers. However, anthracycline drugs have side effects such as bone marrow suppression and cardiotoxicity, and the cardiotoxicity will be gradually aggravated and even irreversible along with the increase of dosage of anthracycline drugs and irreversible at the same time (1). A number of studies have confirmed that the patients may suffer from organic myocardial injury when they firstly use anthracycline drugs (2). Therefore, clinicians should pay great attention to the early detection of cardiotoxicity when using the anthracycline drugs. However, the myocardial injury is often underestimated according to left ventricular ejection fraction (LVEF), and the patients with normal LVEF may also have subclinical LV dysfunction. Therefore, LVEF is not sensitive enough for early detection of early subclinical LV dysfunction (3). The speckle-tracking echocardiography (STE) can be used to quantitatively analyze the movement and changes of myocardium through tracking the movement trajectory of myocardial echo spots on two-dimensional (2D) images, and this is currently a research hotspot in the diagnosis of early cardiac injury. However, two-dimension speckle-tracking echocardiography (2D-STE) technique can only analyze single parameters such as global longitudinal strain (GLS), global circumferential strain (GCS), global radial strain (GRS) and left ventricular twist (LVtw) of the regional myocardium. Myocardial composite index (MCI) can combine left ventricular GLS with LVtw, which can more comprehensively reflect the movement and changes of left ventricular myocardium in the three-dimensional (3D) directions. In this study, the effect of anthracycline drugs on myocardial movement in patients undergoing breast cancer chemotherapy was analyzed by using STE technique, and the application values of various parameters of STE technique in the diagnosis of early cardiotoxicity were evaluated.



Materials and methods


Study subjects

Methods: A total 35 female patients, who underwent chemotherapy after breast cancer surgery in the Department of Thyroid and Breast Surgery, Nantong Third People’s Hospital from September 2018 to December 2019 and had successful follow-up, were included into the chemotherapy group, and the patients were evaluated respectively at baseline and in the early (after 2 chemotherapy cycles), interim (after 4 chemotherapy cycles) and later (after 6 chemotherapy cycles) chemotherapy stages according to the course of chemotherapy. In addition, 30 healthy women undergoing physical examination in the hospital during the same period were included into the control group. Inclusion criteria: (1) all patients received anthracycline-based chemotherapy (FAC protocol: fluorouracil 500 mg/m2 iv d1, d8; adriamycin 50 mg/m2 iv d1; cyclophosphamide 500 mg/m2 iv d1; 21 days as a cycle)regimen and completed a total of 6 cycles of chemotherapy; (2) no obvious abnormalities were found in the electrocardiograms of patients before chemotherapy; (3) the patients with basic diseases such as hypertension, diabetes and coronary heart disease were excluded; and (4) the patients had no obvious abnormalities in routine blood biochemical indexes. A total of 50 patients were collected, of whom, 35 were followed up successfully and finally included into the chemotherapy group. The patients aged from 30 to 68 years old, with an average age of (51.66 ± 9.32) years old. The patients at baseline underwent routine echocardiography and 2D-STE at one day before chemotherapy, and the patients in other stages underwent routine echocardiography and 2D-STE at 20 days after chemotherapy. Images were collected and relevant parameters were recorded. All subjects signed an informed consent form, and this study was approved by the ethics committee of our hospital.



Instruments and methods

VIVID E9 color Doppler ultrasonic instrument of GE Company was adopted, which was equipped with M5S probe with a frequency of 1.5–4.3 MHz and EchoPAC offline workstation. Under the condition of calm breathing, the subjects were placed in a proper left lateral position and connected to an ECG monitor at the same time. The interventricular septum thickness (IVST) at end-diastole, left ventricular end diastolic dimension (LVEDD), left ventricular posterior wall thickness (LVPWT) at end-diastole and left ventricular end systolic diameter (LVESD) were measured with a probe on the long axial section of the left parasternal ventricle. LVEF was detected by using the biplane modified Simpson’s method, the 2D images of three consecutive cardiac cycles were scanned respectively from the short axis views at left ventricular mitral valve annulus, papillary muscle and apical levels, apical four-chamber view, two-chamber view and three-chamber view, which were stored in the DICOM format, then imported into EchoPAC offline workstation and played back frame-by-frame; the myocardial area was manually traced, and the software automatically divided the left ventricular myocardium into 17 segments, and displayed the strain-time curve of each segment and the corresponding bull’s eye diagram. GLS, GCS, GRS and LVtw (Figure 1) were measured. MCI was calculated according to the following formula: MCI = GLS × LVtw (unit:%×°).


[image: image]

FIGURE 1
Curve of left ventricular twist. (A) at baseline; (B) after 2 chemotherapy cycles; (C) after 4 chemotherapy cycles; (D) after 6 chemotherapy cycles.




Statistical analysis

SPSS 17.0 software was used for statistical analysis, the measurement data in each group were expressed as mean ± standard deviation and tested for normal distribution and homogeneity of variance. t-test or one-way analysis of variance (ANOVA) was used to compare the differences between the groups. A bivariate correlation analysis was performed using Pearson correlation analysis. The receiver operating characteristic (ROC) curves of all global strain parameters were drawn to evaluate their diagnostic values for subclinical LV dysfunction, and the area under the curve (AUC) and the optimal cutoff value were determined.




Results


Comparison of various indexes between the control group and the patients at baseline

Table 1 showed that there were no significant differences in various indexes between the control group and the patients at baseline (all P > 0.05).


TABLE 1    Comparison of various indexes between the control group and the patients at baseline ([image: image] ± s).
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Comparison of various indexes in the chemotherapy group among different chemotherapy stages

Table 2 indicated that the patients in chemotherapy group showed no significant differences in LVEDD, LVESD, IVST, LVPWT, LVEF and GRS among different chemotherapy stages (all P > 0.05). The MCI in the early chemotherapy stage was higher than that at baseline, the GLS and MCI in the interim chemotherapy stage were higher than those at baseline, and LVtw in the interim chemotherapy stage was lower than that at baseline. GCS, GLS and MCI in the later chemotherapy stage were higher than those at baseline, and LVtw in the later chemotherapy stage was lower than that at baseline.


TABLE 2    Comparison of various indexes in the chemotherapy group among different chemotherapy stages ([image: image] ± s).
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Analysis on the correlations of the cumulative dose of adriamycin with global radial strain, global circumferential strain, global longitudinal strain, left ventricular twist and myocardial composite index

The cumulative doses of adriamycin at baseline and in early, interim and later stages were 0, 100, 200, and 300 mg/m2, respectively. Spearman correlation analysis showed that the cumulative dose of adriamycin was positively correlated with GCS, GLS and MCI, and negatively correlated with GRS and LVtw. With the increase of cumulative dose of adriamycin, all absolute values of GRS, GCS, GLS, LVtw and MCI were decreased (Table 3).


TABLE 3    Analysis on the correlations of the cumulative dose of adriamycin with GRS, GCS, GLS, LVtw, and MCI.

[image: Table 3]



Evaluation of effectiveness of two-dimension speckle tracking echocardiography parameters and myocardial composite index in the prediction of subclinical dysfunction

The results of this study showed that the AUCs of GRS, GCS, GLS, LVtw and MCI for subclinical LV dysfunction prediction were 0.607, 0.601, 0.893, 0.814, and 0.915, respectively, and their corresponding sensitivities were 53.13%, 71.87%, 93.75%, 75.00% and 84.37%, respectively, and their corresponding specificities were 68.49%, 52.05%, 71.23%, 80.82% and 90.41%, respectively (Table 4 and Figure 2).


TABLE 4    Results of ROC analysis of 2D-STE parameters and MCI.
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FIGURE 2
ROC curve for 2D-STE parameters and MCI.





Discussion


Anthracycline-induced cardiotoxicity and its mechanism

Anthracycline-induced cardiotoxicity mainly causes changes in cardiac electrophysiology and cardiac hemodynamics, which are manifested as abnormal ECG, decreased LVEF and abnormal myocardial activity, and may eventually lead to heart failure.

The pathological manifestations of the damaged myocardium caused by anthracycline toxicity mainly include myocardial edema, disappearance of myocardial cells, interstitial fibrosis and sarcoplasmic reticulum expansion under light microscope, and myocardial fibrinolysis, extensive disappearance of fiber bundles, deformed and broken Z-line, mitochondrial lysis and vacuole formation in myocardial cells under the electron microscope (4).

The cardiotoxicity of anthracycline anticancer drugs can be divided into the following three types according to its onset time and progression speed: (1) acute or subacute cardiotoxicity which usually occurs within 2 weeks after the start of treatment; (2) chronic cardiotoxicity which usually occurs within 1 year after the completion of chemotherapy and is the most common clinical cardiotoxicity; (3) delayed cardiotoxicity which is cardiac injury occurring at 1 year after completion of chemotherapy (5).

The exact mechanism of anthracycline-induced cardiotoxicity remains unclear. At present, the main categories of views are as follows: (1) The most classic oxidative stress theory: Anthracycline drugs can generate oxidative active substances such as superoxide anions through a series of processes in the mitochondria of myocardial cells, which can lead to apoptosis and necrosis of myocardial cells. Meanwhile, anthracycline drugs can lead to a failure of myocardial cells to metabolize harmful substances such as oxygen free radicals in time and further aggravate the myocardial injury (6). Anthracycline drugs can increase the iron content in myocardial cells, leading to the production of hydroxyl radicals, which in turn damage mitochondrial DNA (7). (2) Calcium overload theory: Anthracycline drugs can rapidly increase the intracellular free Ca2+ content, which can inhibit the excitation-contraction coupling of myocardial cells and induce arrhythmias (8).



Evaluation of cancer therapeutics-related cardiac dysfunction and subclinical LV dysfunction

Endocardial myocardial biopsy is recognized as the gold standard for evaluating the anthracycline-induced cardiotoxicity, but this method is invasive and rarely used in clinical practice. Therefore, LVEF is generally used to evaluate cardiac dysfunction related to cancer treatment in clinical practice. American Society of Echocardiography (ASE) and European Association of Cardiovascular Imaging (EACVI) defines the cancer therapeutics-related cardiac dysfunction (CTRCD) as: the decrease in LVEF caused by cancer treatment is > 10% of baseline LVEF and reaches less than 53% absolute value (9). In this study, finally it was found that 5 patients finally met the diagnostic criteria for cancer therapeutics-related cardiac dysfunction (CTRCD). However, LVEF has some limitations in monitoring cardiotoxicity. LVEF is a load-dependent index, which is easily affected by preload, afterload and rhythm of the heart. At the same time, the chemotherapy-induced cardiotoxicity is regional, and some myocardial segments may compensate for the loss of function of other myocardial segments, thus maintaining a normal LVEF level at least in the early stage (10). Moreover, this is credible only if the difference in LVEF measured by 2D echocardiography among paitents in different stages reaches 10%. However, this is the same magnitude of change used to adjudicate CTRCD. Therefore, scholars doubt the sensitivity of LVEF measured by 2D echocardiography in diagnosing CTRCD (9).

In addition, many studies have shown that the myocardium has been injured before the abnormal LVEF occurs (2), and the myocardial injury has been irreversible at that time (1), so that the timing for cardioprotective intervention is delayed. Therefore, LVEF is not sensitive for early detection of subclinical heart disease, and it cannot sensitively reflect the small changes in left ventricular function.

Based on this, clinicians have been trying to diagnose this latent subclinical myocardial injury before LVEF is significantly reduced in clinical practice. At present, the imaging diagnosis methods of subclinical LV dysfunction mainly contain various new ultrasound technologies such as velocity vector imaging, strain rate imaging, tissue Doppler imaging and STE, of which, the STE technique (mainly including 2D-STE and 3D-STE techniques) is not affected by the angle of sound beam and thus can be used to perform quantitative analyses, which can also be visually displayed with the “bull’s eye diagram” at the same time, it has the characteristics of sustainable dynamic detection and low cost, shows increasing obvious advantages and has become a research hotspot in recent years. The main observation indexes of STE technique include parameters such as longitudinal strain, radial strain, circumferential strain, area strain, twist and synchronization of left ventricular myocardium. The STE technique is not only used to analyze the basal segment, the middle segment and the apical segment of the standard section separately, but also used to stratifiedly analyze the epimyocardium, mid-myocardium and endomyocardium of the left ventricular wall. It is recommended by the consensus committee consisting of ASE and EACV that a relative reduction of more than 15% in GLS from baseline in patients receiving anticancer therapy can be used as a diagnostic criterion for subclinical LV dysfunction (9). In this study, finally it was found that 22 patients met the diagnostic criteria for subclinical LV dysfunction.



Assessment of anthracycline -induced cardiotoxicity by global longitudinal strain, left ventricular twist and myocardial composite index

Many studies have shown that GLS is considered to be the most sensitive marker of subclinical LV dysfunction in the application of 2D-STE (11–14), and there are mainly the following two views on its pathological basis: (1) According to Torrent-Guasp’s myocardial band theory, the cardiac pulsation is composed of a complex towel-wringing-like movement of the myocardium; and (2) the endomyocardium is mainly composed of longitudinal myocardial fibers responsible for longitudinal movement, and the endocardium is more vulnerable to damage due to its direct contact with chemotherapy drugs. In this study, there was a difference in GLS between patients in the interim chemotherapy stage and at baseline, and GLS was decreased gradually with the increase of the cumulative dose of adriamycin, which was similar to previous research results at home and abroad.

This study also showed that LVtw also presented a good diagnostic value, and there was a significant difference in LVtw between patients in the interim chemotherapy stage and at baseline, which was decreased continuously with the increase of the cumulative dose of adriamycin. An in vitro study has confirmed that there are two main mechanisms for the decrease in twist mechanics in patients treated with anthracycline drugs. First, Anthracycline drugs can cause myofilament degradation by activating calpain, resulting in myofilament disorder. Carnosine is the largest known protein and a component of myofilament system, and its effect on the activation and recovery of cardiomyocytes has been confirmed. Second, it has been reported that twist mechanics is closely related to the transmural gradient of carnosine subtypes in animal models (15).

Systole and diastole of left ventricle are a complex movement process in 3D space, which can be divided into the longitudinal, radial and circumferential movements, and its own torsion movement at the same time. MCI can comprehensively analyze the movements in both directions of left ventricular twist and longitudinal strain at the same time. Previous studies have shown that MCI has a better diagnostic efficacy compared with the index in single direction for early cardiotoxic injury (11–13, 16). In this study, there were no differences in GLS and LVtw between patients in the early chemotherapy stage and at baseline, but MCI combining two parameters such as GLS and LVtw showed a difference between patients in the early chemotherapy stage and at baseline. Meanwhile, MCI showed a trend of continuous worsening with the increase of chemotherapy cycles, indicating that MCI was related to the cumulative dose of adriamycin. Moreover, the area under the curve (AUC) of MCI was largest after ROC analysis, and its diagnostic efficacy was higher than those of other parameters in a single direction.

In a previous study on the latest 3D-STE technique, the global area strain (GAS) has been used as a new index, which simultaneously integrates the longitudinal and circumferential strains of the myocardium (17). Compared with the strain in a single direction, the GAS is superior to the conventional strain parameters in detecting early left ventricular systolic dysfunction (18, 19).

At present, there are few research reports on MCI, and more research data are needed to evaluate the subclinical LV dysfunction. In addition, MCI needs to be calculated manually. Subsequently, if the echocardiography manufacturers can realize the objective of directly calculating this index in the analysis software used for the STE technique, the convenience of operation will can be improved.



Clinical significance

This study shows that STE technique is of great significance in identifying early myocardial injury, and can help clinicians predict the cardiotoxicity of anthracycline in the treatment of breast cancer patients earlier. Because the cardiac pulsation is a complex 3D movement, MCI can comprehensively analyze the movements of the heart in the multi-dimensional space, and can detect the subclinical cardiac injury earlier. This index can help clinicians timely participate in the cardioprotective treatment, control the accumulated dose of chemotherapy drug and reduce the cardiotoxicity of drugs to avoid the irreversible myocardial injury.




Limitations

The limitations of this study were as follows: (1) The sample size of this study was small, and we will conduct a relative study with a larger sample size in the future; (2) the patients in this study were followed up for a short period of time, and the long-term effects of chemotherapy drugs on various cardiac parameters could not be observed; (3) biomarkers such as troponin were not included into this study, and these indexes can be included into subsequent study; and (4) the selected patients were not analyzed using 3D-STE technique, and GAS was not included in the comparative analysis, which will be analyzed in the future studies.



Conclusion

STE technique can detect anthracycline-induced myocardial injury in time; compared with 2D-STE parameters in a single direction (GLS, GCS, GRS, and LVtw), MCI can detect subclinical LV dysfunction earlier and has a better diagnostic efficiency; the patients receiving anthracycline chemotherapy may have subclinical LV dysfunction even if their LVEF is normal, and the subclinical LV dysfunction is manifested as deteriorated GLS, LVtw, and MCI, which are correlated with the cumulative dose of anthracycline drugs.



Data availability statement

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



Ethics statement

The study was approved by the ethics committee of Nantong Third People’s Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

JZ and JW designed the study. HJ, JZ, SX, and XG contributed to data collection, analyses and interpretation. JZ contributed to the statistical analysis. HJ, JZ, and JW contributed to the manuscript writing, reviewing and editing. All authors read and approved the final manuscript.



Funding

This study was supported by Nantong Municipal Health Commission (No. MB2021055).



Conflict of interest

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



Publisher’s note

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



References

1. Lipshultz SE, Lipsitz SR, Sallan SE, Dalton VM, Mone SM, Gelber RD, et al. Chronic progressive cardiac dysfunction years after doxorubicin therapy for childhood acute lymphoblastic leukemia. J Clin Oncol. (2005) 23:2629–36. doi: 10.1200/JCO.2005.12.121

2. Lipshultz SE, Rifai N, Sallan SE, Lipsitz SR, Dalton V, Sacks DB, et al. Predictive value of cardiac troponin T in pediatric patients at risk for myocardial injury. Circulation. (1997) 96:2641–8. doi: 10.1161/01.CIR.96.8.2641

3. Chinese Society of Clinical Oncology, Chinese Anti-cancer Association, Chinese Society of Hematology, Chinese Medical Association. [An interpretation of expert panel consensus statement on prevention and treatment of anthracycline cardiotoxicity]. Chin. J. Hematol. (2011) 32:727–8. doi: 10.3760/cma.j.issn.0253-2727.2011.10.25

4. Chinese Society of Hematology. Chinese expert consensus on prevention and treatment of cardiotoxicity of anthracycline antineoplastic drugs (2011 edition). J Clin Oncol. (2011) 16:1122–9. doi: 10.3969/j.issn.1009-0460.2011.12.017

5. Barry E, Alvarez JA, Scully RE, Miller TL, Lipshultz SE. Anthracycline-induced cardiotoxicity: course, pathophysiology, prevention and management. Expert Opin Pharmacother. (2007) 8:1039–58. doi: 10.1517/14656566.8.8.1039

6. Vejpongsa P, Yeh ET. Prevention of anthracycline-induced cardiotoxicity: challenges and opportunities. J Am Coll Cardiol. (2014) 64:938–45. doi: 10.1016/j.jacc.2014.06.1167

7. Simůnek T, Stérba M, Popelová O, Adamcová M, Hrdina R, Gersl V. Anthracycline-induced cardiotoxicity: overview of studies examining the roles of oxidative stress and free cellular iron. Pharmacol Rep. (2009) 61:154–71. doi: 10.1016/S1734-1140(09)70018-0

8. Nelson-Veniard M, Thambo JB. [Chemotherapy-induced cardiotoxicity: incidence, diagnosis and prevention]. Bull Cancer. (2015) 102:622–6. doi: 10.1016/j.bulcan.2015.03.014

9. Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie M, et al. Expert consensus for multimodality imaging evaluation of adult patients during and after cancer therapy: a report from the American society of echocardiography and the European association of cardiovascular imaging. J Am Soc Echocardiogr. (2014) 27:911–39. doi: 10.1016/j.echo.2014.07.012

10. Sawaya H, Sebag IA, Plana JC, Januzzi JL, Ky B, Cohen V, et al. Early detection and prediction of cardiotoxicity in chemotherapy-treated patients. Am J Cardiol. (2011) 107:1375–80. doi: 10.1016/j.amjcard.2011.01.006

11. Yong H, Ming C, Qu J, Xia L, Yun D, Min X, et al. The role of speckle tracking echocardiography in identifying postoperative chemotherapeutic cardiotoxicity in patients with breast cancer. Chin J Med Ultrasound. (2014) 11:397–402. doi: 10.3877/cma.j.issn.1672-6448.2014.05.009

12. Liu B, Zheng H, Zhou W, Xu FF, Zhang JX. Evaluation of occult myocardial toxicity in GP chemotherapy regimen of lung cancer patients by 3D-STI combined with cardiac comprehensive index. Med Inform. (2019) 32:100–4.

13. Xu FF, Zheng H, Hu LL, Chen N, Zhou W, Li CM, et al. Evaluation of cardiotoxicity after receiving anthracycline in patients with breast cancer by using myocardial composite index based on 3D-STI. Acta Univ Med Anhui. (2018) 53:146–51. doi: 10.19405/j.cnki.issn1000-1492.2018.01.03

14. Potter E, Marwick TH. Assessment of left ventricular function by echocardiography: the case for routinely adding global longitudinal strain to ejection fraction. JACC Cardiovasc Imaging. (2018) 11(2 Pt 1):260–74. doi: 10.1016/j.jcmg.2017.11.017

15. Motoki H, Koyama J, Nakazawa H, Aizawa K, Kasai H, Izawa A, et al. Torsion analysis in the early detection of anthracycline-mediated cardiomyopathy. Eur Heart J Cardiovasc Imaging. (2012) 13:95–103. doi: 10.1093/ejechocard/jer172

16. Mornoş C, Petrescu L. Early detection of anthracycline-mediated cardiotoxicity: the value of considering both global longitudinal left ventricular strain and twist. Can J Physiol Pharmacol. (2013) 91:601–7. doi: 10.1139/cjpp-2012-0398

17. Yao J, Xu D, Dai Y, Zhang YJ, Xie B, Li XQ. Evaluation of left ventricular contraction pattern and function in normal subjects with area strain. Chin J Ultrasonogr. (2013) 22:1–5. doi: 10.3760/cma.j.issn.1004-4477.2013.01.001

18. Galderisi M, Esposito R, Schiano-Lomoriello V, Santoro A, Ippolito R, Schiattarella P, et al. Correlates of global area strain in native hypertensive patients: a three-dimensional speckle-tracking echocardiography study. Eur Heart J Cardiovasc Imaging. (2012) 13:730–8. doi: 10.1093/ehjci/jes026

19. Wen H, Liang Z, Zhao Y, Yang K. Feasibility of detecting early left ventricular systolic dysfunction using global area strain: a novel index derived from three-dimensional speckle-tracking echocardiography. Eur J Echocardiogr. (2011) 12:910–6. doi: 10.1093/ejechocard/jer162












	
	TYPE Original Research
PUBLISHED 12 August 2022
DOI 10.3389/fcvm.2022.983803






Impact of borderline pulmonary hypertension due to left heart failure on mortality in a multicenter registry study: A 3-year survivorship analysis

Yangyi Lin1, Lingpin Pang2, Shian Huang2, Jieyan Shen3, Weifeng Wu4, Fangming Tang5, Weiqing Su6, Xiulong Zhu7, Jingzhi Sun8, Ruilin Quan1, Tao Yang1, Huijun Han9 and Jianguo He1*


1Department of Pulmonary Vascular Disease, State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China

2Cardiovascular Medicine Center, Affiliated Hospital of Guangdong Medical University, Zhanjiang, China

3Department of Cardiology, Renji Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

4Department of Cardiology, The First Affiliated Hospital of Guangxi Medical University, Nanning, China

5Department of Cardiology, Nongken Central Hospital of Guangdong Province, Zhanjiang, China

6Department of Cardiology, Lianjiang People's Hospital, Lianjiang, China

7Department of Cardiology, People's Hospital of Gaozhou, Gaozhou, China

8Department of Cardiology, Affiliated Hospital of Jining Medical University, Jining, China

9Department of Epidemiology and Biostatistics, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences and School of Basic Medicine, Peking Union Medical College, Beijing, China

[image: image2]

OPEN ACCESS

EDITED BY
Jia Qi, Shanghai Jiao Tong University, China

REVIEWED BY
Xuelian Wang, Shanghai General Hospital, China
 Sheng Cai, Zhejiang University, China

*CORRESPONDENCE
 Jianguo He, hejianguofw@163.com

SPECIALTY SECTION
 This article was submitted to General Cardiovascular Medicine, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 01 July 2022
 ACCEPTED 28 July 2022
 PUBLISHED 12 August 2022

CITATION
 Lin Y, Pang L, Huang S, Shen J, Wu W, Tang F, Su W, Zhu X, Sun J, Quan R, Yang T, Han H and He J (2022) Impact of borderline pulmonary hypertension due to left heart failure on mortality in a multicenter registry study: A 3-year survivorship analysis. Front. Cardiovasc. Med. 9:983803. doi: 10.3389/fcvm.2022.983803

COPYRIGHT
 © 2022 Lin, Pang, Huang, Shen, Wu, Tang, Su, Zhu, Sun, Quan, Yang, Han and He. 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.



Background: Patients with left heart failure (LHF) are often associated with the development of pulmonary hypertension (PH) which leads to an increased risk of death. Recently, the diagnostic standard for PH has changed from mean pulmonary arterial pressure (mPAP) ≥25 mmHg to >20 mmHg. Nonetheless, the effect of borderline PH (mPAP: 21–24 mmHg) on the prognosis of LHF patients is unclear. This study aimed to investigate the relationship between borderline PH and 3-year clinical outcomes in LHF patients.

Methods: A retrospective analysis of a prospective cohort study was done for LHF patients who underwent right heart catheterization (RHC) between January 2013 and November 2016. The primary outcome was all-cause mortality; the secondary outcome was rehospitalization.

Results: Among 344 patients, 62.5% were identified with a proportion of PH (mPAP ≥ 25), 10.8% with borderline PH (21–24), and 26.7% with non-PH ( ≤ 20), respectively. Multivariable Cox analysis revealed that borderline PH patients had a higher adjusted mortality risk (HR = 3.822; 95% CI: 1.043–13.999; p = 0.043) than non-PH patients. When mPAP was treated as a continuous variable, the hazard ratio for death increased progressively with increasing mPAP starting at 20 mmHg (HR = 1.006; 95% CI: 1.001–1.012). There was no statistically significant difference in adjusted rehospitalization between borderline PH and non-PH patients (HR = 1.599; 95% CI: 0.833–3.067; p = 0.158).

Conclusions: Borderline PH is independently related to increased 3-year mortality in LHF patients. Future research is needed to evaluate whether more close monitoring, and managing with an intensifier improves clinical outcomes in borderline PH caused by LHF.

Clinical trials registration: www.clinicaltrials.gov NCT02164526.

KEYWORDS
 borderline pulmonary hypertension, left heart failure, mean pulmonary artery pressure (mPAP), mortality, right heart catheterization (RHC)


Introduction

Pulmonary hypertension (PH) due to left heart failure (PH-LHF), also known as post-capillary pulmonary hypertension [pulmonary arterial wedge pressure (PAWP) >15 mmHg], is the most prevalent kind of PH, affecting around 5% of people aged 65 and older (1). Elevated mean pulmonary arterial pressure (mPAP) of ≥25 mmHg determined by right heart catheterization (RHC) at rest in supine position is the essential condition for PH diagnosis (2, 3). However, in the 6th World Symposium on Pulmonary Hypertension (WSPH), this threshold value was dropped to 20 mmHg to define PH for all subgroups (mPAP > 20 mmHg) (4). Nonetheless, data on modestly raised mPAP (21–24 mmHg), sometimes known as borderline PH, remain scarce (5). This proposal has sparked extensive debate among academic institutions (6, 7).

Opponents have stated that the diagnosis is “life-threatening,” but no approved or evidence-based therapy is available so far, the immediate and profound psychological damage may outweigh the benefits of an early PH diagnosis. Furthermore, physicians may face treatment dilemmas, such as whether borderline PH patients may be administered off-label treatment (6). As no specific PH treatment is currently available, the new criterion has little or no impact on therapy for PH-LHF patients (8). Should the new hemodynamic criterion be worth adopting in LHF patients? Therefore, investigating the outcome of borderline PH-LHF will provide an essential foundation for deciding whether to adopt the new criterion or not.

Although previous researches have suggested that mPAP may be prognostic in patients with left heart disease, it is unknown whether borderline PH worsens mortality in people with LHF. For instance, one study revealed that mPAP is the strongest hemodynamic predictor of mortality in patients with LHF. However, this study did not analyze whether there is a survival difference between patients without PH (mPAP ≤ 20 mmHg) and those with borderline PH (9). Additionally, two large cohort studies demonstrated that the borderline PH is associated with an increased risk of death (10, 11). Nevertheless, they defined borderline PH as mPAP between 19 and 24 mmHg, and LHF proportion was 8.8 and 48.2%, respectively, in their recruited patients. As a result, their outcomes may be insufficient in LHF patients. Thus, our study sought to determine whether borderline PH is related to higher mortality in LHF patients.



Materials and methods


Study design and participants

The study design and patient selection flowchart is shown in Figure 1, which was a retrospective analysis of a prospective, multicenter registry study of LHF patients who received RHC between January 2013 and November 2016. The study protocol was approved by Fuwai Hospital's Institutional Review Board (Approval No. 2012-401) and was carried out adopting the Helsinki Declaration, and was registered on ClinicalTrials.gov (Identifier: NCT02164526). All patients enrolled were provided written informed consent.


[image: Figure 1]
FIGURE 1
 The study design and flowchart for the selection of patients. LHF, left heart failure; RHC, right heart catheterization; PH, pulmonary hypertension.


Patients were enrolled in the study according to the following criteria: (1) patients with a verified diagnosis of LHF following the current heart failure guideline (12). (2) patients who underwent RHC between January 2013 and November 2016. Patients were excluded if they met any of the following criteria: (1) hypertrophic obstructive cardiomyopathy; (2) right ventricular outflow tract stenosis; (3) pericardial disease; (4) patients with chronic lung disease; (5) HF due to valvular heart disease; (6) pre-capillary PH (mPAP > 20 mmHg, PAWP ≤ 15 mmHg).



Measurements and data collection

PH-LHF patients were extensively clinically assessed by PH experts to exclude PH due to other etiologies. Biochemical blood tests were performed within 24-h of admission. The initial measurement on admission was used to acquire the blood pressure, heart rate, echocardiographic, and biochemical parameters. RHC and left heart catheterization were used to achieve hemodynamic parameters. RHC was conducted to confirm a physician's diagnosis of suspected PH-LHF, performed in stable and non-acute clinical settings. PAWP was measured at end-diastole at rest; when PAWP measurement is unreliable, left cardiac catheterization was used to determine left ventricular end-diastolic pressure (LVEDP). Traditionally defined PH is an increase in mPAP ≥ 25 mmHg at rest; borderline PH is defined as an mPAP value of 21–24 mmHg. Coronary artery disease (CAD) is defined as 50% or more stenosis of at least one coronary artery by quantitative coronary angiography or having a prior physician-documented history of CAD. HFpEF, HFmrEF, and HFrEF are defined as left ventricular ejection fraction (LVEF) ≥ 50%, LVEF 41–49%, and LVEF ≤ 40%, respectively. All enrolled patients had data from two-dimensional echocardiography and RHC. Medical histories, demographics, baseline clinical and radiograph data, laboratory results, and treatments were reviewed from our registry study's database records.



Exposure

The exposure was mPAP as reported in our dataset. To determine if borderline PH affects mortality in patients with LHF, patients were divided into three groups i.e., non-PH (mPAP ≤ 20 mmHg), borderline PH (mPAP: 21–24 mmHg), and the traditionally defined PH (mPAP ≥ 25 mmHg) (2).



Outcomes and follow-up

Our primary outcome measure was the time interval between enrolment and all-cause mortality. The secondary outcome measure was the time interval between enrollment and rehospitalization for any reason. Every 6 months ± 2 weeks, patients were followed up by phone calls, messages, or outpatient visits, and it was confirmed whether they died or were re-hospitalized at each follow-up. Patients who could not be reached by phone, message, hospital system, or other available means more than three times and lasted for more than 6 months were defined as lost to follow-up.



Missing and extreme data

Linear interpolation was used to handle the missing variables, which were then fed into the multivariable model for analysis. Missing data was defined as the absence of both values concurrently for variables with the same clinical significance, such as BNP and NT-proBNP. Biomarker levels below the detection limit were set to half that level, while those over the detection limit were set to the upper limit level. Hemodynamic parameters were examined for physiologically incredible values, which were classified as mPAP <5 or >80 mmHg, and PAWP <0 or >60 mmHg. As a result, none of the patients possessed extraordinary values.



Statistical analysis

The statistical analysis was performed using R (version 4.0.2) and SPSS (version 24.0). Continuous variables were presented as mean ± standard deviation for normally distributed data, or, in case of skewed distributions, median with interquartile range (IQR, 25th−75th percentiles), categorical variables were reported as counts and percentages (%). Whenever appropriate, continuous variables were transformed into categorical variables using a median or mean in regression analysis. The baseline demographic, clinical, and hemodynamic characteristics of non-PH, borderline PH, and traditionally defined PH groups were compared using one-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc test or Games-Howell post hoc test for normally distributed variables, Kruskal-Wallis with Bonferroni correction post hoc test for skew distributed variables and the Chi-square test for categorical variables. We employed one-way ANOVA with trend analysis or Linear-by-Linear Associated trend analysis to determine whether variables tended in one direction across groups. To identify factors linked with PH, univariate and multivariate logistic regression were used. Kaplan-Meier survival curves were produced using either death or rehospitalization as events, and log-rank tests were used to make unadjusted group comparisons for time to event outcomes. Patients with more than 3 years of follow-up were censored after 36 months. Univariate Cox proportional hazard regression analyses were followed by multivariate Cox proportional hazard regression to identify predictors of death or rehospitalization. The proportionality of hazards for each variable was determined by examining the statistical significance of interactions between follow-up time and variables. A cubic spline model was built to describe the association between mPAP and all-cause mortality hazard ratio (HR); the number of knots was chosen to produce the best fit as measured by the Akaike information criteria. To determine the predictive accuracy of mPAP for mortality, the Youden's index and area under the curve of the time-dependent receiver operating characteristic (ROC) curve were determined. The statistical significance level was established at 0.05 on a two-sided scale.




Results


Characteristics of study population

After applying the inclusion and exclusion criteria, 92 (26.7%) patients were found to be without PH, 37 (10.8%) with borderline PH, and 215 (62.5%) with traditionally defined PH and were regarded as appropriate for this study (Figure 1). This cohort study patients were primarily male subjects (n = 253, 73.5%) and had been diagnosed with LHF within 30 days (n = 298, 86.6%) with a mean age of 63.3 years (standard deviation [SD], 12.0 years) for all included patients. The median mPAP was 27 mmHg (interquartile range [IQR], 20–32 mmHg; minimum, 7 mmHg; maximum, 70 mmHg), and the distribution of mPAP is depicted in the histogram (Supplementary figure S1). The median PAWP was found to be 19 mmHg (IQR, 17–24 mmHg; minimum, 16 mmHg; maximum, 45 mmHg), and mean ejection fraction (EF) was 54.2% (SD, 10.6%; minimum, 16%; maximum, 80.0%). CAD was the most prevalent co-morbidity (n = 263, 76.5%); among which, 208 (79.1%) had HFpEF, 32 (12.2%) had HFmrEF, and 23 (8.7%) had HFrEF. Table 1 summarizes the cohort's baseline demographic, clinical, and hemodynamic parameters. Except for the uric acid and hemodynamic variables determined by RHC, there were no significant differences between the non-PH and borderline PH groups (Table 1). Covariate variables had missing values ranging from 0.3% for platelets to 12.2% for natriuretic peptides (Table 1).


TABLE 1 Baseline demographic, clinical and hemodynamic characteristics by non-PH, borderline PH, and traditionally defined PH status.
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Impact of borderline PH on outcomes

Within 3 years, 18 (5.2%) patients were lost to follow-up, one with borderline PH, four with non-PH, and 13 with traditionally defined PH. The Kaplan-Meier survival analysis revealed that the unadjusted mortality was intermediated for borderline PH relative to traditionally defined PH and the non-PH group (Figure 2A), with a 3-year mortality rate of 4.5% for the non-PH group, 16.7% for the borderline PH group, and 23.1% for traditionally defined PH group, respectively. The non-PH, borderline PH and traditionally defined PH groups had 1-year death rates of 1.1, 2.8, and 5.2%, respectively, while it was 2.2, 8.3, and 13.3% in 2 years. After controlling for clinical factors that were individually significant in univariate Cox regression analysis, the traditionally defined PH group had the maximum mortality hazard ratio (HR = 4.023; 95% CI: 1.411–11.465; p = 0.009). Additionally, a 3.8-fold increase in the risk of adjusted hazard for mortality in the borderline PH group (HR = 3.822; 95% CI: 1.043–13.999; p = 0.043) compared to the non-PH group (Table 2) was observed. By employing either forward or backward stepwise regression, borderline and traditionally defined PH were retained in the model and demonstrated the most significant predictive performance. Furthermore, we also observed that the rehospitalization was intermediated for borderline PH relative to traditionally defined PH and the non-PH group (Figure 2B), with 3-year rehospitalization rates of 27.3% for the non-PH group, 40.5% for borderline PH group, and 53.7% for traditionally defined PH group, respectively. The 1-year rehospitalization rates were 14.1% for non-PH, 21.6% for borderline PH, and 24.0% for traditionally defined PH, respectively, while they were 22.9, 32.4, and 43.5%, respectively, after 2 years. The adjusted HR for rehospitalization was highest in patients with traditional defined PH (HR = 2.010; 95% CI: 1.263–3.197; p = 0.003), but there was no statistically significant difference in the increased HR in borderline PH patients compared to the non-PH group (HR = 1.599; 95% CI: 0.833–3.067; p = 0.158) (Supplement Table S1). The small sample size may explain this result.


[image: Figure 2]
FIGURE 2
 3-year survival and hospitalization-free survival for without pulmonary hypertension (PH) (mPAP ≤ 20 mmHg), borderline PH (21–24 mmHg), and traditionally defined PH (≥25 mmHg) patients, and Kaplan-Meier analysis of the probability of all-cause mortality (A) (Log-rank, p < 0.001) and rehospitalization (B) (Log-rank, p < 0.001) was performed.



TABLE 2 Hazard ratio for mortality among patients assigned to the borderline PH and traditionally defined PH groups compared with the non-PH group.

[image: Table 2]



Impact of mPAP on mortality

When mPAP was treated as a continuous variable, the adjusted HR for all-cause mortality increased promptly and incrementally across a wide range of mPAP values, beginning at 20 mmHg (HR = 1.006; 95% CI: 1.001–1.012) and continuing to 70 mmHg (Figure 3A). Additionally, it was discovered that a one mmHg incremental increase in mPAP has the most significant effect on death risk between 21 and 24 mmHg, the effect gradually weakened beyond this range (Supplement Figure S2). This finding implies that patients with borderline PH are susceptible when exposed to the progressively increased mPAP. ROC curves indicated that the discriminating power of mPAP to predict death was greatest at 1 year (Figure 3B). ROC analysis identified a cut-off value of 37.5 (mmHg) for mPAP as a predictor of 1-year mortality, with a sensitivity of 53.8%, specificity of 89.1%, positive predictive value (PPV) of 16.3%, and negative predictive value (NPV) of 98.0%.
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FIGURE 3
 (A) The adjusted hazard ratio for mortality according to mean pulmonary artery pressure (mPAP). (B) Receiver operator characteristic (ROC) curves with associated area under the curve (AUC) of mPAP to predict mortality at 1-, 2-, and 3-year.




Factors associated with new and traditionally defined PH

A logistic regression analysis was used to investigate the association of factors (excluding RHC variables) with new defined PH (mPAP > 20 mmHg) and traditional defined PH (mPAP ≥ 25 mmHg). Multivariate logistic regression analysis showed that left ventricular end diastolic diameter (LVEDD) and right ventricular anteroposterior diameter (RVAPD) were independent predictive factors of both prediction models (for predicting new defined PH, and traditionally defined PH, respectively) (Supplementary Tables S2, S3). LVEDD contributed more predictors to both prediction models than RVAPD, as measured by the partial chi-square statistic minus the predictor degrees of freedom (7.4 vs. 4.3, 10.0 vs. 4.7, respectively).




Discussion

The current study analysis of LHF patients who underwent RHC from a multicenter registry cohort revealed not just traditionally defined PH but borderline PH is also independently linked with increased 3-year all-cause mortality. Additionally, as the mPAP value was above 20 mmHg, the adjusted mortality hazard ratio increased directly and progressively, with the most remarkable interval change observed in patients with an mPAP between 21 and 24 mmHg. These findings demonstrate that borderline PH has the same clinical significance as traditionally defined PH and supports the new PH hemodynamic criteria (mPAP > 20 mmHg) adopted in LHF patients.

At the first WSPH in 1973, an mPAP > 25 mmHg was used as the hemodynamic threshold for diagnosing PH (13). However, because the conference was focused on primary PH, the threshold of 25 mmHg was intended to differentiate primary PH from other causes of PH, such as left heart disease or chronic lung disease, which typically present with significantly lower mPAP. Therefore, the cut-off value of 25 mmHg was arrived at empirically and pragmatically rather than scientifically. In 2008, the fourth WSPH suggested that an mPAP of <20 mmHg be deemed normal (14). Based on a systematic evaluation of 1,187 individuals from 47 studies, the normal mPAP was reported to be 14.0 mmHg with an SD of 3.3 mmHg. The upper limit of normal (20 mmHg) was determined by adding two SDs (6.6 mmHg) to the mean (14.0 mmHg) (15). As a result, the name “borderline PH” was considered for mPAP values between 21 and 24 mmHg but was rejected due to a lack of management strategies, epidemiology, and prognosis data for this group. Finally, they slightly modified the mPAP value for diagnosing PH (>25 to ≥25 mmHg) (14). Recently, multiple studies indicated an association between modestly raised mPAP and mortality (10, 11, 16, 17). As a result, the 6th WSPH hold in 2018, decided to lower the mPAP threshold to >20 mmHg for all forms of PH (4). However, because none of these studies included subgroup analyses by type of PH, the data on whether borderline PH was related to unfavorable clinical outcomes remained ambiguous across all PH types.

The Veterans Affairs Clinical Assessment, Reporting, and Tracking Program (VA CART) is the most extensive study investigating the relationship between borderline PH and mortality (11). They enrolled 21,727 individuals (23% of borderline PH patients, n = 5,030) in the VA CART trial and discovered that the mortality HR rose to start at 19 mmHg (HR = 1.183; 95% CI: 1.004–1.393), and borderline PH is related with increased all-cause mortality and rehospitalization. Our study reveals that the effect of borderline PH on all-cause mortality persists in LHF patients; consequently, we believe that the new definition of PH for LHF patients (mPAP > 20 mmHg) is appropriate. Furthermore, investigations have revealed that borderline PH also has a negative effect on patients' exercise ability, with the 6 min walk distance and peak oxygen uptake significantly lower in borderline PH patients than in the non-PH group (16–18). The repeated RHC data provides the evidence for progression of borderline PH to traditionally defined PH (mPAP ≥25 mmHg), 43 of 70 (61%) patients with borderline PH developed PH that mainly of post-capillary PH, most of whom were undergoing repeated RHC within 1 year (median interval between RHC, 35 weeks; IQR, 12–124 weeks), and the median increase in mPAP was 10 mmHg (10). In this present study, we noticed the proportion of borderline PH was relatively lower, 11% with borderline PH, and 62.0% with traditionally defined PH. Our findings and the repeated RHC data indicate that borderline PH in LHF patients may be a transient stage and relatively rapid transition to PH. The unresolved issue of the two large cohort studies is the causality between borderline PH and mortality. Individuals with borderline PH involved in both studies had a higher prevalence of coronary artery disease, systemic hypertension, diabetes, and heart failure than the non-PH group (10, 11). Although the authors control for cardiac and metabolic disorders, they acknowledge that residual confounding may affect the mortality differences. As a result, it is unknown whether the increased death is due to borderline PH itself or a higher incidence of these illnesses. On the contrary, our study showed no significant differences in these illnesses between the borderline PH and non-PH groups. While this could be because all patients recruited had LHF, our data imply that borderline PH is more likely to cause increased mortality. Experimental and human studies have indicated that borderline PH contributes to right ventricular dysfunction (19, 20). Similarly, our investigation discovered that borderline PH patients had greater right ventricular end-diastolic pressure (RVEDP) than non-PH patients (Table 1). Furthermore, earlier research has established a strong link between right ventricular dysfunction and higher mortality in individuals with LHF (21–23). Consequently, we hypothesize that right ventricular dysfunction may contribute to mortality in borderline PH patients.

In LHF patients, the primary driving force of PH is an increase in left ventricular (LV) filling pressure, which as a result increases left atrial (LA) pressure. Over time, LA loses its ability to act as a buffer zone shielding the pulmonary system from the passive backward transmission of increased LV filling pressure, eventually resulting in PH (24). Therefore, if the underlying LHF continues to deteriorate, the borderline PH will probably develop to the traditionally defined PH. The new definition of PH will enable these individuals (mPAP: 21–24 mmHg) to receive closer monitoring, and intensification of management, perhaps mitigating the longitudinal disease burden.

Current PH guidelines make a weak recommendation for RHC in individuals suspected of having PH due to left heart disease (IIb) (2). For patients with suspected PH-LHF, with no specific PH treatment, early RHC has significant implications for identifying at-risk individuals, as mPAP > 20 mmHg is associated with unfavorable outcomes. Taken together, this observational study established that borderline PH is related to an elevated risk of death from any cause in LHF patients. We hypothesize that patients with PH-LHF may benefit from early diagnosed by RHC, that the future phase of PH-LHF may focus on early diagnosis, and that the role of RHC in patients with suspected PH-LHF justifies further exploration.



Study limitations

Numerous limitations existed in this study, which should be considered when interpreting our findings. To begin, this was a retrospective analysis of a prospective cohort study, which entails inherent limitations such as selection and referral bias. Second, because the fluid challenge was not included in the protocol for our RHC trial, we may have underestimated the prevalence of PH-LHF by removing patients with PAWP beyond the upper range of normal (13–15 mmHg). Lastly, the two subtypes of PH-LHF (isolated post-capillary PH and combined post-capillary and pre-capillary PH) cannot be separated because the pulmonary vascular resistance parameter is unavailable.



Conclusions

Borderline PH was an independent predictor of 3-year all-cause mortality in patients with LHF, indicating that borderline PH is clinically significant and supports the revised hemodynamic PH criterion applied in LHF patients. Overall, our findings suggest that the risk of mortality increases immediately and incrementally when the mPAP value exceeds 20 mmHg, and support future prospective studies examining the efficacy of closer interval monitoring or management intensification in patients with borderline PH, as well as the importance of performing RHC early in patients with suspected PH-LHF.
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Objective: Brain-derived neurotrophic factor (BDNF) and its receptor TrkB-T1 were recently found to be expressed in cardiomyocytes. However, the functional role of cardiomyocyte-derived BDNF in heart pathophysiology is not yet fully known. Recent studies revealed that BDNF-TrkB pathway plays a critical role to maintain integrity of cardiac structure and function, cardiac pathology and regeneration of myocardial infarction (MI). Therefore, the BDNF-TrkB pathway may be a novel target for myocardial pathophysiology in the adult heart.

Approach and results: In the present study, we established a cardiomyocyte-derived BDNF conditional knockout mouse in which BDNF expression in developing cardiomyocytes is ablated under the control of the Myosin heavy chain 6 (MYH6) promoter. The results of the present study show that ablation of cardiomyocyte-derived BDNF during development does not impair survival, growth or reproduction; however, in the young adult heart, it causes cardiomyocyte death, degeneration of the myocardium, cardiomyocyte hypertrophy, left atrial appendage thrombosis, decreased cardiac function, increased cardiac inflammation and ROS activity, and metabolic disorders, leading to heart failure (HF) in the adult heart and eventually resulting in a decrease in the one-year survival rate. In addition, ablation of cardiomyocyte-derived BDNF during the developmental stage leads to exacerbation of cardiac dysfunction and poor regeneration after MI in adult hearts.

Conclusion: Cardiomyocyte-derived BDNF is irreplaceable for maintaining the integrity of cardiac structure and function in the adult heart and regeneration after MI. Therefore, the BDNF-TrkB pathway will be a novel target for myocardial pathophysiology in the adult heart.

KEYWORDS
cardiomyocyte, cardiomyocyte-derived BDNF conditional knockout, heart failure, degeneration of the myocardium, myocardial infarction


Introduction

The brain-derived neurotrophic factor (BDNF) pathway is highly active in the nervous system and plays critical roles in promoting growth, survival, synaptic connection, neuronal repair and regeneration of the nervous system as well as the treatment of neurological diseases (1–3). In addition, BDNF also plays important roles in non-neuronal tissues, including vasculature (4), platelets (5), vascular smooth muscle cells and macrophages (6, 7), early hematopoietic cells (8, 9), activated lymphocytes (10) monocytes (11), and skeletal muscle (12).

Among the notable progresses related to BDNF-TrkB signaling, the BDNF-TrkB pathway plays a key role in the pathophysiology and regeneration of the cardiovascular system. BDNF and its receptor TrkB are expressed in the endothelial cells of the coronary arteries (13) and are known to be associated with capillary development and cardiac endothelium formation (14, 15) in heart tissue during the late gestation period (7). BDNF has been reported to play an important role in diminished endothelial cell-cell contact and endothelial cell apoptosis in mouse embryonic intramyocardial arteries, capillaries, and the heart, while BDNF knockout leads to intraventricular wall hemorrhage and perinatal lethality (13, 16–18). Overexpression of BDNF in the midgestational mouse heart results in an increase in capillary density (18). Separately, TrkB–/– mice showed a marked reduction in blood vessel density and an increased number of apoptotic endothelial cells, predominantly in the subepicardial region of the developing heart (17). Recently, we demonstrated that BDNF promoted the migration of young cardiac microvascular endothelial cells (CMECs) via activation of the BDNF-TrkB-FL-PI3K/Akt pathway, which may benefit angiogenesis after MI. However, the aging of CMECs led to changes in the expression of isoforms of the receptor TrkB: among the three isoforms of TrkB (TrkB-FL, TrkB-T1, and TrkB-T2), only the truncated TrkB-T1 isoform continued to be expressed, which led to dysfunction of its ligand, decreased CMEC migration, and increased injury in aging hearts. Although the efficacy of promoting migration via the BDNF-TrkB-T1 pathway in aged CMECs was significantly decreased compared with that in young CMECs via the BDNF-TrkB-FL pathway, the BDNF-TrkB-T1 pathway in aged CMECs was still able to promote the migration of aged CMECs (19). More recently, we further demonstrated that aged CMECs utilized BDNF-TrkB-T1 signaling to recruit Willin as a downstream effector to activate the Hippo pathway and then promote migration. This finding suggests that the aging process shifts aged CMECs that express TrkB-T1 receptors by transducing BDNF signals via the BDNF-TrkB-T1-Willin-Hippo pathway and that this change might be an important mechanism and therapeutic target behind the dysfunction of cardiac angiogenesis observed in aged hearts (20). All these findings clearly reveal that the BDNF-TrkB pathway plays an essential role in the development and growth of the vasculature as well as angiogenesis by maintaining the integrity and regenerative capacity of the cardiovascular system.

In addition to endothelial cells, recent progress has demonstrated that cardiomyocytes also express BDNF and its receptor TrkB-T1 (14, 21–23). BDNF-TrkB signaling is required for the heart to fully contract and relax. These actions occur independently from and in addition to β-adrenergic influence. BDNF-induced enhancement of myocardial performance occurs via direct modulation of Ca2+ cycling in a calmodulin-dependent protein kinase II-dependent manner (23). It was reported that BDNF regulates the cardiac contraction force independent of nervous system innervation. This function is mediated by the truncated TrkB-T1 receptor expressed in cardiomyocytes. Loss of TrkB-T1 in these cells impairs calcium signaling and causes cardiomyopathy (14). These findings suggest that cardiomyocyte-derived BDNF plays a critical role in cardiomyocyte contraction. In addition, it has been reported that homozygous systemic BDNF knockout mice die due to Heart failure (HF) in the fetal period (18). In hearts from an adult tamoxifen-induced systemic BDNF deletion myocardial infarction (MI) model, decreased cardiac function and myocardial angiogenesis in the infarct border zone, decreased expression of the prosurvival molecule Bcl-2 and increased infarct size, cardiomyocyte apoptosis and expression of the proapoptotic molecule Bax were found compared with those in wild-type MI hearts. These results suggested that systemic deletion of BDNF leads to exacerbation of cardiac dysfunction after MI. However, heart size and cardiac function were found at basal levels in tamoxifen-induced 2-month-old cardiomyocyte-specific BDNF conditional knockout mice. Ablation of BDNF in cardiomyocytes did not affect cardiac remodeling, cardiac function, myocardial angiogenesis or infarct size after MI. In contrast, in 2-month-old cardiomyocyte-specific inducible TrkB conditional knockout MI mouse model hearts, decreased cardiac function and myocardial angiogenesis in the infarct border zone and increased infarct size and cardiomyocyte apoptosis were found compared with those in wild-type MI hearts (22). The above findings combined with the inconsistent pathological outcomes observed in the adult inducible BDNF and TrkB conditional knockout models suggest that endogenous BDNF from cardiomyocytes plays an important role in regulating and maintaining cardiac pathophysiology. However, to date, whether cardiomyocyte-derived BDNF is irreplaceable for maintaining the integrity of cardiac structure and function in the heart and its exact functional role and molecular mechanism in cardiac pathophysiology are still unclear.

Owing to the limitation of the adult inducible cardiomyocyte-specific BDNF conditional knockout model, which only ablates BDNF from cardiomyocytes for a short amount of time in the adult heart, it is not an appropriate model for elucidating the importance of cardiomyocyte-derived BDNF in maintaining cardiac structure and function in dynamic scenarios from development to the adult stage. Therefore, the present study was designed to investigate the effects of ablating cardiomyocyte-derived BDNF during development on cardiac pathophysiology. Our results demonstrate that ablation of cardiomyocyte-derived BDNF during the development stage does not impair survival, growth or reproduction; however, in the young adult heart, it causes cardiomyocyte death, degeneration of the myocardium, cardiomyocyte hypertrophy, decreased cardiac function, increased cardiac inflammation and ROS activity, and metabolic disorders, leading to HF in the adult heart and eventually resulting in a decrease in the one-year survival rate. In addition, ablation of cardiomyocyte-derived BDNF during the developmental stage leads to exacerbation of cardiac dysfunction and poor regeneration after MI in adult hearts.



Materials and methods


Animals and generation of the cardiomyocyte-specific BDNF conditional knockout mouse

Stock BDNF (tm3Jae)/J mice (BDNFflox/flox; Stock #004339) and B6.FVB-Tg(Myh6-cre)2182Mds/J mice (Stock #011038) were obtained from the Jackson Laboratory. By expressing bacteriophage P1 Cre recombinase (Cre) in a tissue or cell-type specific manner, genes that are engineered with flanking loxP sites can be deleted or overexpressed in an analogous fashion. In the cardiac myocyte, this is most often achieved using Cre expression driven by the cardiac myocyte-specific alpha myosin heavy chain promoter (24, 25). Cre expression from this promoter has been shown to be both cardiac myocyte specific and to drive highly efficient recombination (24). In present study, in order to avoid the potential cardiotoxicity from Myh6-Cre, the mating strategy to generate Myh6-Cre-BDNFflox mice with mixed background was adopted (26, 27). The stock BDNF (tm3Jae)/J mice (BDNFflox/flox) were mated with the B6.FVB-Tg(Myh6-cre)2182Mds/J mice to obtain heterozygous cardiomyocyte-specific conditional BDNF knockout mice (Myh6-Cre±-BDNFflox/Δ) that were backcrossed to the BDNFflox/flox mice to obtain homozygous cardiomyocyte-specific conditional BDNF knockout mice (Myh6-Cre±-BDNFflox/flox) with mixed background. BDNFflox/flox mice were used as controls (WT). The One Step Mouse Genotyping Kit (PD101-01, Vazyme) was applied to confirm the genotypes of MYH6-Cre-BDNF–/– and wild-type (WT) mice using whole genomic DNA. The following primers were used for genotyping: MYH6-Cre-F: 5′- ATG ACA GAC AGA TCC CTC CTA TCT CC-3′, MYH6-Cre-R: 5′-CTC ATC ACT CGT TGC ATC ATC GAC-3′, MYH6-Cre-F2: 5′-CAA ATG TTG CTT GTC TGG TG-3′, MYH6-Cre-R2: 5′-GTC AGT CGA GTG CAC AGT TT-3′; BDNFflox/flox-F: 5′-TGTGATTGTGTTTCTGGTGAC-3′; and BDNFflox/flox-R: 5′- GCCTTCATGCAACCGAAGTATG-3′. The MYH6-Cre-F/R primers identify the B6.FVB-Tg (Myh6-cre) allele (∼300 bp). The MYH6-Cre-BDNF-F/R primers identify the BDNF null allele (487 bp). The BDNFflox/flox-F/R primers identify the wild-type and flox alleles (∼437 bp). Animal care, surgery and handling procedures in this study were approved by the Jinan University Animal Care Committee (No. 20160413104350).



Cardiomyocyte isolation

The cardiomyocytes of 3-month-old male MYH6-Cre-BDNF–/– and WT (BDNFflox/flox mice) mice were isolated by the Langendorff method. The mice were injected with 100 μL heparin (125 U/mouse) via orbital injection. After 15 min, the abdominal cavity of the mouse was injected with 200 μL of 20% ethylurethane (40 mg/mouse), and then the cardiomyocytes were isolated by the Langendorff perfusion method. Briefly, after disinfecting the mice with 70% alcohol, the heart was quickly removed in a sterile hood and put into precooled perfusion buffer (135 mM NaCl; 14.7 mM KCl; 1 mM MgCl2; 10 mM HEPES; 0.33 mM NaH2PO4; 30 mM BDM; 10 mM D-glucose; 30 mM taurine; 5 mM creatine; 2 mM sodium pyruvate; 25 mM NaHCO3; 2 mM L-glutamine; 0.6 mM KH2PO4; 5 mM adenosine). After removing the non-cardiac tissues, the aorta of the isolated heart was inserted into the Langendorff perfusion system, fixed with fine wire, perfused at a velocity of 3 mL/min, and instilled for 3 min with perfusion buffer. Then, the heart was digested for 5–10 min with digestion buffer (0.01% collagenase II + 0.01% collagenase IV). Digestion was considered sufficient when the myocardial tissue became loose, soft and pink. The isolated heart was put into termination buffer and torn into small pieces, followed by trituration with a pipette to isolate single cardiomyocytes. After isolation, the cardiomyocyte suspension was passed through a 250 μm filter to remove the undigested tissue, and then gradient centrifugation (50 × g, 3 min; 30 × g, 2 min; 20 × g, 2 min) was used to remove the cell fragments, blood cells and endothelial cells. The isolated cardiomyocytes were suspended in termination buffer and prepared for nuclear staining and analysis. Three mice from each group were used in this experiment.



Semiquantitative analysis of the area of cardiomyocytes and the area and number of cardiomyocyte nuclei

The cardiomyocytes of 3-month-old MYH6-Cre-BDNF–/– and WT hearts were isolated by the Langendorff method as described above. Hoechst 33342 (2 μL; 5 mg/mL; Thermo, United States) was added to the cardiomyocyte suspension (1 mL; 2.5 × 104 cells) and incubated at room temperature for 15 min. After three washes with termination buffer, the suspension was placed on an inverted fluorescence microscope, and images were captured with excitation at 346 nm. Image-Pro Plus 6 was used to measure the areas of cardiomyocytes and nuclei. A total of 1,007 cardiomyocytes and their respective nuclei collected from 3 male mice were analyzed in this experiment.



Histological analysis

Hematoxylin-eosin (H&E) staining: Whole hearts were collected and fixed overnight in 4% paraformaldehyde then dehydrated, cleared, and embedded in paraffin wax. Sections (5 μm) were prepared for staining. The sections were deparaffinized in xylene (3 × 5 min) and rehydrated with successive 3-min washes in 100, 90, 80, and 70% ethanol with one final wash in tap water. The sections were then stained with hematoxylin for 5 min, rinsed with tap water for 1 min, rinsed with 1% hydrochloric acid in 80% ethanol for 5 s, rinsed with a 1% ammonia solution for 5 s, and rinsed with tap water for 1 min. The sections were then stained with eosin for 5 min and rinsed with tap water for 1 min. After dehydration in an ethanol gradient and clearing with xylene, the slides were mounted with resinene (Shanghai Yiyang Instrument Co., Ltd.). The stained sections were scanned by PANNORAMIC MIDI II (Hungary, 3DHISTECH) for image capture. The size of the ventricular chamber was measured using ImageJ software. Three mice per group were used in this experiment. The semi-quantitative analysis for cardiomyocyte death and cardiac degenerative changes (focal loss of nuclei in cardiomyocytes, muscle fiber atrophy and disorder, unclear transverse striation of myocardial fibers and interstitial loosening) is applied as follows: −: non-detectable cardiomyocyte death and cardiac degenerative change; + : scattered cardiomyocyte death and cardiac degenerative change; + + : cardiomyocyte death and cardiac degenerative change in multiple places; + + + : extensive cardiomyocyte death and cardiac degenerative change.



Masson’s trichrome staining

Paraffin sections were dewaxed and rinsed with water using a routine protocol for H&E staining. After iron hematoxylin staining (5 min), the sections were rinsed with distilled water, differentiated with 80% ethanol containing 1% hydrochloric acid (5 s) followed by 1% ammonia solution (5 s) and rinsed with running water (2 min). Then, the sections were stained with ponceau acid fuchsin (10 min) and rinsed with distilled water. After differentiation using a phosphomolybdic acid solution (8 min), the sections were sequentially stained with aniline blue (3 min) and 1% acetic acid (2 min). After staining, the sections were dehydrated, cleared in xylene, and then mounted with resinene (Shanghai Yiyang Instrument Co., Ltd.). The stained sections were scanned by 3DHISTECH (Hungary) for image capture. The infarct size was measured using ImageJ software. Three mice per group were used in this experiment. The semi-quantitative analysis for cardiac fibrosis is used as follows: −: non-detectable fibrosis; + : scattered fibrosis; + + : extensive fibrosis.



Wheat germ agglutinin staining

Paraffin sections were dewaxed and rinsed with water using a routine protocol for H&E staining. WGA working solution (10 μg/mL; Cat. No. W11261; Invitrogen) was prepared with distilled water, and then an appropriate amount of working solution was added to each tissue sample, and the samples were incubated at room temperature for 30 min. After two rinses with distilled water, the sections were sealed with anti-fluorescence quenching sealant. Ten random fields were captured from each slide under fluorescence microscopy (20X; Leica, Germany) at a wavelength of 488 nm. The area of cardiomyocytes was measured using Image-Pro Plus 6.0 software. Three mice per group were used in this experiment.



Isolation of total ribonucleic acid and real-time RT-PCR

Total ribonucleic acid (RNA) was extracted using TRIzol reagent (Cat. No. 15596018; Invitrogen) according to the manufacturer’s protocol. Total RNA concentration was determined using a NanoDrop spectrophotometer (NanoDrop, Thermo Scientific). For the analysis of BDNF, ANP, BNP, α-SMA, and β-MHC gene expression, the extracted RNA (1 μg) was reverse-transcribed into first-strand cDNA using ReverTra Ace q-PCR RT Master Mix with gDNA Remover (Cat. No. FSQ-301, Toyobo) according to the manufacturer’s instructions, and then the mRNA levels were quantified using SYBR Green-based real-time PCR. The reaction mixture was composed of 10 μL of SYBR Green PCR Master Mix (Cat. No. B21202; Biotool), 0.8 μl of each primer, 6.4 μL of PCR-grade water and 2 μL of the cDNA template. The following primers were used (5′–3′): BDNF forward: TACCTGGATGCCGCAAACAT, reverse: TTTATCTGC CGCTGTGACCC; ANP forward: AGGCAGTC GATTCTGCTTGA, reverse: CGT GATAGATGAAGGCAGG AAG; BNP forward: CAGGCGGTGCTGTCTCTCTAT, reverse: GGCAGGGCATAACCCTCATA; α-SMA forward: TATCGATGACCT GGAGCTGA, reverse: AGTATTGACCTT GTCTTCCTC; β-MHC forward: GCT GTAACGCACTGAAGT TGT, reverse: TCAAAGGTGGTCCCAGAGCT; β-actin forward: CGTAAAGACCTCTATGCCAACAC, reverse: CTT GATCTTCATGGT GCTAGGAG; and GAPDH forward: TG TGTCCGTCGTGGATCTGA, reverse: CCTGCTTCACCACCT TCTTGA. Amplifications were performed with a Mini-Opticon System using the following program: 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s and primer annealing at 62°C for 1 min and then extension at 72°C for 30 s. Relative expression was determined using the 2–ΔΔCt comparative threshold method. All cDNA samples were amplified in triplicate and were normalized to β-actin or GAPDH on the same plate. The results of this experiment were generated from 3 to 4 mice.




Western blotting

The protein expression level of BDNF was measured by western blotting, and protein lysates of isolated cardiomyocytes were prepared in RIPA buffer (Beyotime, China) with 1 mM PMSF and a protease inhibitor cocktail (Halt Inhibitor Cocktail, Thermo, United States; Halt Phosphatase Inhibitor Cocktail, Thermo, United States). The total protein concentration was determined using a NanoDrop spectrophotometer (NanoDrop, Thermo Scientific). The protein (50 μg) was denatured in loading buffer (5 × SDS-PAGE loading buffer containing 0.5 M Tris-HCl, pH 6.8; 0.05% β-mercaptoethanol; 1% SDS; 0.005% bromophenol blue; and 50% glycerol) for 8 min at 95°C and loaded into a 15% SDS-PAGE gel. After electrophoresis, the isolated proteins were transferred onto a PVDF membrane (Bio-Rad, United States). The membrane was incubated overnight at 4°C with rabbit anti-BDNF (1:2,000, Abcam, United States) and mouse anti-GAPDH antibodies (1:4,000, Proteintech, United States) and then with donkey anti-rabbit IgG (1:5,000, Thermo, United States) and donkey anti-mouse IgG (1:5,000, Thermo, United States) secondary antibodies conjugated to horseradish peroxidase. The immunoreactive bands were detected using an ECL kit (Millipore, United States) and were analyzed using GeneSnap (Sygene). Three mice per group were used in this experiment.


Myocardial infarction studies

MI was generated via ligation of the left anterior descending coronary artery (LAD) in 5-month-old male MYH6-Cre-BDNF–/– mice and WT mice as previously described (19, 28, 29). Briefly, the mice were anesthetized with ketamine (100 mg/kg, i.p.) and underwent a left intercostal thoracotomy. The LAD was identified and then ligated directly below the left atrial appendage with 8-0-gauge nylon sutures. The presence of pallor and abnormal movement of the left ventricle (LV) confirmed LAD occlusion. The chest wall was then closed, the lungs were inflated, the mouse was extubated, and the thoracotomy was closed. After recovery, the mice were returned to the animal facility. After the cardiac function of ligated mice was analyzed 2 weeks after MI, the mice were euthanized, and their hearts were harvested. The collected hearts were fixed with 4% paraformaldehyde, embedded in paraffin wax and sectioned for further experiments. Six to eight mice were included in each group.



Echocardiography

Transthoracic echocardiogram was performed to analyze cardiac function. In this study, 3-month-old MYH6-Cre-BDNF–/– mice (male and female), 3-month-old WT mice (male and female), 8-month-old MYH6-Cre-BDNF–/– mice (female), 8-month-old WT mice (female), 5-month-old MYH6-Cre-BDNF–/– MI mice (male) and 5-month-old WT mice (male) were analyzed. Briefly, the mice from the above groups were anesthetized with ketamine (100 mg/kg, i.p.). The echocardiographic parameters were collected using an Acuson Sequoia 256c ultrasound system equipped with a 13-MHz linear transducer from a Vevo 770 echocardiogram (VisualSonics, Canada). The anterior chest wall was shaved, and the mouse was placed in a left lateral decubitus position. A rectal temperature probe was inserted, and the body temperature was carefully maintained between 37°C° and 37.5°C on a heating pad throughout the study. Parasternal long-axis, parasternal short-axis and 2 apical four-chamber views were collected in 2D-M-mode. The systolic and diastolic anatomic parameters were obtained from M-mode tracings at the mid-papillary level. The ejection fraction (EF) was calculated using the area-length method (28, 29). Three mice per group were used in this analysis.



Transmission electron microscopy analysis

Cross-sections of samples from 8-month-old female MYH6-Cre-BDNF–/– and WT hearts were fixed in a solution of 1% osmium tetroxide and 1.25% potassium ferrocyanide for 30 min at room temperature. After washing in PBS (pH 7.2) for 5 min at room temperature, the specimens were immersed overnight in 0.1% osmium tetroxide in PBS at room temperature and then processed for TEM observation. Three mice per group were used in this analysis.



Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) kits (CUSABIO, Wuhan) were applied to analyze plasma levels of NT-proBNP, BNP, Galectin-3, BDNF, Insulin and Leptin. The detailed protocols are described in the manufacturer’s recommendations. All the parameters were analyzed in duplicate. Four to eleven mice per group were used in these assays.



Transcriptome sequencing

Total RNA was isolated using RNeasy mini kit (Qiagen, Germany). Paired-end libraries were synthesized by using the TruSeq RNA Sample Preparation Kit (Illumina, United States) following TruSeq RNA Sample Preparation Guide. Briefly, the poly-A containing mRNA molecules were purified using poly-T oligo-attached magnetic beads. Following purification, the mRNA was fragmented into small pieces using divalent cations under 94°C for 8 min. The cleaved RNA fragments were copied into first strand cDNA using reverse transcriptase and random primers. This was followed by second strand cDNA synthesis using DNA Polymerase I and RNase H. These cDNA fragments then went through an end repair process which was added a single “A” base, and then was ligated of the adapters. The products were then purified and enriched with PCR to create the final cDNA library. Purified libraries were quantified by Qubit 2.0 Fluorometer (Life Technologies, United States) and validated by Agilent 2100 bioanalyzer (Agilent Technologies, United States) to confirm the insert size and calculate the mole concentration. Cluster was generated by cBot with the library diluted to 10 pM and then were sequenced on the Illumina HiSeq 2500 (Illumina, United States). The library construction and sequencing was performed at Shanghai Biotechnology Corporation, China.



Ingenuity pathway analysis

The selected genes with the fold change greater than 1.5 and Q < 0.5 were applied to a further analysis to identify the regulatory networks and disease-function analysis using an ingenuity pathway analysis (IPA).1 The analysis results were applied to core-analysis in the IPA system. In the present study, only the analyzed data that were to predicted “decrease” or “increase,” which was indicated by the Z-score larger than 2 or less than −2, were selected as positive predictors.



Statistics

All measured data are presented as the means ± standard errors. Two-tailed Student’s t-test was used to calculate the statistical significance between two groups. P < 0.05 was considered statistically significant.




Results


The one-year survival rate of MYH6-Cre-BDNF–/– mice is significantly reduced

The gene and protein expression levels of BDNF in MYH6-Cre-BDNF–/– cardiomyocytes were significantly lower than those in cardiomyocytes from WT littermates (hereafter referred to as “WT”; comparisons are made between same-sex littermates) (Figures 1Ia,b; p < 0.01). In addition, the expression of the BDNF receptors TrkB-FL and TrkB-T1 in MYH6-Cre-BDNF–/– cardiomyocytes was not significantly different from that in WT cardiomyocytes (Figures 1Ic,d; p > 0.05). The embryonic development and reproduction of MYH6-Cre-BDNF–/– mice did not show abnormal effects, as MYH6-Cre-BDNF–/– mice were able to grow and reproduce successfully. However, the one-year survival rate of MYH6-Cre-BDNF–/– mice (13.6%) was significantly lower than that of WT mice (78.8%) (Figure 1II; p < 0.01). In addition, the body weights of MYH6-Cre-BDNF–/– mice observed from 2 to 7 months of age were significantly higher than those of WT mice (Figure 1III; p < 0.01).
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FIGURE 1
The one-year survival rate of MYH6-Cre-BDNF–/– mice is significantly reduced: (I) The expression of BDNF at the gene (a) and protein levels (b) in MYH6-Cre-BDNF–/– cardiomyocytes was significantly lower than that in WT cardiomyocytes from littermates. **p < 0.01, n = 3. In addition, the expression of the BDNF receptors TrkB-FL and TrkB-T1 in MYH6-Cre-BDNF–/– cardiomyocytes was not significantly different from that in WT cardiomyocytes (c,d). (II) The one-year survival rate of MYH6-Cre-BDNF–/– mice was significantly lower than that of WT mice, p < 0.01. (III) The body weights of MYH6-Cre-BDNF–/– mice in 1-, 2-, 4-, and 5-month-old of age were significantly higher than those of WT mice. *p < 0.05, **p < 0.01, ***p < 0.001, n = 12 for the 1-month-old WT and MYH6-Cre-BDNF–/– groups respectively. n = 10 for the 2-month-old WT and MYH6-Cre-BDNF–/– groups respectively. n = 5 and 7 for the 3-month-old group WT and MYH6-Cre-BDNF–/– groups. n = 10 and 3 for the 4-month-old WT and MYH6-Cre-BDNF–/– groups. n = 8 for the 5-month-old WT and MYH6-Cre-BDNF–/– groups. n = 3 and 6 for the 6-month-old WT and MYH6-Cre-BDNF–/– groups. n = 3 for the 7-month-old WT and MYH6-Cre-BDNF–/– groups respectively.




Cardiac dysfunction and somatic edema are found in adult MYH6-Cre-BDNF–/– mice

Echocardiography documented that in 3-month-old males, the left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) of MYH6-Cre-BDNF–/– hearts were significantly lower than those of WT hearts (Figures 2Ia,b,d,e; p < 0.05), while the left ventricular end-systolic internal diameter (LVIDs), left ventricular end-diastolic internal diameter (LVIDd), left ventricular end-systolic volume (LVESV) and left ventricular end-diastolic volume (LVEDV) of MYH6-Cre-BDNF–/– hearts were significantly higher than those of WT hearts (Figure 2Ia,b,f–i; p < 0.05). From 3 months of age onwards, some MYH6-Cre-BDNF–/– mice had osmotic edema, which had been never occurred in WT mice (21 osmotic edema cases [male: 9; female: 12] out of 55 MYH6-Cre-BDNF–/– mice; approximately 38.2%; edema ratio: 40% for male, 36% for female), and 3-month-old male MYH6-Cre-BDNF–/– mice with osmotic edema had worse cardiac function parameters (LVEF, LVFS, LVIDs, LVIDd, LVESV and LVEDV) than 3-month-old WT mice (Figure 2Ia–i; P < 0.05). All MYH6-Cre-BDNF–/– mice died approximately 1 week after somatic edema occurred (Figure 2IIa–e).
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FIGURE 2
Cardiac dysfunction and osmotic edema are found in adult MYH6-Cre-BDNF–/– mice: (I) Representative echocardiography of WT hearts (a), MYH6-Cre-BDNF–/– hearts (b) and MYH6-Cre-BDNF–/–-edema hearts (c). Echocardiography showed that in 3-month-old males, the left ventricular ejection fraction (LVEF) (d) and left ventricular fractional shortening (LVFS) (e) of MYH6-Cre-BDNF–/– hearts were significantly lower than those of WT hearts, while the left ventricular end-systolic internal diameter (LVIDs) (f), left ventricular end-diastolic internal diameter (LVIDd) (g), left ventricular end-systolic volume (LVESV) (h) and left ventricular end-diastolic volume (LVEDV) (i) of MYH6-Cre-BDNF–/– hearts were significantly higher than those of WT hearts. Three-month-old osmotic edema MYH6-Cre-BDNF–/– male mice had worse cardiac function parameters (LVEF, LVFS, LVIDs, LVIDd, LVESV and LVEDV) than 3-month-old WT mice (a–i). *p < 0.05, **, ##p < 0.01. n = 4 for the 3-month-old female WT and MYH6-Cre-BDNF–/– groups respectively; n = 5 and 4 for the 3-month-old male WT and MYH6-Cre-BDNF–/– groups. n = 3 for the 3-month-old male MYH6-Cre-BDNF–/– edema group. (II) Starting at 3 months of age, some MYH6-Cre-BDNF–/– mice exhibited osmotic edema (a,d,e) compared to WT mice (a–c). (III) Representative echocardiography of 8-month-old WT hearts (a) and 8-month-old MYH6-Cre-BDNF–/– hearts (b). The LVEF (c) and LVFS (d) of 8-month-old MYH6-Cre-BDNF–/– female hearts were significantly smaller than those of 8-month-old WT female hearts, 3-month-old MYH6-Cre-BDNF–/– female hearts and 3-month-old WT female hearts, while LVIDs (e), LVIDd (f), LVESV (g), and LVEDV (h) of 8-month-old MYH6-Cre-BDNF–/– female hearts were significantly higher than those of 8-month-old WT female hearts, 3-month-old MYH6-Cre-BDNF–/– female hearts and 3-month-old WT female hearts. **, ##p < 0.01. n = 4 for the 3-month-old female WT and MYH6-Cre-BDNF–/– groups respectively; n = 8 for the 8-month-old female WT and MYH6-Cre-BDNF–/– groups respectively.


In addition, all the observed parameters tended to be worse in 3-month-old MYH6-Cre-BDNF–/– female mice than in 3-month-old female WT mice of the same litter; however, the differences were not statistically significant (Figure 2Ia–i; P > 0.05). To investigate whether cardiac dysfunction also occurs in middle-aged female MYH6-Cre-BDNF–/– mice, 8-month-old MYH6-Cre-BDNF–/– female mice were observed. The LVEF and LVFS of 8-month-old MYH6-Cre-BDNF–/– female hearts were significantly smaller than those of 8-month-old WT female hearts, and the same result was observed at 3 months of age (Figures 2IIIa–d; P < 0.01), while the LVIDs, LVIDd, LVESV, and LVEDV of 8-month-old MYH6-Cre-BDNF–/– hearts were significantly higher than those of 8- and 3-month-old WT hearts as well as 3-month-old MYH6-Cre-BDNF–/– hearts (Figures 2IIIa,b,e–h; P < 0.05). These results suggested that the pathological phenotypes that occurred in MYH6-Cre-BDNF–/– mice were not sex dependent; however, the time window of cardiac dysfunction in female MYH6-Cre-BDNF–/– hearts was later than that in male MYH6-Cre-BDNF–/– hearts. Therefore, the subsequent investigation of other parameters focused on male mice.



Cardiomyocyte hypertrophy, increased areas of cardiomyocyte cells and nuclei, and an increased percentage of single-nucleus cardiomyocytes are found in young adult MYH6-Cre-BDNF–/– mice

The left ventricular area of 3-month-old MYH6-Cre-BDNF–/– hearts was significantly larger than that of WT hearts (Figure 3I; p < 0.05). In contrast, the differences of heart weight and the ratio of heart weight/body weight were not statistics significance between 3-month-old MYH6-Cre-BDNF–/– mice and 3-month-old WT mice (Figures 3IIg,h; p > 0.05). However, all three parameters of 3-month-old MYH6-Cre-BDNF–/– osmotic edema mice were significantly higher than those of 3-month-old MYH6-Cre-BDNF–/– and WT mice (p < 0.0001) (Figures 3I,II). Echocardiography documented that the interventricular septum end-systolic thickness (IVSTs) and left ventricular posterior wall end-systolic thickness (LVPWTs) of 3-month-old MYH6-Cre-BDNF–/– hearts and MYH6-Cre-BDNF–/– osmotic edema hearts were smaller than those of WT hearts (Figures 3IIIa,c; P < 0.05). Furthermore, the interventricular septum end-diastolic thickness (IVSTd) of 3-month-old MYH6-Cre-BDNF–/– hearts was smaller than that of WT hearts (Figure 3IIIb; P < 0.05). The difference in left ventricular posterior wall end-diastolic thickness (LVPWTd) among WT, 3-month-old MYH6-Cre-BDNF–/– hearts and 3-month-old MYH6-Cre-BDNF–/– osmotic edema hearts was not statistically significant (Figure 3IIId; P > 0.05). In parallel, semiquantification of WGA immunofluorescence staining revealed that the mean area of cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that in WT hearts (Figure 3IV; P < 0.05). Furthermore, the quantitative analysis of isolated single cardiomyocytes demonstrated that the mean area of cardiomyocytes from 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that of WT hearts (Figure 3V; P < 0.05). The findings revealed cardiomyocyte hypertrophy in 3-month-old MYH6-Cre-BDNF–/– hearts, while this pathological change was more serious in 3-month-old MYH6-Cre-BDNF–/– osmotic edema hearts. In addition, the mean area of cardiomyocyte nuclei in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that in WT hearts (Figure 3VI; P < 0.05). The percentage of single-nucleus cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that in WT hearts (Figure 3VII; P < 0.05).
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FIGURE 3
Eccentric myocardial hypertrophy accompanied by an increase in the area of the cardiomyocyte nucleus and an increase in the percentage of single-nucleus cardiomyocytes were found in young adult MYH6-Cre-BDNF–/– mice: (I,II) The left ventricular area of 3-month-old MYH6-Cre-BDNF–/– male hearts was significantly larger than that of WT hearts (I). In addition, the ventricular area, heart weight and ratio of heart weight/body weight of 3-month-old MYH6-Cre-BDNF–/– osmotic edema mice were significantly higher than those of 3-month-old MYH6-Cre-BDNF–/– and WT mice (I,II). n = 10 for the 3-month-old male WT and MYH6-Cre-BDNF–/– groups respectively; n = 3 for the 3-month-old male MYH6-Cre-BDNF–/– edema group. (III) Echocardiography showed that the interventricular septum end-systolic thickness (IVSTs) and left ventricular posterior wall end-systolic thickness (LVPWTs) of 3-month-old MYH6-Cre-BDNF–/– hearts were significantly smaller than those of WT hearts (a,c). In addition, the IVSTs of 3-month-old MYH6-Cre-BDNF–/– osmotic edema hearts was significantly smaller than those of 3-month-old MYH6-Cre-BDNF–/– hearts and WT hearts (c). Furthermore, the interventricular septum end-diastolic thickness (IVSTd) of 3-month-old MYH6-Cre-BDNF–/– hearts was significantly smaller than that of WT hearts (b). n = 5 and 4 for the 3-month-old male WT and MYH6-Cre-BDNF–/– groups respectively; n = 3 for the 3-month-old male MYH6-Cre-BDNF–/– edema group. (IV) Semiquantification of WGA immunofluorescence staining revealed that the mean area of cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that in WT hearts. n = 6. (V) Quantification analysis of isolated single cardiomyocytes demonstrated that the mean area of cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that in WT hearts. n = 3. (VI) The mean area of cardiomyocyte nuclei of 3-month-old MYH6-Cre-BDNF–/– hearts was significantly higher than that of WT hearts. n = 3. (VII) The percentage of single-nucleus cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts (N: Number of nuclei per cell) was significantly higher than that in WT hearts, n = 3. *, #p < 0.05, **p < 0.01, ***, ###p < 0.001.




Cardiomyocyte death, degenerative changes in the myocardium (degeneration of cardiomyocytes, increased interstitial fibrosis, serious mitophagy and swelling of mitochondria) and left atrial appendage thrombus are found in young adult MYH6-Cre-BDNF–/– hearts

In addition to cardiomyocyte hypertrophy, H&E histological staining revealed that, focal cardiomyocyte death, focal degenerative changes in cardiomyocytes, focal loss of nuclei in cardiomyocytes and focal inflammation in the myocardium were found in 3-month-old MYH6-Cre-BDNF–/– hearts but not in WT hearts (Figures 4Ia–c,II). In 3-month-old MYH6-Cre-BDNF–/– hearts with osmotic edema, in addition to the above pathological changes, severe muscle fiber atrophy and disorder, unclear transverse striation of myocardial fibers and interstitial loosening were also found in the myocardium (Figures 4Id–f,II). Moreover, left atrial appendage thrombosis was found in most osmotic edema MYH6-Cre-BDNF–/– hearts (Supplementary Figures 1A,E,H). In addition to left atrial appendage thrombosis, some MYH6-Cre-BDNF–/– osmotic edema hearts also showed right atrial appendage thrombosis, left and right atrial thrombosis and left ventricular thrombosis (Supplementary Figures 1E–K). In addition, H&E staining revealed that the thrombosis had a mixed pathological morphology that was infiltrated with red blood cells, macrophages, lymphocytes and nodular eosinophilic material (Supplementary Figures 1F,H–K). Degenerative changes in the myocardium occurred in MYH6-Cre-BDNF–/– hearts, leading us to further observe cardiac fibrosis. Masson’s trichrome staining revealed that compared to WT myocardium, MYH6-Cre-BDNF–/– myocardium had more extensive perivascular fibrosis and scattered focal interstitial fibrosis, mainly in the inner myocardium (Supplementary Figure 2). Furthermore, in MYH6-Cre-BDNF–/– osmotic edema hearts, more extensive interstitial fibrosis was found in the myocardium and thromboses, which were located in the atrial appendage and atrial and ventricular cavity, than in MYH6-Cre-BDNF–/– hearts and WT hearts (Supplementary Figure 3). Moreover, more extensive cardiomyocyte death and interstitial fibrosis were observed in 8-month-old MYH6-Cre-BDNF–/– osmotic edema myocardium than in 8-month-old MYH6-Cre-BDNF–/–, 8-month-old WT, 3-month-old MYH6-Cre-BDNF–/– osmotic edema and 3-month-old MYH6-Cre-BDNF–/– myocardium (Supplementary Figure 4 vs. Figure 4 and Supplementary Figure 2). In addition, the above pathological phenotypes were more severe in 8-month-old WT myocardium than in 3-month-old WT myocardium (Supplementary Figure 4 vs. Figure 4 and Supplementary Figure 2). In addition, in 8-month-old MYH6-Cre-BDNF–/– myocardium, focal interstitial fibrosis was found between the inner and external myocardium (Supplementary Figure 4); in contrast, the focal interstitial fibrosis found in 3-month-old MYH6-Cre-BDNF–/– myocardium was mainly located in the inner myocardium (Supplementary Figures 2E,F). Furthermore, transmission electron microscopy (TEM) revealed significantly disrupted mitochondrial distribution, swollen mitochondria, decreased mitochondrial density and serious mitophagy as well as blurred myofilament structures in cardiomyocytes, unclear sarcomere structures and Z lines, and unclear boundaries between the dark zone and the bright zone in 8-month-old MYH6-Cre-BDNF–/– hearts (Supplementary Figure 5).


[image: image]

FIGURE 4
Cardiomyocyte death and degenerative changes in the myocardium are found in young adult MYH6-Cre-BDNF–/– hearts (I) H&E histological staining revealed that in 3-month-old MYH6-Cre-BDNF–/– hearts but not in WT hearts (a), focal cardiomyocyte death, focal degenerative changes in cardiomyocytes, focal inflammation in the myocardium (b; arrow) and focal loss of nuclei in cardiomyocytes (c; arrow) were found, while in 3-month-old osmotic edema MYH6-Cre-BDNF–/– hearts, in addition to the above pathological changes, severe muscle fiber atrophy and disorder (d,e; white triangle), unclear transverse striation of myocardial fibers (e,f; asterisk) and interstitial loosening (d,e) were also found in the myocardium. n = 5 and 4 for the 3-month-old male WT and MYH6-Cre-BDNF–/– groups respectively; n = 3 for the 3-month-old male MYH6-Cre-BDNF–/– edema group. (II) Semi-quatitation of I. n = 3. Bar size as shown in the figure.




Significant increases in heart failure indices, cardiomyocyte hypertrophy, and increased serum brain-derived neurotrophic factor and insulin levels are found in young adult MYH6-Cre-BDNF–/– mice

The HF phenotypes (such as osmotic edema, cardiomyocyte hypertrophy, increased cardiomyocyte death, degeneration of the myocardium and cardiac dysfunction) that occurred in MYH6-Cre-BDNF–/– mice led us to investigate HF parameters in the myocardium and peripheral serum. The qPCR results showed that, 3-month-old MYH6-Cre-BDNF–/– hearts showed significantly higher expression of the HF markers atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) in the left ventricle than WT hearts (Figures 5Ia,b; p < 0.05). Analysis of the HF indices N-terminal pro-brain natriuretic peptide (NT-proBNP), BNP and Galectin-3 also confirmed that serum levels of NT-proBNP, BNP and Galectin-3 in 3-month-old MYH6-Cre-BDNF–/– mice were significantly higher than those in WT mice (Figures 5IIa–c; p < 0.05). In addition, qPCR showed that 3-month-old MYH6-Cre-BDNF–/– mice showed significantly higher expression of the cardiomyocyte hypertrophy markers alpha smooth muscle actin (αSMA) and beta myosin heavy chain (β-MHC) in the left ventricle than WT mice (Figures 5Ic,d; p < 0.05). These results confirm that HF and dilated cardiomyopathy occurred in 3-month-old MYH6-Cre-BDNF–/– hearts. Metabolism-related parameters (glucose, insulin, leptin and BDNF) were also measured. Compared to those in WT mice, the serum levels of BDNF and insulin in 3-month-old MYH6-Cre-BDNF–/– mice were significantly increased (Figures 5IIIa,b; p < 0.01). While the differences in glucose and leptin levels were not statistically significant between 3-month-old MYH6-Cre-BDNF–/– mice and 3-month-old WT mice (Figures 5IIIc,d; p > 0.05). Metabolic disruption of BDNF, increased expression of non-cardiomyocyte-derived BDNF and activation of insulin metabolism were observed in 3-month-old MYH6-Cre-BDNF–/– mice.
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FIGURE 5
Significant increases in heart failure indices, pathological hypertrophy in the left ventricle, serum BDNF and insulin levels and poor cardiac function and regeneration are found in young adult MYH6-Cre-BDNF–/– mice: (I–III) The qPCR results showed that the expression of the heart failure markers atrial natriuretic peptide (ANP) (Ia) and brain natriuretic peptide (BNP) (Ib) was significantly higher in the left ventricle of 3-month-old MYH6-Cre-BDNF–/– hearts than in that of WT hearts. The analysis of the heart failure indices, N-terminal pro-brain natriuretic peptide (NT-proBNP), BNP and Galectin-3, also confirmed that serum levels of NT-proBNP (IIa), BNP (IIb) and Galectin-3 (IIc) in 3-month-old MYH6-Cre-BDNF–/– mice were significantly higher than those in WT mice. In addition, qPCR showed that compared to WT, the expression of the myocardial hypertrophy markers alpha smooth muscle actin (αSMA) (Ic) and beta myosin heavy chain (β-MHC) (Id) was significantly higher in the left ventricle of 3-month-old MYH6-Cre-BDNF–/– mice. Moreover, compared to those in WT mice, the metabolism-related parameters, serum levels of BDNF and insulin in 3-month-old MYH6-Cre-BDNF–/– mice were significantly increased (IIIa,b). n = 3 for the WT and MYH6-Cre-BDNF–/– groups respectively in (Ia,b); n = 4 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIa); n = 11 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIb); n = 6 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIc); n = 6 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIIa); n = 7 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIIb); n = 9 and 7 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIIc); n = 5 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IIId). (IV–VI) After MI, the LVEF and LVFS of 5-month-old MYH6-Cre-BDNF–/– mice were significantly smaller than those of WT mice (IVa,b). While the LVIDd, LVIDs, LVEDV, and LVESV were not statistically significant compared to those in WT mice (IVc–f). In parallel, the infarct size of MYH6-Cre-BDNF–/– MI hearts were significantly larger than that of WT hearts (V). In addition, the smallest ventricular wall thickness of the infarct zone and the thickness of the infarct border zone of MYH6-Cre-BDNF–/– MI hearts were significantly smaller than those of wild-type MI hearts (VI). n = 8 and 6 for the WT and MYH6-Cre-BDNF–/– groups respectively in (IV–VI). LVEF, Left ventricular ejection fraction; LVFS, Left ventricular fractional shortening; LVIDs, Left ventricular end-systolic internal diameter; LVIDd, Left ventricular end-diastolic internal diameter; LVESV, Left ventricular end-systolic volume; LVEDV, Left ventricular end-diastolic volume; MYH6-Cre-BDNF–/–, Cardiomyocyte-derived BDNF conditional knockout. *p < 0.05, **p < 0.01, ***p < 0.001.




Poor cardiac function and regeneration are found in young adult MYH6-Cre-BDNF–/– hearts during myocardial infarction

The possible damaging effect on myocardial regeneration in MYH6-Cre-BDNF–/– hearts during MI was also investigated. The one-year survival rate of MYH6-Cre-BDNF–/– mice showed that the survival rate of 4–6-month-old mice decreased to approximately 58% from approximately 80% in 3-month-old mice; therefore, 5-month-old male MYH6-Cre-BDNF–/– mice were used in this experiment. After MI, the LVEF and LVFS of MYH6-Cre-BDNF–/– mice were apparently smaller (Figures 5IVa,b; p< 0.05), while the LVIDd, LVIDs, LVEDV and LVESV were not statistically significant compared to those in WT mice (Figures 5IVc–f; p> 0.05). Furthermore, the infarct size of MYH6-Cre-BDNF–/– MI hearts was significantly larger than that of WT hearts (Figure 5V; p < 0.05). In addition, the smallest ventricular wall thickness of the infarct zone and the thickness of the infarct border zone of MYH6-Cre-BDNF–/– MI hearts were significantly smaller than those of wild-type MI hearts (Figure 5VI; p < 0.05).



Transcriptome sequencing combined with ingenuity pathway analysis reveals the pathways and gene interaction networks involved in cardiomyocyte death, myocardial degeneration, cardiac inflammation, ROS production, body weight increase and metabolic disruption seen in MYH6-Cre-BDNF–/– mice

Comparison of whole-transcriptome sequencing between 3-month-old male MYH6-Cre-BDNF–/– hearts and WT hearts combined with IPA was applied to identify underlying gene interaction networks and pathways affected by the deletion of cardiomyocyte-derived BDNF. A total of 501 differentially expressed genes (fold change ≥ 1.5; q < 0.5) were selected for IPA to identify the genes related to canonical pathways, biofunctions and diseases, and interaction networks. Indeed, IPA revealed that the differential expression of 9 genes (6 upregulated genes and 3 downregulated genes; MYH6-Cre-BDNF–/– vs. WT; all comparisons hereafter are the same) was related to increased apoptotic activity in the heart (Table 1). The interaction network of these 9 genes to regulate the activation of heart apoptosis was revealed by IPA, as shown in Figure 6, which provided a possible molecular mechanism for the cardiomyocyte death seen in MYH6-Cre-BDNF–/– hearts. In addition, the synthesis of reactive oxygen species (ROS) was increased in MYH6-Cre-BDNF–/– hearts compared to WT hearts, which was related to 19 genes (upregulated: 16 genes; downregulated: 3 genes; Table 2) via their interaction network to regulate the increase in ROS, as shown in Figure 7. In addition, the IPA for canonical pathways revealed that the pathway for the production of nitric oxide and reactive oxygen species in macrophages was activated in MYH6-Cre-BDNF–/– hearts compared to WT hearts and was related to 7 genes (upregulated: 6 genes; downregulated: 1 gene; Table 3) via their interaction network, which regulated this effect, as shown in Supplementary Figure 6. The findings provide a molecular mechanism and the relevant genes for the cardiomyocyte death, cardiac dysfunction, cardiomyocyte degeneration and hypotrophy, HF and increased ROS activity seen in MYH6-Cre-BDNF–/– hearts.


TABLE 1    IPA analysis identifies increase of apoptosis of heart in MYH6-Cre-BDNF–/– heart (activation z-score = 2.028; p = 2.06E-02).
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FIGURE 6
Activated regulation of heart apoptosis played a role in heart failure induced by loss of cardiomyocyte-derived BDNF: Integrated IPA identified that apoptosis in cardiomyocyte-derived BDNF conditional knockout hearts was higher than that in wild-type hearts (p-value = 2.06E-02; activation z-score = 2.028). The interaction network demonstrated that 9 genes (6 upregulated genes and 3 downregulated genes) were included that were involved in the activation of apoptosis in cardiomyocyte-derived BDNF conditional knockout hearts. Note: The shown interaction network only showed the predicted interaction by IPA analysis. Other interaction networks shown in this study are presented as the same format.



TABLE 2    IPA analysis identifies increase of synthesis of reactive oxygen species in MYH6-Cre-BDNF–/– heart (activation z-score = 2.418; p = 6.05E-06).
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FIGURE 7
Activated regulation of reactive oxygen species synthesis played a role in heart failure induced by the loss of cardiomyocyte-derived BDNF: IPA revealed that the synthesis of reactive oxygen species in cardiomyocyte-derived BDNF conditional knockout hearts was higher than that in wild-type hearts (p-value = 6.05E-06; activation z-score = 2.418). The interaction network demonstrated that 19 genes (16 upregulated genes and 3 downregulated genes) were included, as shown in the interaction network for the activation of reactive oxygen species synthesis in cardiomyocyte-derived BDNF conditional knockout hearts.



TABLE 3    IPA analysis identifies activation of pathway for production of nitric oxide and reactive oxygen species in macrophages in MYH6-Cre-BDNF–/– heart (activation z-score = 2.65; p = 3.51E-02).
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In addition, IPA identified that the regulation of weight gain was increased in differentially expressed genes between MYH6-Cre-BDNF–/– mice and WT mice; (9 upregulated genes; Supplementary Table 1) and their interaction network (Supplementary Figure 7) were related to this function. Moreover, the activity of lipid metabolism was discovered to be increased in MYH6-Cre-BDNF–/– mice compared to WT mice. The activated functions included synthesis of fatty acids (11 genes upregulated and 1 gene downregulated, as shown in Supplementary Table 2 and in the interaction network in Supplementary Figure 8), synthesis of lipids (15 genes upregulated and 2 genes downregulated, as shown in Supplementary Table 3 and in the interaction network in Supplementary Figure 9), biosynthesis of polyunsaturated fatty acids (8 upregulated genes and 1 downregulated gene, as shown in Supplementary Table 4 and in the interaction network in Supplementary Figure 10), synthesis of eicosanoids (8 upregulated genes and 1 downregulated gene, as shown in Supplementary Table 5 and in the interaction network in Supplementary Figure 11), the concentration of colfosceril palmitate (4 upregulated genes, as shown in Supplementary Table 6 and in the interaction network in Supplementary Figure 12) and concentration of triacylglycerol (11 genes upregulated and 2 genes downregulated, as shown in Supplementary Table 7 and in the interaction network in Supplementary Figure 13) as well as fatty acid metabolism (17 upregulated genes and 1 downregulated gene, as shown in Supplementary Table 8 and in the interaction network in Supplementary Figure 14). Furthermore, IPA of canonical pathways identified that the STAT3, melatonin degradation I and acetone degradation I (to methylglyoxal) pathways were activated in MYH6-Cre-BDNF–/– hearts. The increase in the expression of 6 genes with the interaction network for STAT3 pathway activation is shown in Supplementary Table 9 and Supplementary Figure 15. The increase in the expression of 4 genes in the interaction network for the activation of melatonin degradation I and acetone degradation I is shown in Supplementary Table 10 and Supplementary Figures 16, 17. The findings uncovered a molecular mechanism by which the syntheses of fatty acids, lipids, polyunsaturated fatty acids and eicosanoids, the concentration of colfosceril palmitate and triacylglycerol and the metabolism of fatty acids are increased that is related to the loss of cardiomyocyte-derived BDNF, and the molecular mechanism was involved in the increased body weight seen in MYH6-Cre-BDNF–/– mice.

Furthermore, IPA revealed that 41 inflammation regulatory genes (upregulated: 38 genes; downregulated: 3 genes; Supplementary Tables 11–20) were involved in regulating the increase in inflammatory activity in MYH6-Cre-BDNF–/– hearts compared to WT hearts. The increased biofunctions related to these 41 genes were as follows: inflammatory response (upregulated: 25 genes; downregulated: 1 gene; Supplementary Table 11), recruitment of phagocytes (upregulated: 13 genes; downregulated: 1 gene; Supplementary Table 12), chemotaxis of neutrophils (upregulated: 11 genes; Supplementary Table 13), granulocytes (upregulated: 12 genes; Supplementary Table 14) and leukocytes (upregulated: 16 genes; Supplementary Table 15) as well as activation of leukocytes (upregulated: 19 genes; downregulated: 1 gene; Supplementary Table 16), macrophages (upregulated: 9 genes; downregulated: 1 gene; Supplementary Table 17), mononuclear leukocytes (upregulated: 12 genes; Supplementary Table 18), phagocytes (upregulated: 12 genes; downregulated: 1 gene; Supplementary Table 19) and lymphocytes (upregulated: 11 genes; Supplementary Table 20). The interaction networks of the included genes for individual increased biofunctions are shown in Supplementary Figures 18–27. The findings suggested that loss of cardiomyocyte-derived BDNF increased the inflammatory response and activity in the myocardium by increasing chemotaxis of neutrophils, granulocytes, phagocytes, and leukocytes and by activating leukocytes, macrophages, mononuclear leukocytes, phagocytes and lymphocytes. The molecular mechanisms involved in these processes are controlled by the identified genes and their interaction networks, as shown in Supplementary Table 14 and Supplementary Figures 18–27. These results provide one of the possible mechanisms underlying the cardiomyocyte death and degeneration, interstitial fibrosis, and thrombi in the atrial appendages, atria and ventricles as well as the increased inflammation seen in MYH6-Cre-BDNF–/– hearts.




Discussion

Currently, the physiopathological role of cardiomyocyte-derived BDNF in the heart is still not precisely known. In the present study, as Figure 8 shown, we established cardiomyocyte-specific BDNF conditional knockout mice (MYH6-Cre-BDNF–/–) in which BDNF is ablated specifically in cardiomyocytes upon activation of the myosin heavy chain 6 (MYH6) promoter during development. The MYH6-Cre-BDNF–/– mouse line is able to normally develop, grow and produce offspring. This suggests that ablation of cardiomyocyte-derived BDNF during the development of cardiomyocytes in the embryonic stage can be compensated to maintain whole-body development, growth and reproduction. However, in young adult, 3-month-old MYH6-Cre-BDNF–/– mice, cardiac function was significantly decreased, as we found that the LVEF and LVFS of MYH6-Cre-BDNF–/– hearts declined significantly compared to those of WT hearts. In addition, pathological dilation of the left ventricle was found in 3-month-old MYH6-Cre-BDNF–/– mouse hearts, which was confirmed by their significantly increased LVIDs, LVIDd, LVESV and LVEDV compared to those of WT hearts. Moreover, from 3 months of age onwards, some MYH6-Cre-BDNF–/– mice had somatic edema, and these mice died approximately 1 week after osmotic edema occurred. Echocardiography demonstrated that 3-month-old osmotic edema MYH6-Cre-BDNF–/– hearts have worse cardiac function than non-osmotic edema MYH6-Cre-BDNF–/– and WT hearts, which was supported by their significantly worse LVEF, LVFS, LVIDs, LVIDd, LVESV, and LVEDV. Furthermore, the time window of cardiac dysfunction in female MYH6-Cre-BDNF–/– hearts was later than that in male MYH6-Cre-BDNF–/– hearts. The findings suggest that when endogenous BDNF in cardiomyocytes is ablated during the development of cardiomyocytes, the outside source of BDNF is only able to compensate for the physiological requirements of the heart in the embryonic and young adult stages (approximately 1–2 months old); however, the later lack of compensation causes cardiac structural and functional impairment with increasing age, beginning at approximately 3 months old in males and slightly later in females. Additionally, cardiomyocyte-derived BDNF plays an important role in maintaining the integrity of the heart structurally and functionally, and the tolerance for ablation of cardiomyocyte-derived BDNF is better in females than in males. With increasing age, the lack of compensation of ablated cardiomyocyte-derived BDNF is fatal. Indeed, we found that MYH6-Cre-BDNF–/– mice at 3 months of age and older exhibited a HF phenotype with impaired cardiac function, pathological remodeling and osmotic edema and then died, which led to most MYH6-Cre-BDNF–/– mice dying within 1 year after birth.
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FIGURE 8
Schematic diagram of the ablation of cardiomyocyte-derived BDNF during development resulting in cardiac degeneration pathology, heart failure and low one-year survival rate.


Cardiac functional analyses combined with histological and cellular analyses showed that ablation of cardiomyocyte-derived BDNF also causes dilated cardiac cardiomyopathy in young adult hearts. This was confirmed by in vivo morphological analysis of the heart by echocardiography, which showed that the IVSTs, IVSTd and LVPWTs of 3-month-old MYH6-Cre-BDNF–/– hearts and osmotic edema MYH6-Cre-BDNF–/– hearts were significantly lower than those of WT hearts. Thus, the results indicated that dilated cardiomyopathy occurred. Indeed, the anatomical and histological analyses of isolated hearts both confirmed that the cross-sectional areas of 3-month-old MYH6-Cre-BDNF–/– and somatic edema MYH6-Cre-BDNF–/– hearts were significantly larger than those of WT hearts. Importantly, both WGA immunofluorescence staining for cardiomyocyte area in tissue and analysis of isolated cardiomyocytes at the cellular level showed that the area of cardiomyocytes in 3-month-old MYH6-Cre-BDNF–/– hearts was significantly larger than that in WT hearts. All facts clearly showed that dilated cardiomyopathy associated with cardiomyocyte hypertrophy was one of the pathological phenotypes caused by deletion of cardiomyocyte-derived BDNF in young adult hearts. Intriguingly, our isolated cardiomyocyte analysis also revealed cardiomyocyte hypertrophy in cardiomyocytes, and an increase in the area of cardiomyocyte nuclei was found in 3-month-old MYH6-Cre-BDNF–/– hearts. The exact mechanism regarding this phenotype is still unknown. One explanation might be that this was a parallel change to adapt to the changes associated with dilated cardiomyopathy and other pathological phenotypes seen in MYH6-Cre-BDNF–/– hearts, which require more gene activation to compensate for the ablation of BDNF in cardiomyocytes. In support of this hypothesis, comparison of whole-transcriptome sequencing results between 3-month-old male MYH6-Cre-BDNF–/– hearts and WT hearts identified the activation of many genes, pathways and biofunctions in the myocardium. In addition, an approximately 6% increase in single-nucleus cardiomyocytes was found in adult MYH6-Cre-BDNF–/– hearts. Most adult mammalian cardiomyocytes have two nuclei, and in the adult stage, only single-nucleus cardiomyocytes still maintain the potential for cell division (30–33). The increase in single-nucleus cardiomyocytes in young adult MYH6-Cre-BDNF–/– hearts might suggest that ablation of BDNF in cardiomyocytes might be able to decrease the production of double-nuclei cardiomyocytes from single-nucleus cardiomyocytes via an unknown mechanism that is probably related to maintaining proliferation potential to compensate for pathological remodeling and cardiomyocyte death. The exact cellular and molecular mechanisms need to be further studied in the future.

Cardiomyocyte death, degenerative changes in the myocardium and left atrial appendage thrombus are other notable pathological phenotypes seen in young adult MYH6-Cre-BDNF–/– hearts. Our histological analysis clearly demonstrated focal cardiomyocyte death, focal degenerative changes in cardiomyocytes, focal loss of nuclei in cardiomyocytes, focal inflammation, perivascular fibrosis and focal interstitial fibrosis in young adult MYH6-Cre-BDNF–/– hearts but not in WT hearts, while these pathological phenotypes were found to be more severe in same-age osmotic edema MYH6-Cre-BDNF–/– hearts and older MYH6-Cre-BDNF–/– hearts. Importantly, TEM ultrastructural analysis identified serious damage to cardiomyocyte structure and mitochondrial pathology (disordered distribution, swelling mitochondria, loss of density of mitochondria and serious mitophagy) in young adult MYH6-Cre-BDNF–/– hearts. The above identified pathological changes are related to the cardiomyocyte death, cardiac dysfunction and cardiomyocyte hypertrophy caused by the ablation of cardiomyocyte-derived BDNF. Therefore, this ablation leads to HF and death in adult MYH6-Cre-BDNF–/– mice. In support of this hypothesis, in addition to cardiomyocyte death, degenerative and damage-related changes in the myocardium, cardiomyocyte hypertrophy and osmotic edema, the levels of HF markers (ANP and BNP) were found to be significantly higher in young adult MYH6-Cre-BDNF–/– myocardium, while HF indices (NT-proBNP, BNP and Galectin-3) were also found to be significantly higher in young adult MYH6-Cre-BDNF–/– mouse serum than in WT mouse serum. Thus, ablation of cardiomyocyte-derived BDNF mediated pathological changes in cardiac structure and function, leading to HF, which was a major reason for MYH6-Cre-BDNF–/– mouse death.

Left atrial appendage thrombosis is a unique pathology found in most osmotic edema MYH6-Cre-BDNF–/– hearts. Some osmotic edema MYH6-Cre-BDNF–/– hearts also exhibited right atrial appendage thrombosis, left and right atrial thrombosis and/or left ventricular thrombosis. The thrombi were consistent with mixed thrombus pathological morphology, which includes infiltration with red blood cells, macrophages, lymphocytes and nodular eosinophilic material. In this study, we still cannot explain the exact reason and mechanism underlying this pathological phenotype. A possible explanation might be attributed to hemodynamic changes incurred by dilated cardiomyopathy and the progression of HF combined with the activation of inflammation and ROS as well as metabolic disorders in the myocardium after BDNF ablation, which were identified via transcriptome sequencing combined with IPA. The underlying molecular mechanism needs to be further studied.

The results of a MI study using MYH6-Cre-BDNF–/– mice clearly demonstrated that ablation of cardiomyocyte-derived BDNF in adult hearts was deleterious regardless of cardiac function and regeneration when young adult hearts experience MI. This suggests that endogenous BDNF in cardiomyocytes is indispensable in maintaining the physiological integrity of cardiac structure and function as well as in healing and regeneration of ischemic myocardial pathology. In support of this hypothesis, we found that the serum level of BDNF in MYH6-Cre-BDNF–/– mice was significantly higher than that in WT mice. This result means that BDNF from other cell and tissue sources might fail to compensate for the loss of cardiomyocyte-derived BDNF.

In the present study, the underlying molecular mechanism of cardiac pathology initiated by ablation of cardiomyocyte-derived BDNF was also investigated by whole-transcriptome sequencing of young adult MYH6-Cre-BDNF–/– hearts and parallel WT hearts. IPA is based on an experimentally confirmed reported knowledge database, and the effectors for biofunction, canonical pathways and interaction networks identified by IPA have high reliability; therefore, in the present study, the IPA system was applied to analyze the regulated biofunctions, canonical pathways and interaction networks of genes that were differentially expressed due to BDNF ablation in cardiomyocytes. Indeed, IPA identified pathways and gene interaction networks involved in increased heart apoptosis, activation of cardiac inflammation and ROS, and increased body weight and metabolic disorders in MYH6-Cre-BDNF–/– hearts. Among them, nine genes (upregulated: ADIPOQ, FASH, GAPDH, LCN2, RAC1, and SCD; downregulated: ANGPT1, CXADR, and PPP1R10) and their interaction network were revealed to be related to the increased apoptosis in MYH6-Cre-BDNF–/– hearts. As shown in the interaction network predicted by IPA, these nine genes are able to regulate the activation of heart apoptosis. In addition, IPA revealed that biofunctions involved in the synthesis of reactive oxygen species (ROS) (19 related genes in Table 2) and pathways for the production of nitric oxide and reactive oxygen species in macrophages (upregulated: APOC2, LYZ, NCF1, RAC1, S100A8, and SERPINA1; downregulated: PPP1R10) were activated in MYH6-Cre-BDNF–/– hearts. Furthermore, 41 inflammation regulatory genes were identified to regulate the increase in the inflammatory response in MYH6-Cre-BDNF–/– hearts compared to WT hearts via activation of the following functions (Supplementary Tables 11–20 and Supplementary Figures 18–27): inflammatory response; recruitment of phagocytes; chemotaxis of neutrophils, granulocytes and leukocytes; and activation of leukocytes, macrophages, mononuclear leukocytes, phagocytes and lymphocytes. In addition, the STAT3 pathway (6 genes in Supplementary Figure 15) was activated in MYH6-Cre-BDNF–/– hearts. Hence, increased heart apoptosis, inflammation, ROS production and STAT3 pathway activation regulated by the identified genes and their interaction networks and pathways in MYH6-Cre-BDNF–/– hearts are proposed as possible molecular mechanisms mediating the cardiomyocyte death, cardiac dysfunction and degeneration and HF caused by the ablation of cardiomyocyte-derived BDNF.

Nine genes (Supplementary Table 1) were revealed to be related to an increase in weight gain. Increased lipid metabolism was also found in MYH6-Cre-BDNF–/– hearts compared to WT hearts via activation of the following functions (Supplementary Tables 2–8 and Supplementary Figures 8–14): synthesis of fatty acids, synthesis of lipids, biosynthesis of polyunsaturated fatty acids, synthesis of eicosanoids, concentration of colfosceril palmitate and concentration of triacylglycerol as well as fatty acid metabolism. Furthermore, melatonin degradation I and acetone degradation I (to methylglyoxal) (4 genes in Supplementary Figures 16, 17) were revealed to be activated in MYH6-Cre-BDNF–/– hearts. Hence, increases in weight gain and disordered metabolism of lipids and fatty acids as well as melatonin and acetone degradation regulated by the identified genes and their interaction networks as well as pathways in MYH6-Cre-BDNF–/– hearts are proposed as possible molecular mechanisms to mediate the increases in body weight, inflammation and ROS seen in MYH6-Cre-BDNF–/– mice.

The findings of the present study demonstrate that cardiomyocyte-derived BDNF is irreplaceable for maintaining the integrity of cardiac structure and function in the adult heart and regeneration after MI. It appears that the compensatory effect of non-cardiomyocyte-derived BDNF is merely able to meet the demands of embryonic and young adult (approximately 1–2-month-old) cardiac physiology when endogenous BDNF in cardiomyocytes is ablated. According to the findings from the present study, the pathological phenotypes caused by the lack of compensation for the ablated cardiomyocyte-derived BDNF during the developmental stage will occur in young adult hearts. In a previous report, ablation of cardiomyocyte-derived BDNF using an inducible 2-month-old cardiomyocyte-specific BDNF conditional knockout model did not show effects on cardiac remodeling, cardiac function, or myocardial angiogenesis or infarct size after MI; this can be explained by the increased plasma BDNF levels in non-cardiomyocytes compared to those in WT non-cardiomyocytes. Non-cardiomyocyte-derived BDNF successfully compensates and meets the demand for BDNF to maintain cardiac structure and function during short-term ablation of cardiomyocyte-derived BDNF, in which the heart is still under compensatory conditions (22). However, ablating cardiomyocyte-derived BDNF during development results in a different outcome and is harmful to young adult hearts. In support of this hypothesis, the pathological phenotypes seen in this study and the report using an inducible 2-month-old cardiomyocyte-specific TrkB conditional knockout MI mouse model (blockade of cardiomyocyte and non-cardiomyocyte-derived BDNF signaling), which included decreased cardiac function and myocardial angiogenesis in the infarct border zone and increased infarct size and cardiomyocyte apoptosis (22), clearly suggest that in the adult heart, cardiomyocyte-derived BDNF is irreplaceable for maintaining the integrity of cardiac pathophysiology and regenerating injured myocardium.

In fact, BDNF has been demonstrated to have protective effects against myocardial ischemia through survival-related signaling pathways, including the vascular endothelial growth factor (VEGF) and transient receptor potential canonical (TRPC)3/6 channel pathways (34, 35). Exogenous BDNF was found to promote the migration of Sca-1 cardiac progenitor cells derived from the failing heart and repress cell cycle progression, suggesting its potency to ameliorate HF (36). Exercise training increased BDNF protein in skeletal muscles and the non-infarcted area of the left ventricle after MI, which may contribute to the improvement of muscle dysfunction and cardiac function after MI (12). All these findings are consistent with the results of the present study, which shows that the BDNF-TrkB pathway effectively plays a protective role in adult hearts after MI.

In addition, recent studies have revealed that BDNF plays important roles in cardiac pathology and HF. BDNF attenuates doxorubicin-induced cardiac dysfunction by activating Akt signaling (37), and BDNF protects the heart against septic cardiac dysfunction by reducing oxidative stress and apoptosis via TrkB and activating the eNOS/NO pathway (38). Low serum BDNF levels were found to be associated with future coronary events and mortality in patients with angina pectoris (39) and in patients with chronic HF (40) as well as higher cardiac death or rehospitalization due to worsening HF in discharged HF patients (41) and was positively correlated with HF severity (42). These findings support the deduction of the present study that cardiomyocyte-derived BDNF plays a critical role in protection against HF.

Taking into consideration of contrary reports, which the mice with Myh6-Cre or Myh6-MerCreMer (Tamoxifen inducible Cre recombinase) might display potential cardiotoxicity (43–48), or no Myh6-Cre induced cardiactoxicity found in many other researches (49–54). And it was reported that the Myh6-Cre mice with similar but mixed genetic background displayed no cardiotoxicity (26, 27). In present study, in order to avoid the potential cardiotoxicity from Myh6-Cre, the mating strategy to generate Myh6-Cre-BDNFflox mice with mixed background was adopted as shown in methodology. Thus, pathological phenotypes and dysfunction of cardiac function found in present study from our established Myh6-Cre±-BDNFflox/flox mice were attributed to the ablation of BDNF but not the potential cardiotoxicity of Myh6-Cre (Supplementary Figures 28–31).

Due to the limitations of time, model and technique, the function studies of IPA predicted pathways (such as for degeneration pathology and cardiac inflammation, etc.), and the rescue analysis of BDNF for neonatal myocardium were not performed in present study. In addition, due to the reason which it was found the pathological phenotypes that occurred in MYH6-Cre-BDNF–/– mice were not sex dependent; however, the time window of cardiac dysfunction in female MYH6-Cre-BDNF–/– hearts was later than that in male MYH6-Cre-BDNF–/– hearts. In the period of this study, we fail to collect the 3-month-old female MYH6-Cre-BDNF–/– edema mice. Therefore, 3-month-old female MYH6-Cre-BDNF–/– edema mice was not observed. All these issues will be set as our future study.

In summary, the present study demonstrated that ablation of cardiomyocyte-derived BDNF during the developmental stage did not impair embryonic survival, growth or reproduction; however, in young adult hearts, it caused cardiomyocyte death, myocardial degeneration, cardiomyocyte hypertrophy, left atrial appendage thrombosis, decreased cardiac function, increased cardiac inflammation and ROS activity, and metabolic disorders, leading to HF in adult hearts and eventually resulting in a decrease in the one-year survival rate. In addition, ablation of cardiomyocyte-derived BDNF during the developmental stage led to the exacerbation of cardiac dysfunction and poor regeneration after MI in adult hearts. Thus, cardiomyocyte-derived BDNF is irreplaceable for maintaining the integrity of cardiac structure and function in the adult heart and regeneration after MI. Therefore, the BDNF-TrkB pathway will be a novel target for myocardial pathophysiology in the adult heart.
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Background: Leonurus japonicus Houtt has an obvious efficacy on cardiovascular diseases. As the most representative component in the herb, leonurine has attracted increasing attention for its potential in myocardial ischemia. However, its protective mechanism against myocardial ischemia remains incompletely elucidated.

Objectives: The present study aimed to reveal the potential mechanism of leonurine in acute myocardial ischemia using a strategy combining metabolomics and network pharmacology.

Methods: First, a metabolomics method was proposed to identify the differential metabolites of plasma in rats. Then, network pharmacology was performed to screen candidate targets of leonurine against acute myocardial ischemia. A compound-reaction-enzyme-gene network was thus constructed with the differential metabolites and targets. Finally, molecular docking was carried out to predict the binding capability of leonurine with key targets.

Results: A total of 32 differential metabolites were identified in rat plasma, and 16 hub genes were detected through network pharmacology. According to the results of compound-reaction-enzyme-gene network and molecular docking, what was screened included six key targets (GSR, CYP2C9, BCHE, GSTP1, TGM2, and PLA2G2A) and seven differential metabolites (glycerylphosphorylcholine, lysophosphatidylcholine, choline phosphate, linoleic acid, 13-HpODE, tryptophan and glutamate) with four important metabolic pathways involved: glycerophospholopid metabolism, linoleic acid metabolism, tryptophan metabolism and glutamate metabolism. Among them, glycerophospholipid and tryptophan metabolism were shown to be important, since the regulation of leonurine on these two pathways was also observed in our previous metabolomics study conducted on clinical hyperlipidemia patients.

Conclusion: This is the first study of its kind to reveal the underlying mechanism of leonurine against acute myocardial ischemia through a strategy combining metabolomics and network pharmacology, which provides a valuable reference for the research on its future application.

KEYWORDS
leonurine, network pharmacology, metabolomics, acute myocardial ischemia, molecular docking
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GRAPHICAL ABSTRACT. The strategy to reveal the potential mechanism of leonurine against AMI by combining with metabolomics and network pharmacology.



Highlights

- A compound-reaction-enzyme-gene network was constructed.

- Not only differential metabolites affected by leonurine were found, the upstream targets and pathways were also predicted.

- Some metabolic pathways of this experiment can be verified with previous clinical metabolomics study of leonurine.



Introduction

Coronary atherosclerotic heart disease (CHD), commonly known as ischemic heart disease, is the myocardial damage caused by the change in cardiac coronary circulation, which can result in an imbalance between coronary blood flow and myocardial demand. Ischemic heart disease, especially acute myocardial infarction (AMI), is a serious disease threatening human health due to its severe harmfulness to cardiac tissues and high mortality (1). As a commonly seen disease, CHD has a high morbidity and mortality worldwide. To compound it, stress, unhealthy diet and lifestyle cause CHD to occur in a growing number of young people in many countries, which poses a serve threat to human health (2, 3). Therefore, it is imperative to increase effort on the research and development of anti-myocardial ischemic drugs worldwide.

During ischemia myocardial, reactive oxygen species (ROS) with high reactivity and toxicity are produced, which can exacerbate the degree of myocardial damage when myocardial ischemia occurs (4–6). Leonurus japonicus Houtt. (also known as Herba Leonuri or motherwort) has been used for thousands of years in China. As a classic herbal medicine, motherwort has a positive effect in the treatment of a variety of diseases, including cardiovascular diseases. A modern medical study found that the excellent antioxidant activity of motherwort extract can reduce the damage caused by ROS and exert cardioprotection during myocardial ischemia (5). In motherwort, alkaloids are considered the most crucial bioactive components, especially leonurine (also known as SCM-198 in our group), which is the main contributor to the antioxidant activity of motherwort extract (7–11). Due to its importance, leonurine was even recorded in the Chinese pharmacopeia as an official index for measuring the quality of motherwort (12). Apart from its significant antioxidant activity, leonurine also exerts cardioprotective effects via other mechanisms. For example, leonurine attenuated apoptosis in cardiac muscle cells induced by hypoxia (13, 14), doxorubicin (15) or hydrogen peroxide (16). The anti-apoptotic effects of leonurine were probably mediated by activating the PI3K/Akt signaling pathway (17). In addition, leonurine prevented cardiac fibrosis in postmyocardial infarction rats through modulation of a Nox4-ROS pathway (10). What is even more encouraging is our discovery that the long-term use of leonurine could help improve the lipid profiles of multiple animal models including mouse, rabbit and rhesus monkeys (18), for which it is widely regarded as an indicator of coronary atherosclerotic heart disease risk, particularly low-density lipoprotein and cholesterol levels (19). As a promising novel drug, leonurine has now been applied in clinical trials in China for treating hyperlipidemia. Despite some achievements made in existing studies on leonurine in ischemic heart diseases, the protective mechanism and targets of leonurine against AMI remain incompletely understood.

It is well-known that cardiac metabolic alterations are the first consequences of AMI (20). For example, Bonanad et al. (21) identified up to 32 serum differential metabolites from swine (n = 9) and patients (n = 20) during AMI. Among them, creatine increased 2 h after ischemia. Untargeted metabolomics serves as an effective tool for the overall, systematic study of changes in metabolites in vivo. According to the statistical analysis of differential metabolites, metabolomics can reveal changes to endogenous metabolites in different physiological states or different physiological states before and after administration, which is essential for inferring the possible etiology or treatment mechanism. However, it is inadequate to infer the protective mechanism of leonurine against AMI based only on differential metabolites. Therefore, it is also necessary to reveal the upstream proteins causing the changes in metabolites and the possible targets of leonurine. Network pharmacology is applicable to systematically predict the possible targets of drugs with the support of statistics, complex networks and other mathematical methods. Although network pharmacology can be efficiently accounted for the mechanism of drugs on diseases from the perspective of systems biology, an independent network pharmacology experiment is limited to predicting the targets and pathways in mathematical dimensions, and there is a lack of statistical support from practical experiments.

For this reason, a strategy combining metabolomics and network pharmacology was applied in this study to integrate the differential metabolites with the key targets effectively, thus establishing a compound-reaction-enzyme-gene network. This strategy was adopted not only to investigate the metabolite changes occurring after leonurine intervention, but also to predict the upstream potential targets that might make a difference to the metabolite levels. Additionally, the potential of key targets to bind with leonurine was also predicted using molecular docking technology. Finally, success was achieved in revealing the protective mechanism of leonurine on AMI. The workflow of the strategy is shown in Figure 1.
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FIGURE 1
 The workflow of the metabolomics and network pharmacological integration strategy for the study of the leonurine protective mechanism on AMI. The structure of leonurine is shown in the center position. The differential metabolites were first filtered by metabolomics; then, the hub genes were screened by network pharmacology; finally, the key targets were verified by molecular docking.




Materials and methods


Materials and reagents

Leonurine was synthesized by Professor Zhu Yizhun's research group of Fudan University School of Pharmacy, and its purity was verified as 98% by HPLC. The powder was prepared with normal saline at a concentration of 1.5 mg/mL and administered intraperitoneally at a dose of 15 mg/kg. The structure of leonurine is shown in Figure 1.

HPLC-grade acetonitrile, methanol and formic acid were provided by Merck, USA. Analytical grade chemical reagents were purchased from Shanghai Sinopharm Group Chemical Reagent Co., Ltd. Distilled water was supplied by Wahaha Co. Ltd. Creatine kinase-muscle/brain (CK-MB) and troponin I (Tn-I) kits were purchased from Nanjing Jiancheng Biotechnology Co., LTD.



Animals and modeling

Twenty-four male Sprague–Dawley rats (200 ± 10 g) were supplied by the Experimental Animal Center of Nantong University. They were raised with food and water available ad libitum in an air-conditioned room with a temperature of 22 ± 2°C, a humidity of 55 ± 10% and a 12 h light-dark cycle for at least 7 days to adapt to the environment. Then the rats were randomly divided into three groups with eight rats in each group: the sham-operated group (N), the AMI model group (M) and the leonurine-treated group (L, i.p., 15 mg/kg/day). The results of our previous study showed leonurine with a dosage of 15 mg/kg/d could show significant antioxidant activity and exert cardioprotection during AMI (9, 10, 14). The drug solution was administered to rats in the L group preoperatively for 7 days before coronary ligation and immediately after coronary ligation on the same day. The rats in the N and M groups were given an intraperitoneal injection at the same volume of normal saline.

The rats were anesthetized by isoflurane and fixed in the supine position, and electrocardiogram (ECG) monitoring was performed during the surgery. After endotracheal intubation, artificial ventilation was performed. The intercostal muscle of the rats was separated, and a third intercostal thoracotomy was performed along the left margin of the sternum at 0.5 cm. The intercostal incision was opened with a chest dilator, and the pericardium was cut to expose the heart. The pleura was kept intact to preserve autonomous breathing. The left anterior coronary artery was permanently tied between the left atrial ear and the pulmonary artery cone at approximately 2.3 mm from the root of the aorta with a filament needle. If both myocardial whitening in the blood supply area and ST elevation of the standard limb guide ECG were observed, the model was successfully established (22). The chest was then quickly closed and autonomous breathing was resumed. The N group underwent the same operation except the coronary artery was not ligated. All studies on animals were in accordance with the Guidelines of the Committee on the Care and Use of Laboratory Animals in China.



Sample collection and preparation

Heart and blood samples were collected 48 h after coronary ligation surgery. The blood samples were immediately centrifuged at 1,000×g for 15 min to obtain the supernatant, which was separated and stored at −80°C until analysis.

Plasma samples were thawed at room temperature before analysis. An aliquot of 300 μL of methanol was added to 100 μL of plasma and vortexed for ~3 min for protein precipitation. The mixture was centrifuged at 10,000×g for 15 min at 4°C. The supernatant was separated for LC–MS analysis. Quality control (QC) samples were prepared by mixing equal aliquots of each sample. One QC sample was injected every six samples.

Other plasma samples were taken and measured according to the instructions provided by CK-MB and Tn-I kits. The activity of CK-MB and the content of Tn-I were obtained with a microplate reader.



Histological analysis

The ventricles of rats were cut into multiple horizontal slices with 2 mm thickness and heated in a water bath at 37°C in 1% 2,3,5-triphenyltetrazole chloride (TTC) solution for 10 min. The reaction was terminated with normal saline and then fixed in 4% paraformaldehyde solution for 30 min. Areas stained red indicated normal myocardium, while areas not stained red and that were pale were infarcted. The infarct and ventricular areas were calculated automatically by ImageJ software (Version 3.0) according to the different colors. All data are expressed as the mean ± SD. The results were analyzed by Student's t-test, and a p-value < 0.05 was considered to indicate statistical significance. Infarcted Size (LV%) = Infarct Area/Ventricular Area × 100



Instruments, parameters, and conditions of metabolomics

An LC-Q/TOF-MS (Agilent, 1290 Infinity LC, 6530 UHD and Accurate-Mass Q-TOF/MS) system was used for sample detection. The separation was performed on a C18 chromatographic column (2.1 × 100 mm, 1.8 μm; Agilent, USA) at 40°C. The flow rate was set as 0.4 mL min−1, and the sample injection volume was 5 μL. The mobile phase system was composed of an A phase (0.1% formic acid) and a B phase (0.1% formic acid in acetonitrile). The gradient elution program started with 5% B for 2 min, increased from 5% B to 95% B for 12 min, and remained at 95% B for 2 min.

The raw data were collected in positive and negative electrospray ionization modes (ESI+/–). The source temperature in both modes was 100°C. In positive mode, the capillary voltage was set as 4,000 V, and the sampling cone was set as 3,500 V. The desolvation temperature was 350°C, and the extraction cone was 4 V. The cone and desolvation gas flow were 50 L/h and 600 L/h, respectively. In negative mode, the capillary voltage was set as 3,500 V, and the sampling cone was set as 5,000 V. The desolvation temperature was 300°C, and the desolvation gas flow was 700 L/h. The cone gas flow and extraction cone values were the same as those in positive mode. The scan time was 0.03 s, and interscan time was 0.02 s. The MS scans were ranged from 100 to 1,000 Da. To ensure the accuracy and repeatability of the mass, leucine-enkephalin was used as the lock mass. The [M+H]+ ion 556.2771 Da was produced in positive ion mode, and the [M–H]− ion 554.2615 Da was produced in negative ion mode.



Statistical analysis of metabolomics

The raw data were processed by MassHunter software. Filtration and peak identification, peak match across samples, and retention time correction were processed by XCMS code. The zero values were reduced based on the “80% rule” (23). Unsupervised principal component analysis (PCA) and supervised orthogonal partial least squares discrimination analysis (OPLS-DA) were used to screen the potential biomarkers by SIMCA software. Hierarchical cluster analysis (HCA) and metabolic pathway analysis were conducted by MetaboAnalyst 5.0 software and KEGG (http://www.genome.jp/kegg/), respectively. Student's t-test was used to perform statistical analysis, and the metabolites with variable influence on project (VIP) values >1 were considered to be differential metabolites. The HMDB database (http://www.hmdb.ca/) was applied to annotate the potential biomarkers via their mass information.



Network pharmacology research

The experimental network pharmacology procedure is shown in Figure 1. In detail, the potential target search for leonurine was achieved by the PharmMapper Server (http://www.lilab-ecust.cn/pharmmapper/) (24). The related targets and candidate genes of AMI were obtained from the Drug Bank (https://go.drugbank.com) (25), OMIM (https://omim.org/) (26) and Genecards (https://www.genecards.org/) (27) websites using the keywords “myocardial ischemia” or “acute myocardial ischemia.” The intersection of candidate targets for AMI and leonurine was obtained, which was further inputted into the STRING website (https://string-db.org/) (28) to construct a protein–protein interaction (PPI) network (medium confidence > 0.4). Cytoscape software was also used for PPI network visualization. Hub genes were obtained using the CytoHubba plugin in Cytoscape software. Gene ontology (GO) enrichment and KEGG pathway (p-value < 0.05) analysis of potential targets were achieved by the ClueGO plugin. The compound-reaction-enzyme-gene network was established by Metscape plugin to visualize the interactions between metabolites, pathways, enzymes and genes, thereby identifying key metabolites and targets.



Molecular docking

The 3D structure of leonurine was drawn with Chem3D software. The crystal structures of key protein targets were acquired from the RCSB Protein Data Bank website (https://www.rcsb.org/). A total of six protein targets were studied: cholinesterase (BCHE), protein-glutamine gamma-glutamyltransferase 2 (TGM2), glutathione S-transferase P (GSTP1), cytochrome P450 2C9 (CYP2C9), phospholipase A2 (PLA2G2A) and glutathione reductase (GSR). The operation to delete water and add hydrogen atoms was accomplished by AutoDockTools software. Then, the molecular docking study was performed using the AutoDock Vina program. The coordinates of the target active pocket were listed in Supplementary Table S1. The docking results with the highest scores were visualized by PyMOL software.




Results


Pathological changes

The cross sections of the typical infarct myocardial sections of rats in the three groups are shown in Figure 2A. Areas stained red indicated normal myocardium, while areas not stained red and that were pale were infarcted. The myocardial tissue of the N group rats was all stained red without infarction areas, while the myocardial infarction areas of the M group rats were obvious. After leonurine intervention, the area of myocardial infarction was significantly reduced. ImageJ software was used to analyze the size of myocardial infarction. The results showed that the administration of leonurine effectively improved MI in rats and reduced the size of myocardial infarction (p-value < 0.05). The results are shown in Figure 2B.
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FIGURE 2
 (A) Typical cross sections of rat myocardium in the N, M, and L groups. We selected three typical myocardial tissue samples from each group for presentation. Areas stained red indicated normal myocardium, while areas not stained red and that were pale were infarcted. (B) Effect of leonurine on myocardial infarction size in rats with AMI. (C,D) Effects of leonurine on plasma CK-MB and Tn-I levels in AMI rats. (E) OPLS-DA score plots of the N, M, and L groups (n = 8) from metabolomics in positive (R2 = 0.915, Q2 = 0.772) and negative (R2 = 0.938, Q2 = 0.755) modes. Red triangles, blue diamonds and green circles indicate the N, M, and L groups, respectively. (F) Hierarchical clustering heatmap showing the changes in potential biomarker content in the plasma of rats in the N, M, and L groups. The three groups achieved basic separation based on 32 potential biomarkers. The N and M groups were completely separated, and the L group approached N group. N, the sham-operated group; M, the acute myocardial ischemia model group; L, the leonurine administration group. **p < 0.01 vs. the N group; #p < 0.05 and ##p < 0.01 vs. the M group.




Effects of leonurine on CK-MB and Tn-I

It has been widely accepted that CK-MB and TN-I are important indicators of myocardial ischemia (29–31). The effects of leonurine on plasma CK-MB activity and Tn-I concentration in the rats were shown in Figures 2C,D. Compared with the N group, the CK-MB activity and Tn-I concentration in the M group significantly increased (p-value < 0.01), indicating the successful establishment of the AMI model. However, the CK-MB activity and Tn-I concentration decreased significantly after leonurine intervention, indicating that leonurine could significantly improve the AMI in rats.



Metabolomics analysis

After Pareto scaling and log transformation, unsupervised clustering PCA was used to evaluate the performance of different groups. In the score plots of PCA (Supplementary Figure S1A), the QC samples were distributed in the near center in both positive and negative modes. The samples of the M group were significantly separated from those of the N group, indicating that AMI caused significant changes in metabolite levels in rats. Compared with the M group, the L group approached the N group, indicating that the levels of some metabolites in AMI rats were reversed after intraperitoneal injection of leonurine. The R2 values in positive and negative modes were 0.470 and 0.561, respectively.

To explore the differential metabolites between groups, an OPLS-DA model was also established for analysis. In the score plots of OPLS-DA in Figure 2E and Supplementary Figures S2B,C, complete separation was achieved between the N and M groups, as well as between the L and M groups. The values of R2 and Q2 in the OPLS-DA model in both positive and negative modes were all >0.755. Permutation testing for the OPLS-DA model was also performed, and the results are shown in Supplementary Figure S2. All the candidate metabolites with a VIP value >1 were considered differential metabolites, and then they were identified by comparing their MS information with standard substances and available online biochemical databases. Eighteen metabolites were detected in positive ion mode, and 14 were detected in negative ion mode. Detailed information on the 32 potential biomarkers is listed in Supplementary Table S2. The HCA of 32 potential biomarkers is shown in Figure 2F, and related pathways with influence coefficient are shown in Supplementary Figure S3A. Pathways with an impact value >0.1 were considered to be closely related to AMI, and leonurine exhibited a protective effect on the disorder via the regulation of these pathways, including linoleic acid metabolism, glycerophospholipid metabolism, glutamate metabolism, tryptophan metabolism, and the TCA cycle. Among them, glycerophospholipid metabolism and tryptophan metabolism should receive attention, since they were detected in the plasma of both rat samples with AMI and clinical samples of patients with hyperlipidemia, as shown in Supplementary Figure S3B.



Network pharmacology analysis

Network pharmacology was used to predict the potential targets of leonurine against AMI. A total of 87 targets of leonurine and 768 targets of AMI were obtained from the databases mentioned in Section 2.7 Network pharmacology research. Their shared targets were considered potential targets of leonurine against AMI (Figure 3A). Then, a PPI network was built by the SRING database to further analyze the complex mechanisms of leonurine against AMI. The obtained PPI data was visualized by Cytoscape software (Figure 3B). The CytoHubba plugin in Cytoscape software was used to calculate the hub genes. The top 20 genes were obtained in each algorithm in the CytoHubba plugin (Supplementary Figure S4). The overlapping genes in these algorithms were considered the hub genes (Figure 3C). A total of 16 hub genes (PPARG, CASP3, NOS3, MAPK14, ESR1, ACE, SRC, SOD2, F2, DPP4, GSR, AR, CYP2C9, MMP13, FABP4, BCHE) were thus obtained. The GO and KEGG pathway enrichment analyses were completed by the ClueGO plugin in Cytoscape software, and top terms such as positive regulation of reactive oxygen species metabolic process (GO:2000379), ligand-activated transcription factor activity (GO:0098531), long-chain fatty acid biosynthetic process (GO:0042759), nuclear receptor activity (GO:0042759), regulation of systemic arterial blood pressure (GO:0003073) and regulation of morphogenesis of an epithelium (GO:1905330) are shown in Figure 3D. According to the KEGG enrichment analysis, the pathways significantly affected were linoleic acid, IL-17 signaling pathway, thyroid hormone synthesis, and epithelial cell signaling in Helicobacter pylori infection.
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FIGURE 3
 Network pharmacology of leonurine against AMI. (A) Venn diagram of the intersection targets between leonurine and AMI. (B) The PPI network of leonurine against AMI. (C) Analysis of the hub genes by the CytoHubba plugin. The darker the color of the nodes, the greater the degree value. (D) KEGG pathway enrichment analysis by ClueGO with a p-value < 0.05. (E) GO enrichment analysis of potential targets by ClueGO.




Integrated analysis of metabolomics and network pharmacology

A compound-reaction-enzyme-gene network (Figure 4) was constructed by performing an integrative analysis of the metabolomics-acquired differential metabolites and the hub genes obtained from network pharmacology using the Metscape plugin in Cytoscape software. The network intuitively showed the relationships between differential metabolites and their upstream hub genes. A total of six key targets (GSR, CYP2C9, BCHE, GSTP1, TGM2, and PLA2G2A) were identified in the network map, corresponding to seven differential metabolites (glycerylphosphorylcholine, lysophosphatidylcholine, choline phosphate, linoleic acid, 13-HpODE, tryptophan and glutamate), involved in four important metabolic pathways (glycerophospholopid metabolism, linoleic acid metabolism, tryptophan metabolism and glutamate metabolism). Among these genes, GSR, CYP2C9, and BCHE were hub genes screened by network pharmacology.


[image: Figure 4]
FIGURE 4
 Compound-reaction-enzyme-gene networks of the key metabolites and targets. The red hexagons are differential metabolites, gray diamonds are reactions, green round rectangles are proteins and purple circles are genes. The key metabolites, proteins and genes were magnified.




Molecular docking

In this work, molecular docking technology was also used to predict the binding ability between leonurine and key targets (GSR, CYP2C9, and BCHE). The results of the docking experiments are shown in Figure 5. In detail, leonurine and the key targets were interacted with hydrogen-bonds, and the binding energies were −4.7 (GSR), −6.5 (BCHE) and −7.2 (CYP2C9) kcal/–mol. As shown in Figure 5A, leonurine made hydrogen-bonding interactions with GLN-10 of GSR at the active sites. To BCHE, leonurine made hydrogen-bonding interactions with ASP-70, GOL-605 and BUA-606 at the active sites. CYP2C9 interacted with leonurine by hydrogen bonding via the active site of four amino acid residues (PHE-419, LYS-423, GLU-400 and PHE-419). The docking results indicated a good affinity between leonurine and the targets.
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FIGURE 5
 The 3D interaction diagrams of leonurine and GSR, BCHE, CYP2C9, PLA2G2A, TGM2 and GSTP1.





Discussion

In this study, an integrated network pharmacology and metabolomics strategy was used to explore potential targets and metabolic pathways of leonurine against AMI, and a molecular docking technique was used to validate the key targets. Leonurine is a promising chemical component with multiple effects. Our team's study on leonurine treatment for hyperlipidemia has now entered clinical phase III. According to our metabolomics study on patients with clinical hyperlipidemia (one of the important risk factors for CHD), leonurine showed a great influence on glycerophosphololipid metabolism and tryptophan metabolism (Supplementary Figure S3). The regulation of leonurine on these two metabolic pathways was also observed in this study, which greatly aroused our interest. In the metabolomics experiment, a reduced level of glycerylphosphorylcholine (GPC) was observed. GPC is a small molecule that is normally water-soluble in vivo that decomposes into choline and glycerol phospholipids under the action of related enzymes, in which choline participates in the biosynthesis of acetylcholine, and glycerol phospholipids are involved in phosphatidylcholine (PC) synthesis. PCs can be catalyzed by phospholipase A2 (PLA2G2A) and partially hydrolyzed into lysophosphatidycholines (LysoPCs) (32, 33). In the metabolomics study, a significant decrease in multiple LysoPC species was observed in the AMI group of rats, which was consistent with a previous report (34). However, the LPC levels significantly increased after leonurine intervention. Interestingly, PLA2G2A was predicted to a potential target for leonurine through networked pharmacology studies, whose activity is closely related to LPC levels. Therefore, a molecular docking technique was used to analyze the binding ability between leonurine and PLA2G2A. The results in Figure 5 show that leonurine interacted with PLA2G2A by hydrogen bonds at the active site, with binding energies of −7.4 kcal/–mol, indicating the potential of PLA2G2A to be a target of leonurine. Taken together, we speculated that leonurine may promote the hydrolysis of PCs into LPCs by acting on PLA2G2A to increase the levels of LPCs. Choline phosphate, another differential metabolite found in metabolomics study, was also involved in glycerophospholipid metabolism. A decrease in choline phosphate levels at AMI also interfered with the levels of LPCs. A network pharmacology study predicted that cholinesterase (BCHE) was one of the hub genes against AMI. Leonurine might regulate the levels of choline phosphate by acting on BCHE and thus affect the levels of LPCs. Therefore, leonurine may regulate the levels of LPCs by multiple targets.

Fatty acids (FAs) are the largest energy reservoir within the body. They can be oxidized in mitochondria by β-oxidation, producing acetyl-CoA, and are involved in the Krebs cycle (TCA) to provide energy. In AMI, aerobic respiration was limited, which suppressed the TCA cycle and interfered with the β-oxidation process of FAs, leading to the metabolic disorder of FAs and decreased levels of multiple FAs (35, 36). Decrease in unsaturated fatty acids such as linoleic acid, octadecatrienoic acid, hydroxyhexadecanoic acid, adrenic acid and 13-HpODE were observed in the metabolomics experiment. Among them, linoleic acid participates in the synthesis of LPCs, and the change in its level is correlated with the level of LPCs. Cytochrome P450 2C9 (CYP2C9) is a monooxidase that is involved in the metabolism of linoleic acid and generates epoxyoctadecanoic acids (EpOMEs). EpOMEs are further catalyzed by soluble hydroxyhydrolase (sEH) to produce dihydroxyoctadelactic acid (DiHOMEs). EpOMEs and DiHOMEs are closely related to the recovery of cardiac function after AMI (37). The network pharmacology results revealed that CYP2C9 (hub gene) was a possible target for leonurine. Therefore, it was possible that leonurine reduced the degradation of linoleic acid by inhibiting CYP2C9 activity, and thus reduced the harm to myocardial tissue during AMI.

Abnormal decreases in citrate and malate levels in rats with AMI were also observed in this work. As important metabolic intermediates in the TCA cycle, the reduced levels of citrate and malate indicated the inhibition of the TCA cycle. This might be related to the limitation of aerobic respiration during AMI in rats. Hypoxia in mitochondria and the reduction in substrate supply could cause disorders of the myocardial energy metabolism pathway, and the TCA cycle, as the core of energy metabolism, was obviously disturbed (38).

In fact, metabolic drugs improving the function of ischemic myocardium play an important role in the therapy for CHD. One of the representative metabolic drugs is trimetazidine, which could partial blockade of lipid β-oxidation and stimulate glucose oxidation (39). However, the antihypoxic effects of trimetazidine can be realized only in moderate hypoxia due to regulatory limitation of lipid utilization. Unlike trimetazidine, leonurine show obvious regulation on both TCA cycle and FAs metabolism. Khazanov et al. (40) found that the optimization of energy formation processes in mitochondria using natural mitochondrial metabolites, such as succinate and malate showed more effectively than antihypoxant trimetazidine prevented functional and metabolic disorders in rat myocardium during AMI. This encourages us that leonurine has a good future on the clinical application of AMI therapy.

Glutamate participates in the malate-aspartate shuttle and converts pyruvate to alanine rather than lactic acid; thus, glutamate might be the preferred myocardial fuel for AMI (41, 42). Furthermore, the reduced 4-oxoproline level in this experiment was also associated with an abnormal metabolism of glutamate. The results of a network pharmacology study showed that GSTP1 and GSR have the potential to be targets of leonurine in glutamate metabolism. The glutathione (GSH) redox system is an important antioxidant defense system in cardiomyocytes (43). The absence of GSH aggravated the injury of myocardial tissue, and the reduction in GSH concentration was associated with the decreased activity of glutathione reductase (GSR) (44). Leonurine may repair the myocardial damage caused by AMI by upregulating the concentration of GSH through the activation of GSR. Glutathione S-transferase Ps (GSTPs) protect cardiomyocytes by removing cytotoxic dehydes such as acrolein from the heart (49). Unlike other GSTPs, GSTP1 has the greatest cardio-selectivity and plays a protective role during AMI. Molecular docking results showed that the binding energy between leonurine and GSTP1 was −6.5 kcal/–mol (Figure 5), indicating that GTPS1 was a potential target for leonurine to prevent AMI.

The effect of leonurine on metabolic disorders of the tryptophan pathway was also observed in both a previous metabolomics study of patients with clinical hyperlipidemia and this work. As an antioxidant, tryptophan was reported to alleviate hypoxic myocardial damage (45). Clinical studies have shown that the tryptophan metabolism pathway is closely related to the onset and development of AMI. For example, Petras et al. (46) and Chacko et al. (47) observed a significant reduction in tryptophan levels in patients with AMI 5 min before onset and within 12 h after onset through a metabolomics study. A decrease in tryptophan levels was also observed in this metabolomics study. The network pharmacology study predicted protein-glutamine gamma-glutamyl transferase 2 (TGM2) as a possible target for leonurine in tryptophan metabolism. TGM2 is a member of the transglutaminase (TG) family that contributes to the stabilization or repair of the vasculature. Griffin et al. (48) observed more myocardial fibrosis in TGM2 knockout mice (ApoEe/TGM2/F13a1 knockout and Tgm2/F13a1 knockout mice) than in ApoEe/F13a1 double-knockout and F13a1 single-knockout mice. TGM2 could also promote ATP synthesis and thus limit damage after AMI (49). Thus, the binding ability between leonurine and TGM2 was analyzed by molecular docking. The docking result in Figure 5 shows that the interaction between TGM2 and leonurine was achieved by hydrogen bonding with a binding energy of −6.2 kcal/–mol. In conclusion, we predicted that the tryptophan pathway was greatly affected in rats with AMI, and leonurine probably repaired the myocardial injury caused by AMI by acting on TGM2.

Decreases in other differential metabolites, such as hippurate, taurochenodeoxycholic acid, phytosphingosine, uric acid and cytosine were also observed in metabolomics experiments. Hippurate is the metabolite of phenylalanine, and its decreased level indicates abnormalities in the phenylalanine metabolic pathway (38). Taurine was reported to have protective effects on cardiomyocytes by maintaining calcium (Ca2+) homeostasis, regulating osmotic homeostasis, and mediating antioxidant and anti-apoptotic activities (41, 42). In this study, a decrease in the level of taurochenodeoxycholic acid was observed, which, as a precursor to taurine production, might be one of the causes of abnormal taurine metabolism. Sphingolipid-mediated signaling pathways were also reported to have an important role in cardiovascular pathological physiology and were considered a potential target for MI injury (43). In this study, a decreased level of phytosphingosine was found in AMI rats, which was consistent with the experimental results of Qi et al. (44). After leonurine administration, the level of phytosphingosine recovered, indicating that leonurine also had a regulatory effect on sphingolipid metabolism. Myocardial energy disorders inevitably affect DNA and protein synthesis, resulting in purine and pyrimidine metabolism disorders. It was reported that the level of xanthosine decreased in AMI. As the final product of purine metabolism, uric acid is metabolized by xanthosine and xanthine. Thus, decreases in xanthosine and xanthine resulted in a decrease in the levels of uric acid (35). In addition, cytosine, an intermediate product of pyrimidine metabolism, decreased, indicating that pyrimidine metabolism was also affected by myocardial ischemia. Figure 6 illustrates the underlying mechanism of leonurine against AMI by integrating network pharmacological and metabolomic results.
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FIGURE 6
 Interaction network based on metabolomics and network pharmacology. Tryptophan and glycerophospholipid metabolism, and related targets such as TGM2, BCHE, and PLA2G2A should be paid more attention, since these two pathways may be closely related to the clinical efficacy of leonurine against AMI.


We preliminarily predicted the potential signaling pathway of leonurine against AMI in this study. Although the experimental results of plasma metabolomics is a powerful support of our prediction of the potential targets, further validation of the predicted targets should be further verified to clarify the mechanism of leonurine against AMI. Especially, tryptophan and glycerophospholipid metabolism, and related targets such as TGM2, BCHE and PLA2G2A should be paid more attention, since the regulation of leonurine on these two pathways was also observed in our previous metabolomics study of clinical hyperlipidemia patients. These two pathways may be closely related to the clinical efficacy of leonurine against AMI.



Conclusion

In this study, we used an integrated metabolomics and network pharmacology strategy to explore the targets and related pathways of leonurine against AMI. A total of four major metabolic pathways were found, namely, glycerophospholipid metabolism, linoleic acid metabolism, tryptophan metabolism and glutamate metabolism, and six possible targets were filtered, three of which were hub genes in network pharmacology. Among them, tryptophan and glycerophospholipid metabolism should be given more attention, because disturbances of these two metabolic pathways were also found in clinical patients with hyperlipidemia. Hyperlipidemia is one of the main risk factors for CHD, and leonurine showed significant regulatory effects on tryptophan and glycerophospholipid metabolism disorders in both AMI rats and clinical hyperlipidemia patients. This work provides a valuable basis for the research and development of leonurine as an anti-AMI drug.
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While new variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) constantly emerge to prolong the pandemic of COVID-19, robust and safe therapeutics are in urgent need. During the previous and ongoing fight against the pandemic in China, Traditional Chinese Medicine (TCM) has proven to be markedly effective in treating COVID-19. Among active ingredients of TCM recipes, small molecules such as quercetin, glabridin, gallic acid, and chrysoeriol have been predicted to target viral receptor angiotensin-converting enzyme 2 (ACE2) via system pharmacology/molecular docking/visualization analyses. Of note, endothelial dysfunction induced by oxidative stress and inflammation represents a critical mediator of acute respiratory distress syndrome (ARDS) and multi-organ injuries in patients with COVID-19. Hence, in the present study, we examined whether quercetin, glabridin, gallic acide and chrysoeriol regulate viral receptors of ACE2 and transmembrane serine protease 2 (TMPRSS2), redox modulator NADPH oxidase isoform 2 (NOX2), and inflammatory protein of monocyte chemoattractant protein-1 (MCP-1) in endothelial cells to mediate therapeutic protection against COVID-19. Indeed, quercetin, glabridin, gallic acide and chrysoeriol completely attenuated SARS-CoV-2 spike protein (S protein)-induced upregulation in ACE2 protein expression in endothelial cells. In addition, these small molecules abolished S protein upregulation of cleaved/active form of TMPRSS2, while native TMPRSS2 was not significantly regulated. Moreover, these small molecules completely abrogated S protein-induced upregulation in NOX2 protein expression, which resulted in alleviated superoxide production, confirming their preventive efficacies against S protein-induced oxidative stress in endothelial cells. In addition, treatment with these small molecules abolished S protein induction of MCP-1 expression. Collectively, our findings for the first time demonstrate that these novel small molecules may be used as novel and robust therapeutic options for the treatment of patients with COVID-19, via effective attenuation of S protein induction of endothelial oxidative stress and inflammation.
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Introduction

As on 1 May 2022, the cases of coronavirus disease 2019 (COVID-19) have surpassed 500 million with 6.0 million deaths worldwide (1). Since the outbreak of the COVID-19 pandemic, extensive research efforts have been made to reveal molecular mechanisms of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the pathogenesis of COVID-19 for effective management of the disease, with many breakthroughs in areas such as rapid and specific identification of viral antigen and variants for accurate diagnosis, and development of robust vaccines and antiviral medications (2, 3). Nonetheless, the COVID-19 pandemic remains challenging to manage with the constant emergence of newly mutated SARS-CoV-2 variants (4). Besides previously defined variants of concern (VOC), Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2), the newly emerged variant of SARS-CoV-2 Omicron (B.1.1.529), identified for the first time on 11 November 2021 (5) and now divided into three lineages (BA.1, BA.2, and BA.3) (6), have been known to possess a large number of mutations to confer higher transmissibility, and immune evasion against acquired immunity from natural infection, vaccination (breakthrough infections), or immunotherapies (7). It has been designated as a new VOC (8, 9). Therefore, robust therapeutics for COVID-19 remains in urgent need to contain the COVID-19 pandemic.

During the previous and ongoing flight of the pandemic in China, accumulating evidence has shown that a combination of Traditional Chinese Medicine (TCM) and Western medicine is robustly effective in treating patients with COVID-19, including mild, moderate, and severe cases. Of note, early intervention with TCM has been shown especially beneficial in shortening the course of the disease and preventing the progression of the disease (10). Therefore, we have recently reviewed literature to identify active ingredients/small molecules of TCM recipes that had been predicted to target viral infection and consequent pathological events to effectively treat COVID-19 (11). Among them, quercetin, glabridin, gallic acid, and chrysoeriol (structures shown in Figure 1), four small molecules examined in the present study, were predicted to target viral receptor angiotensin-converting enzyme 2 (ACE2) via system pharmacology/molecular docking/visualization analyses, based on systematic reviews of literatures (11). Nonetheless, experimental and mechanistic data as to their effects on treating COVID-19 have been lacking. Of interest, some other natural compounds have also been tested or proposed for the treatment efficacies on COVID-19 (12–16).


[image: image]

FIGURE 1
Chemical structures of quercetin, glabridin, gallic acid, and chrysoeriol.


Spike protein (S protein) of SARS-CoV-2 mediates fusion between viral envelope and cellular membranes for host cell entry through a series of events; first, S protein binds to the membrane-bound receptor of angiotensin-converting enzyme 2 (ACE2), the specific receptor for SARS-CoV-2; then, S protein is cleaved by furin into two subunits of S1 and S2; third, cleavage of S2 domain at discrete cleavage site S’ within S2 subunit by transmembrane serine protease 2 (TMPRSS2) exposes fusion peptide (FT) to be subsequently inserted into host cell membrane for fusion (17). Therefore, targeting ACE2 and/or TMPRSS2 to block initial viral entry into the cells could serve as an important therapeutic strategy for COVID-19.

Importantly, endothelial dysfunction is one of the key features of COVID-19, which is considered a major mediator of the development and progression of acute respiratory distress syndrome (ARDS) and multi-organ failure (18, 19, 23). Vascular pathologies, including endothelial morphological disruption, thrombosis, and perivascular inflammation, have been observed in the lungs of patients with COVID-19 (19, 20). Recent studies have shown that exposure of lung vascular endothelial cells to S protein or subunit alone triggers similar signaling responses as a live virus does upon binding to ACE2 receptor (21). Recombinant S1 subunit treated K-18 human ACE2 (hACE2) knock-in mice displayed features of acute lung injury and cytokine storm, as reflected by elevated cytokines in serum and increased expression of inflammatory cytokines/chemokines in the lung (22). We have recently shown that exposure to S protein or interleukin-6 (IL-6) (the primary mediator of cytokine storm) induces NADPH oxidase isoform 2 (NOX2)-dependent excessive oxidative stress in endothelial cells (23). S protein triggers upregulation of ACE2 in endothelial cells, and induction of proinflammatory protein monocyte chemoattractant protein-1 (MCP-1). All of these responses represent critical underlying mechanisms of endothelial dysfunction and vascular inflammation in COVID-19, driving the development of ARDS/multi-organ failure, and mortality.

Therefore, we examined in the present study whether the small molecules of quercetin, glabridin, gallic acid, and chrysoeriol, regulate ACE2, TMPRSS2, NOX2, and MCP-1 to mediate therapeutic protection against COVID-19. We followed previous experimental protocols in which we found estrogen administration is robustly effective in protecting against endothelial dysfunction via abrogation of ACE2 upregulation, and ACE2-dependent activation of NOX2 and MCP-1 (23). We found that quercetin, glabridin, gallic acid, or chrysoeriol treatment of endothelial cells attenuated viral S protein-induced upregulation in ACE2, active TMPRSS2, NOX2, MCP-1 and superoxide production, indicating therapeutic potential of these small molecule compounds for COVID-19 via preservation of endothelial function.



Materials and methods


Cell treatment

Bovine aortic endothelial cells (BAECs) (Genlantis, San Diego, CA, United States, passage 4 to 6) were cultured in M199 media supplemented with 10% fetal bovine serum (FBS), 1% vitamin, 1% L-glutamine, and penicillin-streptomycin as previously described (23–30). Confluent BAECs were starved in 5% FBS containing M199 media overnight before treatment with recombinant SARS-CoV-2 spike protein (S protein, 500 ng/ml, #10549-CV-100, R&D, Minneapolis, MN, United States) for 30 min. After 30 min of S protein treatment, cells were exposed to 100 nmol/l of quercetin (#Q4951, MilliporeSigma, St. Louis, MO, United States), glabridin (#G9548, MilliporeSigma, St. Louis, MO, United States), gallic acid (#G7384, MilliporeSigma, St. Louis, MO, United States), and chrysoeriol (derivative of Luteolin, #PHL85725, MilliporeSigma, St. Louis, MO, United States) for 24 h. The drugs were dissolved in dimethyl sulfoxide (DMSO) to make a stock solution and diluted for the treatment of cells. DMSO was also added to the control and S protein groups as vehicle control.



Western blotting

After treatment, BAECs were lysed in lysis buffer (20 mmol/l Tris–HCl pH 7.4, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 2.5 mmol/l sodium pyrophosphate, 1 mmol/l β-glycerophosphate, 1 mmol/l sodium orthovanadate, and 1% Triton X-100, supplemented with protease inhibitor cocktail) for 20 min on ice and then supernatant separated by centrifugation at 12,000 rpm for 10 min at 4°C. Following protein concentration determination by DC protein assay (#5000112, Bio-Rad, Hercules, CA, United States), 25–40 μg of protein were separated in 10–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by standard Western blotting protocol by probing with antibodies for ACE2 (1:1,000, #ab15348, Abcam, Waltham, MA, United States), TMPRSS2 (1:1,000, #ab92323, Abcam, Waltham, MA, United States), NOX2 (1:250, #611414, BD Biosciences, San Jose, CA, United States), MCP-1 (1:500, #ab9669, Abcam, Waltham, MA, United States), and β-actin (1:1,000, #A2066, MilliporeSigma, St. Louis, MO, United States) as we previously published (23). The protein bands were visualized by enhanced chemiluminescent methods, and band densities quantified using National Institutes of Health (NIH) Image J program.



Determination of superoxide production by electron spin resonance

Superoxide production in BAECs was determined by electron spin resonance (ESR) (eScan, Bruker, Billerica, MA, United States) as we previously published (23–37). After treatment, cells were collected in cold modified Krebs/HEPES (KHB) buffer (99 mmol/l of NaCl, 4.69 mmol/l of KCl, 1.03 mmol/l of KH2PO4, 2.50 mmol/l of CaCl2, 1.20 mmol/l of MgSO4, 25.0 mmol/l of NaHCO3, 5.6 mmol/l of glucose, and 20.0 mmol/l of Na-HEPES, pH 7.35). The cell suspension was mixed with superoxide-specific spin trap CMH (1 mmol/l, #ALX-430-117-M250, Enzo Life Sciences, Farmingdale, NY, United States) in nitrogen gas bubbled KHB buffer containing diethyldithiocarbamic acid (5 μmol/l, #D3506, MilliporeSigma, St. Louis, MO, United States) and deferoxamine (25 μmol/l, #D9533, MilliporeSigma, St. Louis, MO, United States). Then, the cell mixture was loaded in glass capillaries and analyzed immediately by ESR. Superoxide signal was measured in the presence or absence of polyethylene glycol-superoxide dismutase (PEG-SOD) (20 U/ml, #S9549, MilliporeSigma, St. Louis, MO, United States). The PEG-SOD inhabitable superoxide signal was calculated and normalized to protein concentrations. The ESR settings used were: center field 3,480.00 G; sweep width 9.00 G; microwave frequency 9.79 GHz; microwave power 21.02 mW; modulation amplitude 2.47 G; 512 points of resolution; and receiver gain 1,000.



Statistical analysis

All the data are presented as mean ± SEM. One-way ANOVA was used to compare the means among multiple groups with the Newman–Keuls post hoc test. p < 0.05 was considered statistically significant.




Results


Attenuation of severe acute respiratory syndrome coronavirus 2 spike protein-induced upregulation of angiotensin-converting enzyme 2/transmembrane serine protease 2 by small molecule compounds

We have recently demonstrated that ACE2 is abundantly expressed in endothelial cells, and that viral spike protein (S protein) potently upregulates protein expression of ACE2 in both human and bovine endothelial cells (23). This response is fully reversible by estrogen treatment (23). Here, we examined the effects on endothelial ACE2 expression of novel small molecules of TCM recipes/ingredients found effective in treating COVID-19. The chemical structures of the small molecules are presented in Figure 1. As shown in Figures 2, 3A, quercetin, glabridin, gallic acid, or chrysoeriol (100 nmol/l) completely attenuated S protein-induced upregulation in ACE2 protein abundance in endothelial cells. Of note, these small molecules (100 nmol/l) also near completely alleviated S protein upregulation of cleaved/active form of TMPRSS2, while native TMPRSS2 was not significantly regulated (Figures 2, 3B,C). Following the binding of S protein to ACE2 via receptor-binding domain (RBD), TMPRSS2 cleaves the S2 domain to facilitate membrane fusion and viral entry. The cleaved active form of TMPRSS2 has been known to interact with ACE2 receptor (38). Hence, our results demonstrate potential therapeutic efficacies of TCM ingredient small molecules of quercetin, glabridin, gallic acid, and chrysoeriol, which are attributed to attenuation of ACE2 binding of S protein via downregulation of ACE2, and blockade of the activity of ACE2 via reduction of its interaction with the activated form of TMPRSS2.
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FIGURE 2
Representative Western blots of ACE2/TMPRSS2 and NOX2 in S protein and small molecules treated endothelial cells. Bovine aortic endothelial cells (BAECs) were pretreated with viral spike protein (S protein, 500 ng/ml) for 30 min before exposure to 100 nmol/l of small molecule compounds for 24 h. Shown are representative Western blots of ACE2, native/cleaved TMPRSS2 and NOX2 in S protein, and small molecules treated endothelial cells.
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FIGURE 3
Attenuation of SARS-CoV-2 spike protein-induced upregulation of ACE2/TMPRSS2 by quercetin, glabridin, gallic acid, and chrysoeriol. Bovine aortic endothelial cells (BAECs) were pretreated with viral spike protein (S protein, 500 ng/ml) for 30 min before exposure to 100 nmol/l of small molecule compounds for 24 h. (A) Grouped data of ACE2 protein expression indicating that S protein-induced upregulation in ACE2 protein abundance was completely attenuated by small molecules. n = 3–4. (B,C) Grouped data of native and cleaved TMPRSS2 protein expression indicating that S protein activated proteolytic cleavage of TMPRSS2 was near completely attenuated by small molecules. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. S protein treated group by one-way ANOVA.




Attenuation of severe acute respiratory syndrome coronavirus 2 spike protein-induced upregulation of NADPH oxidase isoform 2 and excessive superoxide production by small molecule compounds

We have recently shown that ACE2-dependent selective activation of NOX2 and ROS production by viral S protein can be completely reversed by estrogen (23). In the present study, we also examined the effects on NOX2 protein expression and endothelial superoxide production of novel small molecules of TCM recipes/ingredients found effective in treating COVID-19. As shown in Figures 2, 4A, the expression of NOX2 was upregulated by S protein, which is consistent with our previous findings (23). Treatment with quercetin, glabridin, gallic acid, or chrysoeriol following S protein stimulation of endothelial cells near completely attenuated NOX2 protein upregulation at a concentration of 100 nmol/l, indicating robust reversal effects of these small molecules on NOX2 activation. S protein stimulation markedly upregulated superoxide production in endothelial cells, which is consistent with our previous observations (23). Treatment with small molecules (100 nmol/l) following S protein stimulation of endothelial cells near completely alleviated increased superoxide production, indicating robust therapeutic potential of these small molecules on S protein-induced oxidative stress in endothelial cells (Figures 2, 4B).
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FIGURE 4
Attenuation of SARS-CoV-2 spike protein-induced upregulation of NOX2 and excessive superoxide production by quercetin, glabridin, gallic acid, and chrysoeriol. Bovine aortic endothelial cells (BAECs) were pretreated with viral spike protein (S protein, 500 ng/ml) for 30 min before exposure to 100 nmol/l of small molecule compounds for 24 h. (A) Grouped data of NOX2 protein expression indicating upregulation of NOX2 by S protein, which was near completely attenuated by small molecules. n = 3–5. (B) Grouped data of superoxide production as determined specifically and quantitatively by electron spin resonance (ESR), indicating S protein induction of excessive superoxide production in endothelial cells, which was near completely alleviated by small molecules. Data are shown as mean ± SEM. n = 3, **p < 0.01 vs. control group; #p < 0.05 vs. S protein treated group by one-way ANOVA.




Attenuation of severe acute respiratory syndrome coronavirus 2 spike protein-induced upregulation of monocyte chemoattractant protein-1 by small molecule compounds

The proinflammatory cytokines such as MCP-1 were found to be elevated along with other inflammatory mediators in patients with COVID-19 (39). In the previous study, we found that S protein exposure induced upregulation of pro-inflammatory protein MCP-1, which was completely alleviated by estrogen (23). Interestingly, treatment with quercetin, glabridin, gallic acid, or chrysoeriol (100 nmol/l) also abolished S protein induction of MCP-1 (Figure 5). The alleviation in MCP-1 can prevent attraction of monocytes/macrophages to endothelial cells to eliminate hyperinflammatory state, as dysregulated levels of MCP-1, –2, and –3 were observed in plasma samples of hospitalized patients with COVID-19 (39). Therefore, quercetin, glabridin, gallic acid, or chrysoeriol (luteolin derivative) can effectively attenuate endothelial dysfunction and inflammation via inhibition of ACE2/TMPRSS2, NOX2-dependent superoxide production, and MCP-1, leading to abrogation of ARDS/multi-organ failure and mortality in patients with COVID-19.
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FIGURE 5
Attenuation of SARS-CoV-2 spike protein-induced upregulation of MCP-1 by quercetin, glabridin, gallic acid, and chrysoeriol. Bovine aortic endothelial cells (BAECs) were pretreated with viral spike protein (S protein, 500 ng/ml) for 30 min before exposure to 100 nmol/l of small molecule compounds for 24 h. Shown are representative Western blots and grouped data of MCP-1 protein expression indicating upregulation of proinflammatory protein MCP-1 by S protein, which was completely attenuated by small molecules. Data are shown as mean ± SEM. n = 4. **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. S protein treated group by one-way ANOVA.





Discussion

Spike protein (S protein) of SARS-CoV-2 mediates host cell entry via angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2), targeting of which could serve as an important therapeutic strategy for COVID-19. In the present study, we hypothesized that small molecules quercetin, glabridin, gallic acid, and chrysoeriol, derived from active ingredients of TCM recipes proven effective in treating COVID-19 (11), protect against COVID-19 by inhibiting viral receptors of ACE2 and TMPRSS2 on endothelial cells, thus regulating expression of NOX2 and MCP-1, as well as endothelial cell production of superoxide. We found that expression of ACE2 and cleaved/active form of TMPRSS2 were significantly upregulated by SARS-CoV-2 S protein, both of which were abolished or near completely attenuated by treatment with the small molecules described above. In addition, treatment of endothelial cells with quercetin, glabridin, gallic acid, or chrysoeriol near completely reversed S protein-induced NOX2 activation and NOX2-dependent production of superoxide, as well as upregulation of proinflammatory proteins such as MCP-1.

Among the four molecules, quercetin, glabridin, and chrysoeriol (luteolin derivative) are naturally occurring flavonoids, while gallic acid is a natural polyphenolic compound. Natural flavonoids have been known to reduce oxidative stress and inflammation in endothelial cells, so that it contributes to restoration of endothelial function in diabetes (40), though detailed molecular mechanisms have remained unclear. Gallic acid was demonstrated to have anti-obesity properties by suppressing lipogenesis, improving insulin signaling, and reducing proinflammatory responses and oxidative stress (41). Whether or not these small molecules regulate pathways such as NADPH oxidases has remained unclear. Of note, these small molecules have been predicted to target ACE2 by system pharmacology/molecular docking/visualization analyses. Here, we treated endothelial cells with these small molecules following initial exposure of the cells to S protein, to examine potential reversal effects on pathological consequences of these small molecules. Indeed, four small molecules investigated in this study completely attenuated S protein-induced upregulation in ACE2 protein abundance. Of note, these small molecules near completely attenuated S protein upregulation of cleaved/active form of TMPRSS2, while native TMPRSS2 was not significantly regulated. The detailed molecular mechanisms underlying the inhibition on ACE2 of these small molecules warrant further investigation, while the predicted binding of these small molecules to ACE2 by docking studies might indeed underlie ACE2 inhibition by these compounds (42, 43). Besides the direct targeting of ACE2, network pharmacology analyses predict that these molecules might modulate transcription factors (TFs), including hepatocyte nuclear factor 4 alpha (HNF4A) and peroxisome proliferator-activated receptor gamma (PPARG), or microRNAs (miRNAs), including hsa-miR-2113 and hsa-miR-421, resulting in modulation of these upstream events to target ACE2 (43).

For SARS-CoV-2 entry into host cells, ACE2 and TMPRSS2 are critically required (44). Of note, “viral entry inhibitors,” the antiviral class of drugs to block viral entry by inhibiting both TMPRSS2 and ACE2, have been actively investigated for the development of new drugs for COVID-19 (3, 44). The United States Food and Drug Administration (USFDA) has approved approximately 2,800 investigative molecules for further evaluations, which were selected using a virtual docking tool identifying dual-target inhibition of TMPRSS2 and ACE2 (44). In an in silico drug repurposing study, lopinavir and valrubicin have been shown superior in terms of dual inhibition (44). Compared to the antivirals targeting the viral life cycle to treat severe, hospitalized patients, such as remdesivir, viral entry inhibitors have the advantages for early intervention of COVID-19 (45). By blocking viral entry, these antivirals possess the potential to prevent disease transition into severe cases and shorten the disease course, which is in line with the observed benefits of TCM therapies during early intervention (10, 11, 45). Hence, as the active components of the proven TCM recipes, these small molecules might represent suitable candidates as viral entry inhibitors.

Oxidative stress and inflammation have been implicated in ARDS and multi-organ injuries in COVID-19 (18). We have recently shown that S protein stimulation of endothelial cells leads to marked elevation in intracellular superoxide production to induce endothelial dysfunction, which is also characterized by activation of inflammatory signaling, including production of cytokines and chemokines such as IL-6 (one of the key cytokines mediating cytokine storm during the pathogenesis of COVID-19) and MCP-1 (23). Our study has demonstrated that exposure to S protein or IL-6 induces excessive oxidative stress in endothelial cells, which is mediated specifically by activation of NADPH oxidase isoform 2 (NOX2), but not NOX1 or NOX4 (23). Here, we confirmed that S protein induced upregulation of ACE2 in endothelial cells, and ACE2-dependent activation of NOX2, superoxide production, and induction of proinflammatory protein MCP-1. All of these responses represent critical underlying mechanisms of endothelial dysfunction and vascular inflammation in COVID-19, driving the development and progression of ARDS/multi-organ failure, and mortality. In this study, four small molecules of quercetin, glabridin, gallic acid and chrysoeriol near completely attenuated S protein-induced upregulation of NOX2 protein expression, which subsequently abolished overproduction of superoxide, indicating their preventive action against S protein-induced oxidative stress in endothelial cells. In addition, S protein exposure resulted in induction of pro-inflammatory protein MCP-1, which was completely alleviated by treatment with these small molecules. Of note, MCP-1 was found upregulated by oxidative stress activation of nuclear factor-kappa B (NF-KB) in endothelial cells (46).

In conclusion, we demonstrate for the first time that four small molecules of quercetin, glabridin, gallic acid and chrysoeriol may serve as novel and robust therapeutic options for COVID-19 by: (1) inhibiting viral entry into endothelial cells through downregulation of ACE2/TMPRSS2; (2) preserving endothelial function via attenuation of excessive superoxide production elicited by S protein activation of NOX2; and (3) abolishing endothelial inflammation by blocking S protein induction of pro-inflammatory protein MCP-1. These protective effects of the small molecules are anticipated to effectively alleviate ARDS/multi-organ failure/mortality via abrogation of endothelial dysfunction. The molecular pathways invovled are shown schematically in Figure 6. Therefore, these small molecules can be immediately repurposed as novel therapeutic options for the treatment of patients with COVID-19.
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FIGURE 6
The anti-COVID-19 effects of small molecule compounds of quercetin, glabridin, gallic acid, and chrysoeriol. Summary of therapeutic actions of active small molecules in protecting against S protein-induced endothelial dysfunction and inflammation to result in attenuation of ARDS/multi-organ failure and mortality in patients with COVID-19.
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Introduction: Previous studies have demonstrated that exposed to the initial suboptimal intrauterine environment of gestational diabetes mellitus (GDM) may increase risk of cardiovascular disease in adulthood.

Methods: In order to investigate the underlying mechanisms involved in the increased risk of cardiovascular diseases (CVDs) in the offspring of GDM, we applied a high-throughput proteomics approach to compare the proteomic expression profile of human umbilical vessels of normal and GDM offspring.

Results: A total of significantly different 100 proteins were identified in umbilical vessels from GDM group compared with normal controls, among which 31 proteins were up-regulated, while 69 proteins were down-regulated. Differentially expressed proteins (DEPs) are validated using Western blotting analysis. The analysis of these differently expressed proteins (DEPs) related diseases and functions results, performed by Ingenuity Pathway Analysis (IPA) software. Based on “Diseases and Disorders” analysis, 17 proteins (ACTA2, ADAR, CBFB, DDAH1, FBN1, FGA, FGB, FGG, GLS, GSTM1, HBB, PGM3, PPP1R13L, S100A8, SLC12A4, TPP2, VCAN) were described to be associated with CVD, especially in Anemia, Thrombus and Myocardial infarction. Functional analysis indicated that DEPs involved in many cardiovascular functions, especially in “vasoconstriction of blood vessel” (related DEPs: ACTA2, DDAH1, FBN1, FGA, FGB, and FGG). Upstream regulator analyses of DEPs identifies STAT3 as inhibitor of ACTA2, FGA, FGB, and FGG.

Conclusion: The results of this study indicate that intrauterine hyperglycemia is associated with an elevated risk of cardiovascular risk in the offspring.
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Gamete and Embryo-Fetal Origins of Adult Diseases, gestational diabetes mellitus (GDM), offspring, umbilical vessel, iTRAQ


Introduction

A growing number of epidemiological and experimental studies suggest that exposure to adverse intrauterine environment during fetal development can be associated with chronic disease in later life, such as CVD, obesity, type 2 diabetes and cognitive disorder (1–6). The theory of Gamete and Embryo-Fetal Origins of Adult Diseases is used preferentially to describe these associations. Gestational diabetes mellitus (GDM) is defined as any degree of glucose intolerance with onset or first diagnosis during gestation. The prevalence of GDM ranged from 9.3 to 25.5% among 15 collaborating centers using the International Association of the Diabetes and Pregnancy Study Group (IADPSG) criteria (7). GDM is a serious health risk for both pregnant women and their offspring.

Emerging evidence suggests that the vasculature of women with a prior case of GDM is permanently altered, predisposing them to CVD. GDM also increases the offspring’s risk of developing hypertension and CVD. Elevated systolic blood pressure (SBP) and diastolic blood pressure (DBP) (4, 8–11), increased intima-media thickness (IMT) (12), increased cardiac septal hypertrophy (13), and vascular endothelial dysfunctions were observed in the offspring of GDM mother (14, 15). Consistent with epidemiological results, studies in animal models also showed that diabetes during pregnancy affected the development of fetal cardiovascular system (16, 17). In one of our previous works, we also have indicated that intrauterine hyperglycemia could induce IGT (impaired glucose tolerance) and abnormal blood insulin levels in both F1 and F2 offspring (18). In studies of the mechanisms of cardiovascular dysfunction caused by GDM, numbers of potential pathways have been implicated in endothelial cell, including reduced adenosine transport (14), impaired angiogenesis (15) and redox signaling (19). Although many previous studies have been conducted, its precise mechanism involved in the association between intrauterine hyperglycemia and a higher risk of cardiovascular anomalies has yet to be established.

In the present study, we aimed to investigate the cardiovascular risk proteins in offspring exposed to GDM. A proteomics analysis was conducted in umbilical vessels from newborns of mothers with GDM and normal controls using the isobaric tag for relative and absolute quantitation (iTRAQ)-labeling technique to compare the proteomic expression profile. We analyzed the related diseases and functions using ingenuity pathway analysis (IPA) software. The results of the present study may provide valuable information for further investigation of the mechanisms underlying the cardiovascular dysfunction induced by intrauterine hyperglycemia.



Materials and methods


Patients and umbilical cords

Umbilical cords from newborns of 25 mothers with mild GDM and 25 controls were collected by obstetricians in Shaoxing Maternity and Child Health Care Hospital, China. The Ethics Committee of Shaoxing Maternity and Child Health Care Hospital approved the study. All the participants enrolled in this study were with singleton pregnancy and ceased pregnancies with Cesarean section at full term. Tissue samples were stored snap frozen at −80°Cuntil use. The clinical characteristics of the proteomic participants included in this study are outlined in Table 1.


TABLE 1    Clinical characteristic of the participants.
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GDM were diagnosed between gestational weeks 24 and 28 after overnight fasting (for 8–12 h) by an oral glucose tolerance test (OGTT). According to the IADPSG diagnostic criteria, GDM was defined as fasting venous plasma glucose concentration ≥ 5.1 mM and ≥ 10.0 mM at 1-hand/or ≥ 8.5 mM at 2-h after drinking a solution with 75 g glucose. All women with GDM enrolled in the present study experienced dietary management without insulin treatment. Participants with maternal obesity factor (high pre-pregnancy BMI, excessive weight gain during pregnancy, abnormal lipid level in first-trimester) and macrosomia were excluded. The work described in the present study has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). The study protocols were reviewed and approved by the Research and Ethics Committee of the Women’s Hospital, School of Medicine, Zhejiang University, China, and informed consents were provided by all participants.



Isobaric tag for relative and absolute quantitation analysis

iTRAQ analysis was performed as previously described (20). Briefly, protein was extracted from umbilical artery and measured by BCA assay (Pierce, Rockford, IL, USA) according to the manufacturer’s protocol. Protein digestion was performed according to the FASP procedure, as described by Wisniewski et al. (21). Briefly, 200 μg of total-protein samples were diluted in 30 μL of solution including 4% SDS, 100 mM Tris-HCl pH 8.0 and 100 mM dithiotreitol, and were heated at 95°C for 5 min. After each sample was cooled to room temperature, the sample was loaded onto an ultrafiltration filter (cutoff 10 kDa, Sartorius, Goettingen, Germany). We added 200 μL UT buffer (8 M Urea and 150 mM Tris-HCl, pH 8.0) to the filter and centrifuged it at 14,000 g at 20°C for 30 min. Subsequently, 100 μL of iodoacetamide solution (50 mM iodoacetamide in UT buffer) was added for blocking reduced cysteines, and, the samples were incubated for 20 min in darkness. Then the filters were centrifuged at 14,000 g at 20°C for 20 min. The filters were washed with 100 μL UT buffer at 14,000 g for 20 min. This step was repeated 2 times. Then, 100 μL dissolution buffer (AB Sciex, Framingham, MA, USA) was added to the filter, and it was centrifuged at 14,000 g at 20°C for 30 min, and, this step was repeated twice. Finally, 40 μL of trypsin (Promega, Madison, WI, USA) buffer (2 μg trypsin in 40 μL dissolution buffer) were added, and, the samples were digested overnight at 37°C. Each filter unit was transferred to a new tube and centrifuged at 14,000 g at 20°C for 30 min. The concentration of resulting peptides was determined by UV light spectral density at OD280 (22).

The iTRAQ labeling of digested peptide samples was performed following the manufacturers protocol with 8-plex isobaric tags for relative and absolute quantitation (iTRAQ) labeling kit (AB Sciex, Framingham, MA, USA). Three umbilical arteries from the control group (C) were labeled with mass 114, 115 and 116 isobaric iTRAQ tags, the other three umbilical arteries from the GDM group were labeled with mass 117, 118, and 119 isobaric iTRAQ tags. Identical quantities of peptide mixtures from the 6 peptides mentioned above were labeled with reagent 113 and served as sample IS (internal standard). According to the manufacturers protocol, The labeling reactions were incubated for 2 h at room temperature before further analysis.

After iTRAQ-labeling the peptide samples were combined and subsequently purified using a strong cation exchange (SCX)-cartridge: Polysulfoethyl 4.6 × 100 mm column (5 μm, 200 Å, Poly LC Inc., Columbia, MD, USA). For LC-MS/MS analysis of the resulting peptides, we followed a previously described method (20). Protein identification and quantification for iTRAQ analysis data was carried out using the MASCOT search engine (version 2.2.1; Matrix Science, London, UK) embedded into Proteome Discoverer 1.3 (Thermo Electron, San Jose, CA, USA), searching against the Uniport database of human protein sequences (03-2013, 133549 entries, downloaded from: http://www.uniprot.org/) and the concatenated target-decoy database. The parameters were set as follows: Trypsin as digestion enzyme, cysteine carbamidomethylation as a fixed modification, Oxidation (M), Gln→Pyro-Glu (N-term Q), iTRAQ 8 plex (K), iTRAQ 8 plex (Y), and iTRAQ 8 plex (N-term) as the variable modification.



Western blotting analysis

Human umbilical arteries were lysed in 1 × RIPA buffer with 1μg/mL leupeptin and 1μg/mL phenylmethylsulfonyl fluoride. Aliquots containing 30 μg of protein samples were separated by 12% SDS-PAGE and transferred electrophoretically to a nitrocellulose transfer membrane (Bio-Rad, Hercules, CA, USA). After blocked with 5% BSA in TBS containing 0.01% Tween 20 (TBST) for 1 h at room temperature, the membrane was incubated overnight at 4°C with primary antibodies against FGA (1:1,000, Abcam, Cambridge, MA, USA), ACTA2 (1:1,000, Abcam, Cambridge, MA, USA), IDH3A (1:1,000, Abcam, Cambridge, MA, USA), GAPDH (1:1,000, Abcam, Cambridge, MA, USA). Subsequently, membranes were washed 10 min for three times with TBST, then each membrane was incubated for 1 h at room temperature with the appropriate secondary antibody (anti-rabbit IgG, anti-mouse IgG; 1:5,000; Abcam). The protein intensities were determined and analyzed using Odyssey® Imager (LI-COR Biosciences, Lincoln, NE, USA).



Bioinformatics analysis of differentially expressed proteins

Proteins exhibiting at least a ± 20% fold change in expression were determined as significantly different. The Cluster 3.01 and Java Tree view software2 were further used to evaluate the capability of the resulting feature proteins in differentiating the two groups of samples. IPA software (QIAGEN, Redwood 185 City, CA) was employed for functional analysis of the identified DEPs between the two groups. In the functional network analysis, the DEPs were represented as nodes, and the biological relationship between two proteins was represented as an edge (line), which was supported by the published articles or the canonical information embedded in the IPA database. Downstream biological processes analysis, which was used to predict the downstream effects of the DEPs based on the observed gene expression changes, was also on the strength of the canonical information embedded in the IPA database. The calculated z-score can be used to infer the activation states (“increased” or “decreased”) of implicated biological processes. Fisher’s exact test was used to calculate a p-value to determine the probability that the association between proteins in the dataset, and the biological process could be explained by chance alone.



Statistical analysis

All analysis was performed with the software Statistical Analysis Software (SPSS 17.0 software, SPSS Inc., USA). Data are displayed as means ± SEM. Statistical evaluation was conducted using an unpaired Student’s t-test, and P < 0.05 was considered statistically significant.




Results


The clinical characteristics of the participants

Twenty five pregnancies with GDM and 25 normal controls were enrolled in the present study, and the specific clinical characteristics of the participants and delivery data were shown in Table 1. None of them experienced major cardiovascular risk factors, such as cardiovascular system diseases, history of type 2 diabetes, hyperthyroidism, assisted reproductive technology treatment, smoking, congenital defect, and any other pregnancy complications. There was no significant difference between GDM group and the controls about the maternal age, gestational weeks, pre-pregnancy BMI, weight gain during pregnancy, lipid level in first-trimester, birth weight and gender distribution of newborns (all P > 0.05). The serum glucose concentration at 0,1, and 2 h of OGTT in the GDM group were significantly higher than that in the normal pregnancies (p < 0.001, respectively). Three pairs of the collected umbilical vessels were selected to compare the proteome profiles between GDM and controls by iTRAQ-LC-MS/MS.



Overview of the proteomics analysis

To identify the differentially expressed proteins (DEPs) in the umbilical arteries between GDM and controls in genome-wide level, iTRAQ-LC-MS/MS was performed in 3 GDM samples and 3 control samples. In the present study, a total of 1,653 proteins were quantified in the umbilical arteries from both GDM and the controls (Supplementary Table 1). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository (23) with the dataset identifier PXD024892. Using the screening criteria of fold change over ± 1.2, 100 proteins were regarded as differentially expressed in umbilical arteries from GDM group, of which, 31 proteins were up-regulated and 69 proteins were down-regulated (Supplementary Table 2 and Figure 1B). Hierarchical clustering analysis was further performed with the identified 100 DEPs mentioned above. After unsupervised clustering, the GDM group were significantly distinguished from the controls (Figure 1A), indicating the significant effect of intrauterine hyperglycemia on the expression of proteins in umbilical vessels of newborn.
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FIGURE 1
iTRAQ analysis results for the GDM umbilical vessels. (A) Hierarchical clustering of DEPs. (B) The statistic of the proteins identified in umbilical vessels. (C) Validation of the differential expression of the selected proteins in umbilical vessels by western blotting: FGA, ACTA2, IDH3A. Data are presented as mean ± SE (n = 3). *p < 0.01.




Western blotting validation

To validate the results carried out by iTRAQ-LC-MS/MS, Western blotting was conducted in additional three umbilical vessels from GDM and three normal umbilical vessels. Based on the significant expression difference and the biological function in the cardiovascular system, three proteins, including FGA, ACTA2, and IDH3A, were selected for further investigation. As shown in Figure 1C, the change trends of these three proteins within Western blotting analysis were in accordance with iTRAQ analysis results.



Bioinformatics analysis of differentially expressed proteins

To assist functional interpretation of the DEPs, the bioinformatics analysis was performed based on the 100 DEPs. These genes were loaded into IPA database (IPA®, QIAGEN)3 for pathway, disease and function, and network analysis. Three cardiovascular signaling pathways identified by IPA software (Supplementary Table 3 and Supplementary Figure 1) including “Atherosclerosis Signaling” (related gene: ORM1, ORM2, and S100A8). According to overlapping p-values, these 73 subcategories showed in “Disease and Disorder” analysis, including “Developmental Disorder” and “CVD” (Supplementary Table 4 and Supplementary Figure 2). In addition to the gene ontology enrichment, 22 subcategories involed in “Physiological System Development and Function,” especially in “Cardiovascular System Development and Function” (Supplementary Table 5 and Supplementary Figure 3). Network analysis identified five biological networks (Figure 2A), which included developmental network (Figure 2B) and cardiovascular network (Figure 2C). The most related network emerged comprising 20 of those DEPs. It is associated with the IPA functions “Developmental Disorder” (Figure 2B).
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FIGURE 2
Visual representation of the principal network generated by ingenuity pathway analysis (IPA). (A) Principal network generated by IPA. (B) Developmental Disorder associated network. (C) Cardiovascular Disease associated network.




Cardiovascular risk proteins analysis

To better understand cardiovascular risk proteins in offspring exposed to GDM, these DEPs were further analyzed in CVDs and functions. Based on “Diseases and Disorders” analysis, 17 proteins (ACTA2, ADAR, CBFB, DDAH1, FBN1, FGA, FGB, FGG, GLS, GSTM1, HBB, PGM3, PPP1R13L, S100A8, SLC12A4, TPP2, VCAN) were described to be associated with CVD, especially in Anemia, Thrombus and Myocardial infarction (Figure 3). Based on “Physiological System Development and Functions” analysis, 11 proteins (ACTA2, DDAH1, FBN1, FGA, FGB, FGG, GSTM1, IDH3A, NSF, ORM1, PPP1R13L) were described to be associated with Cardiovascular System Development and Function, especially in the function of “vasoconstriction of blood vessel” (Figure 4).
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FIGURE 3
Cardiovascular Disease analysis of differentially expressed proteins between normal and GDM umbilical vessels. For this developmental disease network, genes or gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge. All edges are supported by at least one publication as stored in the Ingenuity Knowledge database. The intensity of the node color indicates the degree of up- (red) or down- (green) regulation.
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FIGURE 4
Cardiovascular Functional analysis of differentially expressed proteins between normal and GDM umbilical vessels. For this cardiovascular function network, genes or gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge. All edges are supported by at least one publication as stored in the Ingenuity Knowledge database. The intensity of the node color indicates the degree of up- (red) or down- (green) regulation.


The term “upstream regulator” as used in IPA refers to any molecule that can affect the expression of another molecule. In upstream regulator analysis, STAT3 was predicted in inhibited state (z-score = −2.196) and regulated ACTA2, FBN1, FGA, FGB, and FGG (Figure 5).
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FIGURE 5
Upstream analysis of DEPs. Colorized nodes represented our input proteins. Green, down-regulated proteins. Red, up-regulated proteins.





Discussion

Cardiovascular and metabolic disorders often present in adult life, but may have their origins in changes to the intrauterine environment during fetal development. Previous studies including epidemiological investigations and experimental projects have demonstrated the alteration of vascular function and cardiovascular system in the offspring of GDM (8, 24). The current study firstly focus on the proteomics of umbilical vessels from GDM and normal controls, of normal birth weights, which excluded maternal obesity factors (high pre-pregnancy BMI, excessive weight gain during pregnancy, abnormal lipid level in first-trimester). Our results demonstrated that the intrauterine hyperglycemia indeed individually affected the expression patterns of proteins and vessel function.

Several studies implicated that the association between maternal hyperglycemia and childhood metabolic outcomes was attenuated after adjusting for covariates including maternal BMI and weight gain during pregnancy (11), overall, existing evidence suggested gestational diabetes as an independent element. To date, intensified treatment during pregnancy of maternal hyperglycemia reduce maternal weight gain and macrosomia at birth, whether similar associations still exist between maternal hyperglycemia and offspring cardiovascular outcomes is few studied. In the current study, participants with no maternal obesity factors (high pre-pregnancy BMI, excessive weight gain during pregnancy, abnormal lipid level in first-trimester) were recruited, and macrosomia was excluded.

The physiological and pathological regulation of cardiovascular function derives mainly from the collaboration between vascular endothelial cells and VSMCs (Vascular smooth muscle cells). Previous studies stated that characteristics and alterations of umbilical vessels could offer valuable information since umbilical vessel cells experienced the effect of same intrauterine environment (20, 25–27). In consideration of the ethics limited, umbilical vessels is thought to be the best tissue that could be collected in clinical.

Based on the identified DEPs in umbilical arteries between GDM and normal controls, our results suggested that the “Cardiovascular System Development and Function” was impaired exposure to intrauterine hyperglycemia. In this content, the top related function was “Vasoconstriction of blood vessel,” this is consistent with a large number of epidemiological results. These suppressed physiological processes in the umbilical vessels from GDM might lead to impaired vascular repair under stress or diabetic vessel pathological damage.

In this study, we found 20 DEPs (ACTA2, ADAR, CBFB, DDAH1, FBN1, FGA, FGB, FGG, GLS, GSTM1, HBB, PGM3, PPP1R13L, S100A8, SLC12A4, TPP2, VCAN, IDH3A, NSF, ORM1) related with Cardiovascular system. ACTA2 gene mutations in adults associated with thoracic aortic aneurysm and dissection (TAAD) (28). Transgenetic mouse model study proposes that sufficient ADAR2 enzyme activity might play a vital role in preventing cardiovascular defects (29). CBFB may impair the primitive hematopoiesis (30). FBN1 is a gene with a well characterized role in the pathogenesis of thoracic aortic aneurysm (TAA) in the context of Marfan syndrome (31). Inferring that variation in genomic sequences that regulate the fibrinogen genes (FGA, FGB, and FGG) may affect hepatic fibrinogen production and perhaps CVD risk (32). MicroRNA-200c exacerbates the ischemia/reperfusion injury of heart through targeting the glutaminase (GLS)-mediated glutamine metabolism (33). Combined GSTM1*0/GSTA1*A genotypes might be considered as genetic markers for cardiovascular death risk in ESRD patients, which may permit targeting of preventive and early intervention (34). HBB identified to be related to Abdominal aortic aneurysm (AAA) (35). PPP1R13L affecting NFkB activity may be candidate genes in the study of human CVD (36). Levels of S100A8/A9, a proinflammatory and prothrombotic protein complex, are increased in several diseases, and high levels predispose to CVD (37). Total absence of the VCAN gene halts heart development at a stage prior to the heart’s pulmonary/aortic outlet segment growth (38).

In summary, in the present study, we discovered that the expression profile of proteins in umbilical vessels of newborns from GDM group was different from that in normal controls. The bio-informatics analysis suggested that some DEPs might play important roles in cardiovascular dysfunction of GDM children. Our findings would contribute to the exploration of the potential mechanism underlying the dysregulated balance of apoptosis and autophagy in vessels, angiogenesis and endothelial cell dysfunction in the offspring of GDM pregnancies. However, deeper analyses will still mostly need to be performed to explore the key factors and potential preventive and therapeutic strategies of cardiovascular dysfunction in GDM offspring.
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Extravillous trophoblast invasion disorder caused by oxidative stress is involved in the pathogenesis of preeclampsia (PE). In order to identify whether hydrogen sulfide (H2S) can prevent oxidative stress injury in extravillous trophoblasts. HTR-8/SVneo cells were detected by H2S inhibiting H2O2 induced oxidative mitochondrial damage. Reactive oxygen species (ROS) were detected, as well as malondialdehyde (MDA), catalase (CAT), and superoxide dismutase (SOD). JC-1 detected the potential of the mitochondrial membrane in this experiment. Then to detect the expression level of the apoptosis-inducing protein B-cell lymphoma-2 (Bcl-2) associated X protein (Bax), caspase 3, p53, p-p53, the apoptosis-inhibiting protein Bcl-2, PRAP, and the mitochondria fission protein Drp1, p-Drp1. CCK-8 assay, it was demonstrated that cell proliferation in the NaHS group was significantly higher than that in the Mod group, indicating that H2S may induce cell proliferation. Transwell assay elucidated that cell invasion in the NaHS group was recovered compared to the Mod group. ROS concentration no matter in cells or mitochondria was decreased by NaHS, which we could get from the comparison between the Mod group, PAG group, and NaHS group. The concentration of MDA was significantly lower in the NaHS group, and the concentration of SOD was extremely high in the NaHS group. Utilized JC-1 to detect mitochondrial membrane potential and found that cells from the NaHS group had a stable potential while cells from the Mod group and PAG group partly lost their potential, which could demonstrate that NaHS could maintain mitochondrial membrane potential. The western blot results revealed that p-Drp1 had a significant decline in the NaHS group, which means mitochondria fission was decreased in the NaHS group. The expression level of Bax and caspase 3 was significantly lower than in the Mod group and PAG group, and the expression level of Bcl-and PRAP was significantly higher in the NaHS group. That could prove that NaHS protect HTR-8/SVneo cell by inhibiting cell apoptosis. These promising results show that H2S elicits its effects on cell apoptosis by decreasing ROS concentration, maintaining mitochondrial membrane stability, and promoting apoptosis-inhibiting protein expression in cells.
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Introduction

There is no known pathophysiology for preeclampsia (PE), which is a pregnancy-related multisystem disorder. In developing countries, it accounts for 15% of all maternal deaths, neonatal and fetal deaths, and preterm births (1, 2). The condition is characterized by uncontrolled hypertension during pregnancy accompanied by proteinuria, with neurological symptoms such as seizures at the end of pregnancy (3, 4). Despite the fact that the pathophysiology of PE remains unclear, previous studies have indicated that it is closely associated with oxidative stress in trophoblast cells. This led to altered physiologic transformation of spiral arteries, leading to placental hypoperfusion and hypoxia, and ultimately placental insufficiency. During normal placental implantation, extravillous trophoblast migrates into the spiral arteries of the maternal uterus during placental implantation, forming vascular sinuses at the fetal-maternal interface to supply nutrients to the fetus (5). While during PE, trophoblast failed to remodel the spiral artery, leading to placental ischemia and other syndromes of PE.

Oxidative stress may occur as a result of hypoxia and reoxygenation of the placenta caused by a poor spiral artery invasion (6, 7). One of the key features of PE is oxidative stress in the trophoblast, which is partially caused by mitochondrial dysfunction (8). Mitochondrial outer membrane permeabilization (MOMP) is associated with mitochondrial function. When MOMP is destroyed, reactive oxygen species (ROS) increase and cell apoptosis are induced by mitochondrial pathways (9). Pores formed by Bax, a protein from the Bcl-2 family, contribute to the loss of MOMP and then release factors such as cytochrome c to activate caspase, which finally leads to cell apoptosis. Thus, mitochondria could be a trigger for curing PE.

H2S has been proved by many scientists that it may participate in a lot of pathophysiologic processes, which are quite important in the human body, such as apoptosis, oxidative stress, inflammation, and angiogenesis (10). As a physiologic vascular regulator, H2S inhibits proliferation and regulates apoptosis and autophagy of vascular cells, thus affecting vascular diseases in various ways (11). In the meantime, it is well known that H2S regulates long-term potentiation and calcium levels in neuronal cells, so disturbances of H2S levels in cells have been implicated in neurodegenerative diseases such as Alzheimer’s, Parkinson’s, strokes, and traumatic brain injuries, which attract a lot of attention (12). H2S has also been proven to promote cancer cell death, inhibit cancer angiogenesis, and metastasis (13). The mitochondrial enzyme superoxide dismutase (SOD) and ROS are regulated by H2S, which protects cardiomyocytes and inhibits apoptosis (14, 15). That is to say, H2S exerts its protective effect on cells through the mitochondria pathway. The L-cysteine/H2S pathway has been linked to the development of PE in previous studies (16), and H2S donors may have prevented PE (17–19). As we mentioned above, we postulate that H2S might be able to protect the placenta in PE. In line with our hypothesis, a study has demonstrated that AP39, a novel mitochondria-targeted hydrogen sulfide donor, could restore mitochondrial health through increasing active mitochondrial content, and decreasing superoxide production (20). We suppose to identify the protection of H2S on the trophoblast of PE and the mechanism behind that.



Materials and methods


Chemicals

NaHS was used as an H2S donor When NaHS reacts with water, it provides a solution of H2S with a concentration of approximately 33% of its original concentration (21). NaHS was purchased from Aladdin (China). Our previous experimental results showed that NaHS within 400 μM promoted the proliferation of HTR-8/Svneo cells. Referring to other kinds of literature and our result (22, 23), we chose the concentration of 200 μM for our experiments. PAG (DL-Propargylglycine), an endogenous hydrogen sulfide generating enzyme inhibitor was purchased from Sigma (USA). Dulbecco’s modified Eagle’s medium (DMEM), the cell culture medium, was purchased from BasalMedia (China), and fetal bovine serum (FBS), penicillin, and streptomycin were purchased from GIBCO-BRL (USA). CCK-8 (Cell Counting Kit-8) was purchased from Beyotime (China). Rabbit polyclonal antibodies to GAPDH, Bax, Bcl-2, p53, p-p53, pro-PRAP, and COX IV were purchased from Proteintech (USA). Mice antibodies to p-p53 and Drp1 were purchased from Bioss (USA), and antibodies to pro-caspase 3, and p-Drp1 were purchased from Cell Signaling Technology (USA).



Cell culture

HTR-8/Svneo cell lines (HTR-8) were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,Ltd., DMEM supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 g/mL streptomycin, at 37°C, 5% CO2, and saturated humidity were used to culture HTR-8 cells. A 0.25% concentration of trypsin was used to digest logarithmic phase cells for the experiment. A suspension of individual cells was prepared and seeded into an appropriate plate. A suitable condition for dividing cells was achieved by dividing them into four groups: the Control group, the Mod group, the PAG group and the NaHS group. After detection, we chose 0.1 mM as the final concentration of H2O2. Serum-free DMEM, H2O2 (0.1 mM), H2O2 (0.1 mM) and PAG (5 mM), H2O2 (0.1 mM), and NaHS (0.2 mM) were added into different groups at the same time for 24 h.



CCK-8 assay

We evaluated cell viability by Cell counting kit 8 assay. Each group got 100 μL of one of the medicine solutions we mentioned above, and the Control group got 100 μL of serum-free DMEM medium. A 100 μL of CCK-8 was added to each culture plate hole after 24 h of cultivation and incubated at 37°C for 3 h. In order to determine the relative survival rate, we selected the wavelength of 450 nm and measured the absorbance of each well on the plate reader (Tecan, Germany, Infinite M Nano).



Transwell assay

A concentration of 1 × 105cells/well was seeded into the filters in 200 μL of FBS-free medium for 24 h, followed by a different treatment. In the lower chambers, 500 μL of medium containing 30% FBS was used. Using a tipped swab, cells on the top side were removed 24 h after treatment Crystal violet (E607309, Sangon Biotech, China) was used to stain cell migration to the lower side. For each group of testing, at least three independent wells were included, and five to six photographs were taken for each group, and the results were analyzed using Image J (Nation Institutes of Health, Bethesda, MD, USA).



Assay of reactive oxygen species generation

A membrane-permeable fluorescent probe, 2′, 7′-dichlorofluorescin diacetate (DCFH-DA), and a fluorescence microscope (ECLIPSE NI, NIKON, Japan) were used to detect intracellular ROS. The fluorescence is detected at 525 nm after excitation at 488 nm. The concentration of mitochondrial ROS was detected utilizing MitoSOX Red Mitochondrial Superoxide Indicator (40778ES50, Yeasen, China) and fluorescence microscope (ECLIPSE NI, NIKON, Japan). The fluorescence is detected at 580 nm after excitation at 510 nm.



Detection of mitochondrial membrane potential

An JC-1 array of fluorescent dyes were used to detect mitochondrial membrane potential (ΔΨm) (10009172, Cayman, Japan). As mitochondrial membrane potential declines, the red fluorescence of the JC-1 assay changes to green. A total of 300 μL of JC-1 staining solution was added to each well after HTR-8 cells were treated with different medicine solutions for 24 h. A 20 min incubation period was performed in the incubator on the plate. Fluorescence microscopy was used to photograph the plate (ECLIPSE Ts2, NIKON, JapanJC-1 monomers were detected at 485 and 535 nm, and JC-1 aggregates were detected at 535 and 595 nm.



Western blot analysis

First, cells were washed with PBS to remove any remaining DMEM on them, and then lysed on ice for 30 min in RIPA buffer (P0013C, Beyotime, China). The protein concentrations of all groups were determined using a BCA protein assay kit (DQ111-01, TransGen Biotech, China). Proteins (30 g) were separated on 10% polyacrylamide SDS gels for nearly 2 h, transferred onto PVDF membranes in running buffer, then blocked in 5% skim milk solution for 2 h following that, the membrane was incubated with polyclonal antibodies against GAPDH (60004-1-ig, Proteintech, America), Bax (50599-2-Ig, Proteintech, America), Bcl-2 (26593-1-AP, Proteintech, America), p53 (10442-1-AP, Proteintech, America), p-p53 (bs-3707R, Bioss, China), pro-PRAP (12926-1-AP, Proteintech, America), COX IV (66110-1-Ig, Proteintech, America), Drp1 (bs-4100R, Bioss, China), pro-caspase 3 (9662, Cell Signaling Technology, America), and p-Drp1 (3455, Cell Signaling Technology, America). As a secondary antibody, HRP-conjugated goat anti-rabbit IgG (A0208, Beyotime, China) and HRP-conjugated goat anti-mice IgG (A0216, Beyotime, China) were used on the second day for cleaning non-specific binding, then incubated for 1 h at room temperature. Chemiluminescence was performed using ECL ultra-sensitive light-emitting liquid (36208ES76, Yeasen, China) after the membranes had been washed with TBST buffer Chemiluminescence Imaging System (620028-08Q, CLINX, China) and Quantity One software (Bio-Rad, Hercules, CA, USA) were used to measure signal intensity.



Analyses of statistics

The mean and standard deviation are expressed as mean ± SEM. For multiple comparisons, a one-way ANOVA was used followed by a post hoc analysis adjusted with a least-significant-difference correction (SPSS Inc., Chicago, IL, USA). The significance level was considered if *P < 0.05, **P < 0.01, ***P < 0.001.




Results


H2O2 increased oxidative stress in HTR-8/SVneo cells

Previous studies demonstrated that H2O2 could be used to increase oxidative stress in HTR-8 cells (24, 25). For experiments with CCK-8 cells, 0.1 mM H2O2 for 12 h induced mild apoptosis in HTR-8 cells, moderate apoptosis at 24 h, and severe apoptosis at 48 h (Figure 1). We finally chose 0.1 mM H2O2 treated for 24 h to continue our following experiments.
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FIGURE 1
H2O2 caused oxidative stress damage in HTR-8/SVneo cells. The survival rate of HTR-8/SVneo cells after being treated with different doses of H2O2 for 12 h (A), 24 h (B) and 48 h (C). Summary of HTR-8/SVneo cells survival rate after 12, 24, and 48 h (D). The data are expressed as mean ± SEM. ***Vs. Control, P < 0.001.




H2O2-induced cell apoptosis

We utilized DAPI and flow cytometry to confirm cell apoptosis. After attaching to AT regions of DNA, DAPI stains nuclear and chromosomes, which emit blue fluorescence. Thus, it can indicate morphological changes in the nuclear. Nuclear sequestration is a distinctive feature of apoptosis, and DAPI stains the nucleus and shows its morphology. While apoptosis occurs, Phosphatidylserine (PS) transfers from the cell’s inner membrane to the outer membrane. Thus, we could use Annexin V to combine PS in the outer membrane of cells to indicate apoptotic cells. PAG is one of the cystathionine γ-lyase (CSE) inhibitors, which can inhibit the endogenous synthesis of H2S. As shown in Figure 2C, after being treated with H2O2, we can easily find the change in nuclear morphology from round shapes to irregular shapes. Treated with H2O2 and PAG even increased the sequestration, indicating that H2S might be involved in the HTR-8 cell apoptosis process. Meanwhile, the result of the NaHS (0.2 mM) group showed that NaHS can partly relieve the influence of H2O2. Flow cytometry results gave further proof of the above results. Figures 2A,B presented that the proportion of apoptotic cells in the H2O2 group and the PAG group were extremely higher than in the control group and the NaHS group (P < 0.05). The results demonstrated that H2O2 induces HTR-8 cell apoptosis and NaHS could protect HTR-8 cells against H2O2-induced injury.
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FIGURE 2
H2O2 induced HTR-8/SVneo cells apoptosis. The proportion of apoptotic cells was detected by Annexin V. (A) Representative pictures of Annexin IV and PI-derived fluorescence in HTR-8/SVneo cells after different treatments. (B) Summarize the flow cytometry results. (C) Different groups of cells had different morphology changes in the cell nucleus (400×). The data are expressed as mean ± SEM. ***Vs. Control, P < 0.001. ##Vs. H2O2, P < 0.01. ###Vs. H2O2, P < 0.001. Bar = 50 μm.




NaHS promoted cell proliferation and invasion after H2O2 treatment

In order to demonstrate the effect of NaHS, we analyzed cell proliferation ability by CCK-8 assay and cell invasion ability by invasion assay. CCK-8 assay represented that the survival rate of the NaHS group was significantly higher than the Mod group and the PAG group, indicating that H2S could induce HTR-8 cells proliferation at 0.2 mM after H2O2 treatment, as shown in Figure 3A. The invasion assay showed that there were more HTR-8 cells transferring to the lower chambers in the NaHS group (Figures 3B,C), by which we could demonstrate that H2S had the ability to accelerate HTR-8 cell invasion. While in the Mod group, cells were treated with 0.1 mM H2O2 for 24 h, thus causing the attenuation of cell invasion. Above all, we could find that H2S was sufficient to protect HTR-8 cells from oxidative stress, because of its ability to induce cell proliferation and cell invasion.
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FIGURE 3
NaHS induced HTR-8/SVneo cells invasion and proliferation. (A) Summarize of survival rate of HTR-8/SVneo cells after different treatments. (B) Summarize cell number detected by invasion assay. (C) Representative picture of HTR-8/SVneo cells stained with crystal violet. The data are expressed as mean ± SEM. ***Vs. Control, P < 0.001. ##Vs. H2O2, P < 0.01. ###Vs. H2O2, P < 0.001.




NaHS reduced the concentration of reactive oxygen species

A ROS is a molecule that contains oxygen and reacts chemically. Excessive ROS can induce apoptosis through both the different pathways and thus do harm to the human body (26). We detected the concentration of intracellular and mitochondrial ROS utilizing DCFH-DA (for cell) and MitoSOX Red (for mitochondria). DCFH-DA is a cell-permeable probe that could be oxidized by ROS and emits green fluorescence, and MitoSOX Red could penetrate into cells and selectively targets mitochondria to visualize the process of ROS production in the mitochondria. In Figure 4A, red fluorescence intensity is significantly higher after H2O2 treatment, especially in H2O2 plus PAG group. And the intensity suppressed in the NaHS group demonstrated that H2S could inhibit the production of mitochondrial ROS. It is also obvious that NaHS decreased ROS levels in cells. In line with a previous study, H2S exerts its antioxidant effect by decreasing ROS.
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FIGURE 4
NaHS inhibited oxidative stress in HTR-8/SVneo cells. (A) The images of different group were obtained with excitation/emission of 525/590 nm for red fluorescence and 490/530 nm for green fluorescence (B). NaHS decreased mitochondrial membrane potential (ΔΨm) in HTR-8/SVneo cells. Red fluorescence and green fluorescence intensity for JC-1 staining of different groups. Bar = 50 μm. (C) Effect of NaHS on CAT, SOD and MDA. The data are expressed as mean ± SEM. **Vs. Control, P < 0.01. ***Vs. Control, P < 0.001. #Vs. H2O2, P < 0.05. ###Vs. H2O2, P < 0.001.


SOD and catalase (CAT) have an important role in scavenging the levels of ROS. Their activity and concentration are highly related to the oxidative condition in cells. Malondialdehyde (MDA) is cytotoxic and commonly used as a lipid peroxidation indicator. After detecting the concentration of SOD, CAT, and MDA (in Figure 4C), we could find a higher level of MDA and lower levels of SOD and CAT in the H2O2 group and the PAG group, which is consistent with the previous results of ROS. After being treated with NaHS, the concentration of SOD and CAT became significantly higher which indicated that H2S could protect HTR-8 cells through cleaving ROS.



NaHS restored mitochondrial function

Perturbation of mitochondrial function is associated with loss of the mitochondrial transmembrane potential and the release of apoptogenic factors. Mitochondrial membrane potential (ΔΨm) is a sensitive indicator of mitochondrial damage (27). JC-1 is a commonly used fluorescent probe, which is used for the detection of ΔΨm. When ΔΨm is high, JC-1 emits red fluorescence. Unlike in a high ΔΨm condition, it is not possible for JC-1 to gather together at lower ΔΨmin the mitochondrial matrix and produce green fluorescence. As shown in Figure 4B, H2O2 treatment for 24 h could extremely increase green fluorescence, and H2O2 plus PAG undoubtedly made the green fluorescence lighter, which means H2O2 has a harmful effect on mitochondrial membrane potential. NaHS reduced the effects of H2O2 on ΔΨm which is proved by the increased red fluorescence in the NaHS group.

Mitochondria are complex organelles, and their cleavage and fusion are precisely regulated by genes, but this balance can be disrupted when apoptosis occurs. In the pro-apoptotic phase, mitochondria undergo cleavage and release a series of pre-apoptotic signals (28). Many factors control mitochondrial cleavage and fusion. One such factor is the family of kinetic-related GTPases (Drp1). Drp1 can promote mitochondrial cleavage when phosphorylated at serine 616 (ser616) (29). Western blot was used to detect the expression of p-Drp1 and Drp1 within and outside the mitochondria. As shown in Figure 5, compared with the Control group, the H2O2 group and the PAG group showed a significant increase in p-Drp1 inside and outside the mitochondria. The NaHS group showed a significant and extreme decrease in p-Drp1 compared with the H2O2 group and the PAG groups. This suggests that H2O2 and PAG can promote mitochondrial lysis, implying that this lysis may be related to H2S concentration. And NaHS have a protective effect on mitochondria by inhibiting its lysis, from which we purposed that it might be related to cell apoptosis.
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FIGURE 5
Effect of NaHS on mitochondrial cleavage and fusion proteins activity in HTR-8/SVneo cells. (A) Representative Western blot showing Drp1, p-Drp1 in cytoplasm and mitochondria in HTR-8/SVneo cells after different treatments. (B–E) Bar charts indicating different proteins between different groups. Results in the cytoplasm were normalized against GAPDH, and results in mitochondria were normalized against COX IV. The data are expressed as mean ± SEM. ***Vs. Control, P < 0.001. ##Vs. H2O2, P < 0.01. ###Vs. H2O2, P < 0.001.




NaHS protected HTR-8/SVneo cells by inhibiting cell apoptosis

Western Blot results indicated the condition of cell apoptosis more clearly. As shown in Figure 6, apoptosis-promoting protein Bax, caspase-3 and phosphorylated-p53 demonstrated an increasing trend in the H2O2 group and the PAG group, while apoptosis-inhibiting protein Bcl-2 and PRAP demonstrated a reversed trend. The condition is totally different in the NaHS group. The concentration of Bcl-2 and PRAP was significantly higher than in the H2O2 group and the PAG group, and caspase 3 was significantly lower in the NaHS group. The results showed the induce-apoptosis effect of H2O2 and the protective effect of H2S on HTR-8 cells at the protein level through the cell apoptosis pathway.
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FIGURE 6
Effect of NaHS on cell apoptosis pathway proteins activity in HTR-8/SVneo cells. (A) Representative western blot showing Bax, Bcl-2, pro-caspase 3, pro-PRAP, p53, and p-p53 in HTR-8/SVneo cells after different treatments. (B–G) Bar charts indicating different apoptosis-related proteins between different groups. Results were normalized against GAPDH. The data are expressed as mean ± SEM. *Vs. Control, P < 0.05. ***Vs. Control, P < 0.001. #Vs. H2O2, P < 0.05. ###Vs. H2O2, P < 0.001.





Discussion

There are many complications associated with pregnancy, but one of the most feared is preeclampsia. PE usually begins as hypertension and proteinuria in the third trimester and can quickly progress to more serious conditions, such as death for both mother and child. It is still unclear what causes PE, but clinical and pathological studies suggest the placenta plays a pivotal role in their pathogenesis (5). Also, endogenous H2S pathway could contribute to the development of PE both in gene level and protein level (30). Based on previous studies, abnormal placental development and angiogenesis are key features of PE, which progresses and eventually leads to ischemia and hypoxia of the placenta. The excessive apoptosis of trophoblast cells is one of the factors that subsequently lead to poor placental development and angiogenesis. In this study, we verified the inhibitory effect of H2S on apoptosis of trophoblast cells and further investigated its mechanism. Finally, we revealed the protective effect of H2S on the placenta in PE and its mechanism.

HTR-8/Svneo cell line is an immortalized extravillous trophoblast cell line derived from normal human early pregnancy placenta. It is a common cell line used to study the function of early pregnancy trophoblast in vitro (31). In this experiment, we confirmed that H2S could promote the proliferation and invasion of HTR-8 cells after H2O2 treatment which is consistent with our previous study (23), and its antioxidant effect reduced the production of ROS, maintained the function of mitochondria, and suppress the synthesis of apoptosis-related proteins. To confirm the role of H2S in promoting cell proliferation and invasion, CCK-8 assay and invasion assay were utilized to detect both the proliferation and invasion abilities of cells, and the results showed that the survival rate of cells and the migration of cells were significantly increased after the addition of NaHS compared with the Mod group. This verified the protective effect of H2S on HTR-8 cells under excessive oxidative stress.

H2S inhibits cell apoptosis at low concentrations. There are three ways in which H2S inhibits apoptosis: First, it regulates the MAPK pathway through ATP-sensitive potassium channels and thus inhibits apoptosis; Second, H2S is oxidized in the cytoplasm and can hypersulfide caspase 9 and other proteins, thus disabling them and the subsequent apoptotic process will be inhibited; Third, H2S hypersulfates NF-κB and directly induced it’s combining with anti-apoptosis gene promoter. H2S exerts its effect on mitochondria through regulating mitochondrial fission and fusion, which is achieved by regulating the Drp1 protein, a major factor controlling mitochondrial fission, which can form helical oligomers and thus contribute to mitochondrial division (32). Our study confirmed that low concentrations of H2S can reduce the intracellular p-Drp1/Drp1 ratio, thus reducing mitochondrial cleavage and further reducing the accumulation of ROS and thus inhibiting apoptosis. We also demonstrated that H2S could restore mitochondrial membrane potential, reduce mitochondrial cleavage, and decrease ROS levels in mitochondria, which lead to the inference that the inhibitory effect of H2S on apoptosis in HTR-8 cells is partly dependent on the mitochondrial pathway.

p53 is an intracellular antitumor factor that is used in the field of tumor therapy because of its ability to inhibit cell growth and promote apoptosis. When cells are stimulated by an internal or external environment (e.g., DNA damage or hypoxia), the p53 expression level will be up-regulated, thus causing apoptosis. p53 expression promotes the up-regulation of the expression of the pro-apoptotic signal Bax (Bcl-2 associated × protein) and the down-regulation of the expression of the anti-apoptotic signal Bcl-2 in the Bcl-2 gene family. The Bax protein forms pores in the mitochondrial membrane, resulting in destroying mitochondrial permeability and subsequent loss of mitochondrial membrane potential and release of cytochrome c (33). Caspase 9, a protein of the aspartate family (caspase family) that is essential in the mitochondrial apoptotic pathway, is upstream of the entire cascade reaction and can have an effect by activating downstream acting proteins, and is an initiator protein. When activated, the initiator protein can activate downstream caspase 3, thus activating DNA degradation by deoxyribonucleases, triggering apoptosis. Our study confirmed that H2S can inhibit apoptosis in the mitochondrial pathway by down-regulating the expression of Bax and caspase 3 proteins and up-regulating the expression of Bcl-2, PRAP proteins.

However, many details still need to be added in the future. We verified at the cellular level that H2S inhibited apoptosis of HTR-8 cells after H2O2 treatment via the mitochondrial pathway, and confirmed that its antioxidant effect was sufficient to promote the proliferation and invasion of HTR-8 cells after H2O2 treatment. PE is a disease which is quite difficult to research, because of its unique characteristics, we here provide a potential way to cure or prevent the happening of PE. And we also replenish the function of H2S which is a core-compound in our laboratory. Even though, these results need to be confirmed at the animal level in order to have a better clinical meaning.
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Background: Polymorphisms of the apolipoprotein E (APOE) gene are related to the efficacy of statin therapy. The biological functions of the APOE subtypes determine the metabolism of blood plasma lipids and the progression of atherosclerosis. This study aimed to explore the impact of APOE gene polymorphisms on the effect of atorvastatin on lipid regulation and plaque stabilization.

Methods: The study was a prospective cohort study that consecutively included patients with acute ischemic stroke (AIS) in the Department of Neurology, Shanghai Tenth People’s Hospital, from December 2018 to December 2019. The patients were divided into E2, E3, and E4 groups according to their APOE genotype. Atorvastatin (20 mg) was administrated to all patients. Changes in blood lipid levels over 3 months and plaque size and stability over 12 months were analyzed.

Results: We enrolled 253 consecutive patients with AIS, of whom, 136 had carotid atherosclerotic plaques. Two patients with genotype E2/E4 were excluded. There were 30 patients in the E2 group (12.0%), 191 patients in the E3 group (76.0%), and 30 patients in the E4 group (12.0%). The lowest percentage reduction in low-density lipoprotein cholesterol (LDL-C) was observed in the E4 group (41.2%), while the highest percentage reduction was observed in the E2 group (17.6%). The plaques in the E2 group showed slower progression, while those in the E4 group showed more rapid progression.

Conclusion: APOE gene polymorphisms affect the biological functions of atorvastatin. Compared to the ε3 or ε4 allele, the ε2 allele exerted a greater lipid-lowering effect on LDL-C levels, enhanced the ability of atorvastatin to stabilize carotid artery plaques, and slowed carotid artery plaque progression.
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Introduction

Atherosclerosis is one of the leading causes of stroke. Low-density lipoprotein cholesterol (LDL-C) is closely related to the progression of atherosclerosis (1). With every 1 mmol/L reduction in LDL-C, the relative risk of stroke decreases by 21.1%, thus showing the importance of reducing LDL-C levels for stroke prevention (2). Statins that competitively inhibit critical enzymes in cholesterol synthesis are the most widely used lipid-lowering drugs and have become one of the three cornerstones of acute ischemic stroke (AIS) treatment. However, apparent individual differences in lipid-lowering effects have been observed with the widespread use of statins. Statin metabolism is affected by a variety of genes, and gene polymorphisms are related to the lipid-lowering effects of statins. Genetic factors contribute to approximately 70% of the efficacy of statin treatment (3), and the apolipoprotein E (APOE) gene is closely related (4, 5).

APOE is mainly synthesized in the periphery of the liver. On the one hand, as a structural protein of chylomicron (CM), LDL-C, very low-density lipoprotein cholesterol (VLDL-C), and part of high-density lipoprotein cholesterol (HDL-C), APOE is beneficial in stabilizing the structure of these lipoproteins. On the other hand, as a ligand and member of the LDL receptor family, it regulates blood CM, LDL-C, VLDL-C, and HDL-C levels (6, 7). Gene polymorphisms determine the transport and regulation of blood lipids. The gene coding APOE is located on chromosome 19 and is approximately 3.7 kb in length (8). It comprises two loci, rs429358T > C3,937 and rs7412C > T4,075, and includes four alleles, ε2 (T3,937–T4,075), ε3 (T3,937–C4,075), ε4 (C3,937–C4,075), and ε3r (C3,937–T4,075), of which ε3r is extremely rare. To date, only two Caucasian families in Italy and one Yoruba family in Ibadan have been reported with this allele, which is why it is generally excluded from clinical studies (9). The ε3 is the most common in the general population (10) and has a frequency of 85% in Asia, 82% in North America, and 77% in South America (11). ε3 is considered “wild type” due to its high frequency in the general population, while ε2 and ε4 alleles are mutations of ε3. The three alleles comprise six common genotypes, including three homozygotes (E2/E2, E3/E3, and E4/E4) and three heterozygotes (E2/E3, E2/E4, and E3/E4).

Due to differences in protein conformations, the affinities for cholesterol receptors in people with distinct genotypes are different, affecting the efficacy of statin therapy. Some studies have shown that statins may confer reduced benefits in APOE ε4 carriers (12) and that ε2 gene carriers may experience superior lipid-lowering effects (13). However, other studies have suggested that the APOE genotype is not significantly associated with the lipid-lowering effect of statins (14). In another study, polymorphisms of the APOE gene determined baseline LDL-C levels, but not the lipid-lowering effect of statins (15). In the Chilean population, patients with the E3/E4 genotype had a smaller reduction in cholesterol levels after statin therapy than those with the E3/E3 genotype (16). However, the association between APOE gene polymorphisms and the progression of atherosclerotic plaques with statin therapy is not well described. Thus, we aimed to explore the differences in lipid-lowering effects and the progression of atherosclerotic plaques with atorvastatin in different APOE genotypes.



Materials and methods


Patients and study design

We prospectively and consecutively collected data from a cohort that included all hospitalized patients with AIS in the Department of Neurology, Shanghai Tenth People’s Hospital, between December 2018 and December 2019. Patients were enrolled if they met the following criteria: (1) patients diagnosed with AIS using MRI within 7 days after stroke onset; (2) no previous history of lipid-lowering drug use, such as statins, fibrins, and PCSK9 inhibitors, or lipid-lowering drug withdrawal for more than 1 month; (3) willing to receive 20 mg atorvastatin; (4) patients gave informed consent and participated voluntarily. Exclusion criteria included (1) severe liver or kidney dysfunction or major cardiovascular or respiratory diseases; (2) allergic or intolerant to atorvastatin; (3) severe trauma or major surgery recently; (4) patients with non-compliance or poor compliance. The genotype was confirmed at the study’s inception. Previous studies have indicated that the E2 and E4 mutant alleles may have opposite effects on treatment. Therefore, we excluded patients with the E2/E4 genotype. Patients were divided into three groups according to their APOE genotype: E2 (E2/E2 + E2/E3), E3 (E3/E3), and E4 (E3/E4 + E4/E4). All eligible patients received atorvastatin (atorvastatin calcium tablets, Pfizer Pharmaceuticals Limited, 20 mg*7) 20 mg daily and were followed up for 3 months. Patients with carotid plaques were followed up for 12 months. Blood lipids were tested at 3 months and carotid artery ultrasonography was performed at 12 months. The basic characteristics of every patient, including gender, age, height, weight, past medical history, and personal history, were recorded from the electronic medical records and by direct communication with the patients by two doctors at the beginning of the study, and the information was double checked by two doctors at the end.

All patients provided written informed consent to participate in this study. The Ethics Committee of Shanghai Tenth People’s Hospital approved this study (No. 22k205).



Apolipoprotein E genotyping

Genomic DNA was extracted from whole blood using the whole blood DNA Extraction Kit (Beijing Jingzhun Medical Technology Co., Ltd.). Polymerase chain reaction [Honglong Biotechnology (Shanghai) Co., Ltd.] was used for DNA amplification, and the product fragments were subjected to capillary electrophoresis sequencing analysis. According to the peak characteristics performing APOE genotyping.



Detection and classification of plaques

Two ultrasound specialists performed carotid ultrasonography using a color Doppler ultrasound system (Logiq E9, GE, USA). Each patient was placed in a quiet supine position, with the head tilted back and turned to the opposite side. The probe was not pressurized, following the lateral border of the sternocleidomastoid muscle from bottom to top. The patient’s common carotid artery trunk, common carotid artery bifurcation, and neck were observed in turn. The internal and external carotid arteries were observed and recorded for plaque length, thickness, and echogenicity. Information on the largest plaque was recorded if a patient had multiple plaques simultaneously. Carotid artery intima-media thickness (CIMT) was measured in a 1 cm segment at the bulb of the common carotid artery and 1 cm each from its proximal and distal segments, and the average value of three points was taken as the final value of CIMT. The contralateral side was observed in the same way.

Atherosclerotic plaque formation is defined as a condition in which the intima-media thickness (IMT) is ≥ 1.5 mm, and it protrudes from the vascular lumen, or the localized intimal thickening is > 50% of the surrounding IMT. According to the morphology and echo characteristics of ultrasound, plaques can be divided into (I) hypoechoic lipid soft plaques, (II) fibrous flat plaques with medium echoes rich in collagen tissue, (III) hyperechoic calcifications with acoustic shadows, and (IV) ulcerative mixed plaques with varying echo intensity (17). Among them, (I), (II), and (IV) are vulnerable plaques, and (III) are stable plaques.



Statistical analysis

Statistical analyses were performed using IBM SPS Statistics (version 26.0; IBM, Armonk, NY, USA). Normally distributed measurement data are presented as mean ± standard deviation, and non-normally distributed data are expressed as median and quartile. To compare the three groups, one-way analysis of variance or the Kruskal Wallis test was used, and differences between the two groups were analyzed using the independent samples T-test or the Mann-Whitney U-test. The count data are expressed as frequency (percentage), and differences between groups were compared using the chi-square test. To explore the factors affecting LDL-C reduction and changes in plaque length, univariate and multivariate linear regression analyses were performed. The Hardy-Weinberg genetic balance test of APOE was performed using the chi-square test. A two-tailed value of p < 0.05 was considered statistically significant.




Results


Polymorphisms of apolipoprotein E

A total of 253 AIS patients with complete follow-up data were included in the study (Figure 1). Six genotypes were detected: three cases with E2/E2 (1.2%), 27 cases with E2/E3 (10.7%), two cases with E2/E4 (0.8%), 191 cases with E3/E3 (75.5%), 28 cases with E3/E4 (11.1%), and two cases with E4/E4 (0.8%).


[image: image]

FIGURE 1
Screening flowchart.


According to the Hardy-Weinberg genetic balance test, we calculated the theoretical frequency of the included population and compared it with the actual frequency in Table 1. The results indicated that the population in our study was in line with the Hardy-Weinberg genetic balance (P = 0.1486), which means that it had good group representation.


TABLE 1    The Hardy-Weinberg genetic balance test of the APOE gene.
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Two patients with the E2/E4 genotype were excluded and the remaining 251 patients were divided into three groups: 30 patients in the E2 group (12%), 191 in the E3 group (76%), and 30 in the E4 group (12%). The baseline characteristics of the patients were similar among the three groups (Table 2).


TABLE 2    Characteristics of the patients at baseline.
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Effects on blood lipids and plaques

After 3 months of atorvastatin treatment, total cholesterol (TC), triglyceride (TG), and LDL-C levels were lower than baseline. There was a significant difference in the reduction rate of blood LDL-C level after treatment (Figure 2A); the E2 group had the highest reduction rate (41.2%), followed by the E3 group (19.8%), while the E4 group had the lowest (17.6%) (P = 0.020). When we stratified the cohort by gender, no differences were found in females (Table 3). We performed multiple linear regression based on univariate analysis and expertise (Tables 4, 5). The results showed that the E2 group was sensitive to atorvastatin therapy based on the LDL-C reduction rate (Table 6). The progression of carotid plaques in the E4 group was more rapid than in the E2 and E3 groups (P = 0.011) (Figure 2B). After 12 months of atorvastatin treatment, the percentage of vulnerable plaques decreased in the three groups, with significant plaque stabilization in the E2 group (Table 7).
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FIGURE 2
(A) The rate of reduction in blood lipids after 3 months of atorvastatin treatment in the three groups. (B) Changes in carotid plaque size after 12 months of atorvastatin treatment in the three groups. TC, Total cholesterol; TG, Triglyceride; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; LCIMT, Left carotid intima-media thickness; RCIMT, Right carotid intima-media thickness.



TABLE 3    Percentage variation in lipid concentrations after treatment with atorvastatin and stratified analyses according to gender.
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TABLE 4    Analysis of factors influencing the LDL-C reduction rate following atorvastatin therapy.
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TABLE 5    Analysis of factors influencing plaque length following atorvastatin therapy.
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TABLE 6    Multivariate regression analysis of factors influencing the LDL-C reduction rate.
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TABLE 7    Changes in vulnerable plaques after 12 months of atorvastatin therapy.
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Discussion

This study examined the effects of APOE genetic polymorphisms on atorvastatin therapy in regulating blood lipids and promoting plaque stabilization. Our results showed that compared to ε3 and ε4 allele carriers, ε2 allele carriers had greater lipid-lowering effect on LDL-C, enhanced carotid artery plaque stabilization by atorvastatin, and slower plaque progression.

Polymorphisms of the APOE gene change the structure and function of APOE lipoproteins, resulting in a difference in the affinity of different isomers for LDL receptors and leading to differences in blood lipid levels between carriers of different genotypes. Type E4 preferentially binds to the larger LDL and VLDL receptors, whereas types E2 and E3 preferentially bind to the smaller HDL receptor (18, 19). Additionally, the affinity of the E2 type for LDL receptors is more than 50 times weaker than that of the E3 type, and the binding force of the E4 type to VLDL is strong, which weakens the process of VLDL lipolysis in the peripheral blood (6, 20). Therefore, the APOE genotype may be associated with basal blood lipid levels, and the E4 allele may be associated with higher TC, LDL-C, TG, and VLDL-C and lower HDL-C levels (21). A study found that the LDL-C and TC levels of patients in the E4 carrier group tended to be higher than those of patients in the E2 and E3 groups (22), while a study by Xie et al. showed that the blood TC level of the E4 gene carrier group was significantly higher than that of the E2 and E3 groups (23). Our study also found that the median initial TC level in the E4 group was slightly higher than that in the E2 and E3 groups, suggesting that there may be a correlation between the APOE genotype and basal blood lipid level.

The lipid-lowering effect of statins is closely related to APOE gene polymorphisms. The E4 allele may attenuate the lipid-lowering effect of statins (24), while the E2 allele exerts a relatively better lipid-lowering effect (4). After 3 months of atorvastatin treatment, the effect on LDL-C reduction was highest in the E2 group, followed by the E3 and E4 groups. Although there was no significant difference between the three groups in the TC reduction rate after treatment, the reduction effect of TC was found to be in the following order: E2 group > E3 group > E4 group, indicating that E2 carriers had a higher tendency to lower lipids with statins than other carriers. Some studies have demonstrated that there are sex differences in the lipid-lowering effect of APOE on statins; that is, the E2 allele enhances the lipid-lowering effect of statins, which is more significant in male patients, but not in female patients (25); this may be related to differences in immune activation and hormone levels (26). Consistent with previous findings, our study also found that E2 allele carriers had a greater LDL-C-lowering effect on statins in males, while this difference was not apparent in females.

APOE polymorphisms can affect the occurrence and development of carotid plaques through various mechanisms. First, many previous studies have shown that APOE gene polymorphisms affect blood lipid metabolism, and dyslipidemia is a significant risk factor for the occurrence and development of atherosclerotic plaques. Therefore, APOE may affect the blood lipid metabolic pathway and carotid plaque progression. Second, APOE gene polymorphisms are associated with the development of diabetes (27), but the underlying mechanism is currently unknown. Studies have speculated that E4 carrier status may affect peripheral and central insulin metabolism (28, 29); therefore, differences in blood glucose metabolism can impact arterial plaque development. Third, studies have found that E4 carriers have higher expression of lipoprotein-related phospholipase, which can promote the body’s inflammatory response and plaque instability (30, 31).

Our results provide robust evidence for personalized lipid-lowering and plaque stabilization treatments based on APOE genotypes. This precise treatment can maximize the efficacy of statins. People can achieve lower LDL-C levels, reducing the incidence and recurrence rate of stroke. However, several limitations should also be noted. First, this is a single-center study, which limited the ability to draw major conclusions for all populations. Further studies with larger sample sizes are needed to corroborate our findings. Second, we determined the properties of plaques using ultrasound based on the echo morphology of plaques, which may be less precise than using high-resolution magnetic resonance imaging.



Conclusion

Polymorphisms of the APOE gene are related to the effects of atorvastatin on lipid lowering and the progression of carotid artery plaques. The population with the ε2 allele experienced a better lipid-lowering effect on LDL-C and slower progression of carotid artery plaques than the population with the ε3 or ε4 allele. Patients with E4 genotype need a higher statin dose or a change to another statin to achieve a better effect. A larger population is required to provide more reliable evidence to explore this relationship.
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Background: Cognitive frailty is the coexistence of physical frailty and mild cognitive impairment. Research shows that cognitive frailty is related to an increased risk of hospitalization, mortality, disability, and dementia. Diabetes and hypertension are common risk factors for physical frailty and cognitive impairment. However, the factors influencing cognitive frailty in the elderly with hypertension and diabetes are still unclear. This study aimed to investigate the possible factors influencing cognitive frailty in the elderly with hypertension and diabetes.

Methods: A cross-sectional study was conducted. We evaluated people over 60 years with hypertension and diabetes who underwent physical examination in Wuxi Xin'an Community Health Service Center. Frail scale, Montreal Cognitive Assessment-Basic and clinical dementia rating were used to assess cognitive frailty. We collected demographic characteristics, hypertension and diabetes-related laboratory indicators of the participants. We also used various scales to assess the overall health status of the elderly.

Results: Approximately 20.8% of the participants were determined to have cognitive frailty in elderly adults with hypertension and diabetes. These participants were older, had a lower monthly income, and included a higher proportion of peasants. They also had a higher level of depression (p = 0.037), higher risk of falls (p = 0.000), higher risk of malnutrition (p = 0.002), poorer ability to perform activities of daily living (ADL) (p = 0.000), and less social support (p = 0.030). Multivariate regression analysis was used to further assess the factors for cognitive frailty. After adjusting for possible confounders, age and ADL score emerged as risk factors, whereas high monthly income decreased the risk of cognitive frailty.

Conclusion: Cognitive frailty is correlated with age, income, and ability to perform daily living activities in the elderly with diabetes and hypertension. Closer attention to the elderly who have low income and poor self-care ability may play an important role in the early prevention of cognitive frailty and even dementia.

KEYWORDS
 diabetes, hypertension, cognitive frailty, elderly, activities of daily living


Introduction

Cognitive frailty, defined as the co-existence of physical frailty and cognitive impairment, has recently attracted increasing attention. The term “cognitive frailty” was coined by experts in 2013 (1). However, its definition has never been well-established. Researchers in different regions of the world have different definitions. Assessment scales are also different. The Fried scale and Frail scale are commonly used to evaluate physical frailty. Montreal Cognitive Assessment (MoCA) scale and Mini-Mental State Examination (MMSE) scale are commonly used in cognitive assessment. Ruan et al. (2) classify cognitive frailty into two types: reversible and potentially reversible. This study considered the latter definition. It is defined by the presence of physical frailty or prefrailty and cognitive impairment, excluding dementia, caused by various reasons (2). The prevalence of cognitive frailty in community settings is 1.2 to 7.7%, which increases to 20% in nursing centers and inpatient departments (3–6).

Cognitive frailty is closely associated with a higher risk of hospitalization, death, and disability (7, 8). It is also a strong predictor of overall dementia and vascular dementia (9). Thus, early intervention for the population with cognitive frailty can help prevent dementia and other aggravations. As we all know, cognitive frailty is strongly correlated with multiple factors. Panza et al. mentioned some possible neurobiological mechanisms underlying cognitive frailty, including vascular diseases, sarcopenia, metabolic disorders, nutritional status, psychological factors and inflammatory status (10). Due to reduced ability of activities and decline of brain function, the prevalence of cognitive frailty increases with age (11). Weight loss and vitamin deficiency may lead to physical frailty. Several studies have shown that the incidence of malnutrition is extremely high among elderly people with cognitive frailty (12–14). In addition, level of education is strongly associated with cognitive decline. The longer the years of education, the slower the cognitive decline (15, 16). Older adults with depression are more likely to develop cognitive frailty (17). Liu et al. indicates that moderate physical activities for 1 year can reduce the progression of cognitive frailty in sedentary older adults (18).

Hypertension and diabetes, the most common chronic diseases worldwide (19, 20), have been considered risk factors for physical frailty (21, 22) and cognitive impairment (23, 24). Thus, more attention should be paid to older adults with hypertension and diabetes. This study aimed to investigate the risk factors of cognitive frailty in the elderly with hypertension and diabetes.



Materials and methods


Participants and data collection

A cross-sectional study was conducted in Wuxi Xin'an Community Health Service Center from April 2018 to May 2018. Participants included older adults with diabetes and hypertension.

Inclusion criteria: 1. aged over 60; 2. previous diagnosis of hypertension and diabetes.

Exclusion criteria: 1. dementia; 2. severe hepatic and renal insufficiency; 3. failure to cooperate in the assessment using various scales.

The demographic and clinical variables included age, gender, occupation, education level, income per month, smoking history, and drinking history. Serum albumin, calcium, 25- hydroxy Vitamin D, triglycerides (TG), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), homocysteine, folic acid, Vitamin B12, fasting plasma glucose, fasting insulin, and HbA1c levels were assessed by the Laboratory Center of Wuxi People's Hospital.



Assessment of cognitive function

Montreal Cognitive Assessment-Basic (MoCA-B) was used to evaluate cognitive function. MoCA-B score <26 and clinical dementia rating (CDR) = 0.5 (excluding dementia) indicated mild cognitive impairment.



Other evaluation scales

The 5-item Frail scale was used to assess physical frailty. Frail score ≥1 indicated physical frailty, with a higher score showing a higher level of frailty. The Mini-Nutrition Assessment-Short Form (MNA-SF) evaluated the nutritional status of the participants. MNA-SF scores <8, 8–11, and >11 indicated malnutrition, risk of nutrition, and no malnutrition, respectively. The Geriatric Depression Scale 15-item (GDS-15) assessed the psychological health of participants, with a higher score indicating severe depression. The 10-item Social Support Rating Scale (SSRS) evaluated support from themselves, others and society. A higher total score indicated better social support. The Morse Fall Scale (MFS) was used to assess participants' risk of falling, with MFS scores <25, 25–45, and >45 indicating low risk, medium risk, and high risk, respectively. The ability to perform activities of daily living (ADL) was assessed at two levels. The basic activities of daily living scale (BADL) assessed skills including eating, dressing, grooming, bathing, going to the toilet, and walking; the instrumental activities of daily living scale (IADL) evaluated skills such as making phone calls, shopping, preparing meals, doing housework, washing clothes, taking public transport, taking drugs, and money management. A score >14 showed functional decline, with a higher score indicating decreased ability to perform daily living activities.



Statistical analysis

All variables were tested for normal distribution. Student t-test, Mann-Whitney U test, and Chi-square test were conducted to compare the variables between groups. Continuous variables with normal distribution were presented as mean with standard deviation. Continuous variables with non-normal distribution were presented as median with quartile, and categorical variables as percentages. The multivariate logistic regression analysis was also performed. SPSS 22.0 software was used for data analysis, and p < 0.05 was considered statistically significant.




Results

A total of 154 participants were enrolled, including 91 females (59.1%), 98 with a primary level or below education (63.6%), and 122 non-drinkers (79.2%). After the assessment, 32 (20.8%) were determined to have cognitive frailty. These participants were older, had a lower monthly income, and included a higher proportion of peasants. Participants with cognitive frailty also had higher scores of GDS-15 (p = 0.037), higher risk of malnutrition (p = 0.002), higher fall risk (p = 0.000), higher ADL score (p = 0.000), poorer daily living ability (p = 0.000), and less social support (p = 0.030) (Table 1). The participants between the two groups did not differ in laboratory indexes, such as lipid levels, albumin, calcium, 25- hydroxy Vitamin D, homocysteine, folic acid, Vitamin B12, fasting plasma glucose, fasting insulin, and HbA1c level.


TABLE 1 Demographic and baseline characteristics of participants.

[image: Table 1]

After adjusting for education level, status of nutrition, GDS-15, age and ADL score were risk factors for cognitive frailty. After adjusting for age, social support, ADL score, Morse Fall score, GDS-15 score, MNA-SF score, income, and occupation in Table 2, the risk of cognitive frailty increased significantly with age (OR = 1.164, 95% CI: 1.022–1.326, p < 0.05) and ADL score (OR = 1.308, 95% CI: 1.024–1.670, p < 0.05), and decreased significantly with monthly income (OR = 0.237, 95% CI: 0.059–0.955, p < 0.05).


TABLE 2 Multivariate regression analysis using cognitive frailty as the dependent variable.

[image: Table 2]



Discussion

Recently, comprehensive geriatric assessment has been attracting increasing attention in China. In this study, we screened the associated factors of mild cognitive impairment and physical frailty in the elderly by reviewing relevant literature. We evaluated the nutritional status, depression level, social support, demographic and clinical characteristics, lipid levels, blood glucose levels, and other indicators of the recruited population. This was the first study to investigate the influencing factors of cognitive frailty in the elderly with hypertension and diabetes. Cognitive frailty can progress to various forms of dementia (25–27), thus increasing the risk of hospitalization, falls, and death (28–30). About 20.8% of the participants were determined to have cognitive frailty in this study, a number higher than that previously reported (31). This may be explained by the fact that the participants in this study had multiple chronic diseases. Mone et al. (32) suggest that hypertension and diabetes, which are associated with endothelial dysfunction, inflammation, and oxidative stress, can lead to cognitive frailty. Furthermore, adults with cognitive frailty in this study were older, had a lower income, and were mainly peasants with a high risk of malnutrition, less social support, higher ADL score, and a high risk of falling. Moreover, age, income, and ADL score were significantly associated with cognitive frailty, even after adjusting for other possible influencing factors.

Age was found to be the most common risk factor for cognitive frailty, which is consistent with the study of Kim et al. and Mone et al. (33, 34). High-income people may have a stronger awareness of chronic disease management and could intervene in the early stage of the disease. The terms physical frailty, cognitive impairment, and cognitive frailty have partially overlapped in definitions. Several studies have investigated the effects of ADL on people with cognitive frailty, but the assessment methods of ADL in other study are different. IADL has been shown as a risk factor for physical frailty and cognitive impairment. Research also shows that physical disability, indicated by lower performance in BADL (assessed by the Katz index), is a risk factor for cognitive frailty (11, 35–37). Ma et al. (38) showed that cognitive frailty can increase the risk of BADL disability by over ten times during a 3-year follow-up in the elderly compared to robust adults. As Avila-Funes et al. (39) supported, people with cognitive frailty tended to develop ADL dependence. They used internationally recognized scales to assess BADL and IADL dependence. In the present study, the risk of ADL dependence in participants with cognitive frailty was significantly greater than in those without cognitive frailty.

There was no statistical significance in the education level between the two groups in this study, which might be associated with the distribution of education level of our individuals. More participants were primary or lower education level in our study. However, after adjusted for education level, MNA-SF, GDS-15, age and ADL score still significantly increased risk of cognitive frailty. Previous studies suggested that cognitive frailty could be improved with nutritional interventions, muscle exercise, resistance training, and fall avoidance (17, 40). Our study also suggested that improving the ability to perform daily living activities may reduce the prevalence of cognitive frailty in the elderly population. Age is an irreversible factor. With increasing age, more attention should be paid to people with hypertension and diabetes at lower income levels and lower ability of daily living.

There are several limitations of this study. First, the study had a relatively small sample size. Future research should include a bigger sample population. Second, this was a cross-sectional study, and follow-up is required to confirm the findings. Finally, the groups of physical frailty and mild cognitive impairment only should be constructed.

Furthermore, we can screen people at a high risk of cognitive frailty based on ADL assessment quickly. Future research should focus on improving the level of ADL, which may be beneficial in reducing the prevalence of cognitive frailty.



Conclusion

Cognitive frailty is correlated with age, monthly income, and ability to perform daily living activities in the elderly with hypertension and diabetes. For the elderly with low income and poor self-care ability, early intervention for cognitive frailty should be carried out. We will next investigate the effects of these interventions on early dementia.
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Heart failure with preserved ejection fraction (HFpEF) is a complex, heterogeneous disease characterized by autonomic imbalance, cardiac remodeling, and diastolic dysfunction. One feature that has recently been linked to the pathology is the presence of macrovascular and microvascular dysfunction. Indeed, vascular dysfunction directly affects the functionality of cardiomyocytes, leading to decreased dilatation capacity and increased cell rigidity, which are the outcomes of the progressive decline in myocardial function. The presence of an inflammatory condition in HFpEF produced by an increase in proinflammatory molecules and activation of immune cells (i.e., chronic low-grade inflammation) has been proposed to play a pivotal role in vascular remodeling and endothelial cell death, which may ultimately lead to increased arterial elastance, decreased myocardium perfusion, and decreased oxygen supply to the tissue. Despite this, the precise mechanism linking low-grade inflammation to vascular alterations in the setting of HFpEF is not completely known. However, the enhanced sympathetic vasomotor tone in HFpEF, which may result from inflammatory activation of the sympathetic nervous system, could contribute to orchestrate vascular dysfunction in the setting of HFpEF due to the exquisite sympathetic innervation of both the macro and microvasculature. Accordingly, the present brief review aims to discuss the main mechanisms that may be involved in the macro- and microvascular function impairment in HFpEF and the potential role of the sympathetic nervous system in vascular dysfunction.
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Introduction

Heart failure (HF) is a pathological condition affecting mainly the elderly population. A subcategory of this disease is HF with preserved ejection fraction (HFpEF), whose incidence has increased notably in recent years, particularly in the last two decades, from 48 to 57% compared with systolic HF (or reduced ejection fraction HF). Furthermore, HFpEF accounts for the death of 1 in 8 people over 65 years (1). Patients with HFpEF have a poor quality of life, high medical costs, and early death (2). Then, understanding the pathophysiology of HFpEF is relevant for future therapeutic strategies to improve HFpEF outcomes.

Patients with HFpEF display several comorbidities associated with cardiac and vascular disturbances, including but not limited to diabetes mellitus, obesity, pulmonary hypertension, coronary artery disease, chronic renal failure, and systemic inflammation (1), all of which contribute to endothelial dysfunction, cardiomyocyte hypertrophy, and cardiac fibrosis (2, 3). Furthermore, it has been described that autonomic imbalance, a hallmark of HF independent of its etiology (i.e., reduced or preserved EF), plays a key role in disease progression (4). Indeed, patients with HF showing sustained elevations in systemic circulating levels of catecholamines (i.e., norepinephrine) show higher mortality rates (5). Importantly, evidence indicates that the sympathetic nervous system (SNS) is critically influenced, at the central and peripheral levels, by the most relevant factors regulating vascular function, such as nitric oxide (NO), reactive oxygen species (ROS), endothelin 1 (ET-1), and the renin-angiotensin system (RAS). Then, a bidirectional and maladaptive relationship between endothelial function and hyperactivity of the SNS could play a role in short- and long-term vascular dysfunction in HFpEF. Indeed, autonomic imbalance in HFpEF increases sympathetic vasomotor tone (6). The latter results in increased excitatory sympathetic activity to blood vessels changing the balance between vasodilator and vasoconstrictor molecules that regulate endothelial cell function and therefore, cardiovascular integrity (7). In this review, we will focus on the main factors that may contribute to the development/maintenance of vascular cell dysfunction and their potential link to enhanced sympatho-vasomotor tone in the setting of HFpEF.



Relevance of vascular dysfunction in HFpEF

Endothelium-dependent coronary microvascular dysfunction is present in approximately 30% of patients with HFpEF (8). In addition, more than 30% of patients with HFpEF display endothelium-independent dysfunction, reflected in significant reductions in coronary flow reserve (CFR) (8). Indeed, patients with HFpEF present vascular-ventricular uncoupling and stiffness, which is associated with decreased exercise capacity (9). Accordingly, acute increases in cardiac afterload, in the setting of arterial-ventricular stiffness, lead to increases in arterial blood pressure that impairs diastolic relaxation and increases filling pressures during exercise (10). The specific mechanisms associated with the changes in arterial elastance during HFpEF are not fully elucidated, but they have been associated with blood vessels alterations in the bioavailability and responses to vasoactive molecules such as ET-1 and NO (11, 12).

In addition to systemic functional alterations in the vasculature, a reduction in myocardial microvascular density, called microvascular rarefaction, is observed in patients with HFpEF (13). Microvascular rarefaction contributes to cardiac perfusion failure by decreasing myocardial oxygen delivery in patients with HFpEF (14). Therefore, rarefaction of resistance vessels, including small arteries and arterioles, increases coronary microvascular resistance, resulting in reduced cardiac perfusion (15), which has been proposed as a pathogenic mechanism involved in the progressive decline in cardiac function in HFpEF (15). The precise mechanism(s) underpinning vascular rarefaction in HFpEF is still not completely known; however, due to the exquisite sympathetic regulation of blood vessels, and the fact that sympathoexcitation occurs in HFpEF, it is plausible that enhanced sympatho-vasomotor tone may play a role in vascular rarefaction by changing the vasoconstrictor to vasodilator balance in the vessel microenvironment (Figure 1).
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FIGURE 1
 Vascular sympathetic neurotransmission and endothelial dysfunction in HFpEF. Enhanced sympathetic outflow led to increased release of norepinephrine (NE), which impair cardiovascular endothelial function by modifying peptides and signaling molecules that regulate perfusion to vascular beds. Endothelial uncoupling, in turn, can generate cardiomyocyte dysfunction that affects the structure and function of the heart through mechanisms associated with impaired myocardial dilatation capacity, stiffness, and inflammation.


To the best of our knowledge, there is no comprehensive literature providing mechanistic insights into macrovasculature changes in HFpEF. Macrovascular arterial stiffness results in an increase in pulse pressure and wave velocity, which impairs normal microvascular function (16). The latter is particularly relevant for the coronary and renal microvasculature since pathological alterations in pulse pressure and blood flow result in damage to the capillary network of these vascular territories (17). Indeed, coronary artery disease is considered an indicative sign of vascular dysfunction in patients with HFpEF (18). Arterial rarefaction and inadequate angiogenesis that take place during microvascular/macrovascular dysfunction may contribute to a decrease in oxygen supply to the myocardium (19). Accordingly, it has been proposed that left ventricular diastolic dysfunction in patients with HFpEF results from vascular alterations, with aortic stiffness and altered vascular endothelial function being fundamental characteristics of this process (20). Indeed, stiffness at the macrovasculature level is associated with ventricular decreases in elastance, leading to abnormal left arterio-ventricular crowning (21). Notably, ventricular stiffness occurs regardless of several comorbidities presented by patients with HFpEF (22). Besides the changes in vascular stiffness, studies in HFpEF also showed a decrease in brachial flow-mediated dilatation (FMD) and hyperemia, suggesting the presence of endothelial dysfunction at macrovascular/microvascular circulation. Lee et al. (23), proposed that macrovascular dysfunction is indeed a consequence of primary alterations at the microvascular level (23). This is in line with a previous report showing the presence of endothelial dysfunction at the microvasculature with no overt signs of vascular dysfunction in conductance vessels in experimental HFpEF models (24). Together, current evidence supports the role of microvascular/macrovascular alterations in the progression of heart disease. Whether changes/adaptations in the microvasculature/macrovasculature are a cause or consequence to support the failing heart (in the setting of heart failure) remains to be determined.



Autonomic imbalance and vascular dysfunction: Main mechanisms involved

The endothelium is a highly dynamic layer that works as a barrier that separates the blood from the extravascular tissue and interacts with other cell types contributing to the physiological and homeostatic regulation of blood vessel function (25). In addition, the endothelium prevents the aggregation and adhesion of platelets and leukocytes, inhibits the proliferation of smooth muscle cells (SMC), regulates vascular tone, and plays a protective role against mechanical stimuli such as pressure or frictional stress, through the release of vasoactive substances. This is critical for the maintenance of adequate organ/tissue perfusion (26, 27). While endothelial cells (EC) are located in the most internal layer of blood vessels, SMCs are located in the medial layer and constitute the contractile elements of blood vessels, contributing to the regulation of blood vessel tone, blood pressure, and circulation (28). Then, the correct function of SMC and EC is important for vascular health since both manage vasomotor tone and vasculature integrity.

Both arms of the autonomic nervous system (ANS) (i.e., sympathetic and parasympathetic) innervate blood vessel walls and regulate wall tension (29–31). SMCs at the muscular layer of blood vessel walls receive adrenergic and cholinergic nerve projections from sympathetic and parasympathetic innervation, while ECs do not present a direct neural innervation from the ANS (29, 31). The vascular SMC layer encompasses several ANS nerve terminals. Indeed, SMC constitutively expresses β-adrenergic receptors, which modulate vasodilatation, and α1/α2-adrenergic receptors, which modulate vasoconstriction (29, 31). In addition, parasympathetic stimulation of muscarinic receptors within SMCs also results in blood vessel contraction. Despite not being directly innervated by the sympathetic-adrenergic system, ECs also constitutively express both β-adrenoreceptors and α2-adrenoreceptors. While the effects of β-adrenoreceptors stimulation on EC function remain unknown, the activation of α2-adrenoreceptors leads to the release of vasoactive molecules such as nitric oxide (NO), which acting at SMC induces cell relaxation resulting in blood vessel vasodilation (29, 31). Besides the fine regulation of vascular function by the ANS, how autonomic imbalance could affect vasculature integrity by modulating mechanisms associated with vasoconstriction/relaxation and the vasculature environment is not completely understood, and much less is known about these mechanisms in the pathological setting of HFpEF. In this review, we discussed the potential mechanism of vascular dysfunction in HFpEF and its relation to autonomic imbalance.


Nitric oxide signaling and oxidative stress

The role of vascular NO is essential for vasodilation, inhibition of platelet aggregation, and protection of the integrity of the endothelial layer given its anti-inflammatory, proangiogenic, anti-apoptotic, and anti-fibrotic properties, reducing vascular inflammation and atherosclerosis (32, 33). At the major circulation, NO diffuses into platelets and SMC from EC, which stimulates soluble guanylate cyclase (sGC) and activates the cyclic GMP (cGMP) pathway to induce calcium release from the sarcoplasmic reticulum (SCR) in SMC, preventing platelet aggregation and producing vasodilation, respectively. At the level of cardiac microcirculation, NO can diffuse into cardiomyocytes from adjacent coronary vasculature, modulating cardiac function (7). In addition, NO signaling is involved in tissue repair by mediating the mobilization of stem and progenitor cells (34). In HFpEF, endothelial dysfunction has been linked to decreased production of cGMP and reduced activity of protein kinase G (PKG) and the L-arginine-NO synthetic pathway. Therefore, mechanisms for vasodilation are likely to be impaired in patients with HFpEF. Interestingly, vascular endothelial dysfunction in the heart shared similar mechanisms compared to those found in the systemic circulation, being alterations in sGC-cGMP signaling a common pathway affected at both levels during the progression HFpEF. More importantly, alterations in the sGC-cGMP-PKG pathway in HFpEF promote functional impairment in cardiomyocytes, as evidenced by delayed myocardial relaxation, increased myocardial stiffness, cardiac hypertrophy, and interstitial fibrosis (35). Therefore, direct interventions targeting the NO/cGMP/PKG pathway have been proposed as novel therapeutics to improve both vascular and cardiac function in HFpEF (36, 37).

How autonomic imbalance, a hallmark pathophysiological condition found in experimental and human HFpEF, affects vascular NO production is still not known. Endothelial β2-adrenergic receptors stimulate NO synthesis by the activation of endothelial nitric oxide synthase isoform (eNOS) (32). Interestingly, overexpression or chronic activation of eNOS could be maladaptive since marked increases in intracellular oxidative stress have been reported following eNOS overexpression (38, 39). Furthermore, chronic β-adrenoreceptor activation exacerbates eNOS activity and upregulates eNOS gene expression, favoring superoxide anion generation and vascular dysfunction through reductions in NO bioavailability (38, 40). Indeed, oxygen free radicals rapidly react with NO to form reactive nitrogen species, which are known to promote a prothrombotic and proinflammatory niche within blood vessels (12, 41). Notably, the relevance of reduced NO bioavailability and increased oxidative stress to promote HFpEF pathophysiology has been demonstrated in experimental HF in which concomitant metabolic and vascular stress in mice (high-fat diet and constitutive NOS inhibition using N(omega)-nitro-L-arginine methyl ester) recapitulated the cardiovascular features of human HFpEF (12, 26). Therefore, it is plausible that hyperactivation of the sympathetic nervous system in HFpEF may lead to decreases in NO bioavailability by promoting the formation of reactive nitrogen species within blood vessels. Further investigation is needed to fully determine the contribution of enhanced sympathetic activity on NO and vascular alterations in HFpEF. In addition, HFpEF increases ROS levels and/or antioxidant enzyme suppression, leading to cardiac and endothelial dysfunction. The different risk factors for HFpEF stimulate the production of ROS (42–44). Oxidative stress by their side increases levels of hydrogen peroxide and reactive oxidative metabolites, uncoupled endothelial nitric oxide synthase, endothelial NADPH oxidase 2 (NOX2) expression, and reduced NO levels indicate the presence of myocardial oxidative stress in patients with HFpEF (45). Beyond oxidation, inhibition of NO production can reduce NO bioavailability, for example, through AGE-induced elevation of asymmetric levels of ADMA (dimethyl L-arginine), an inhibitor of eNOS (endothelial NOS), which contributes to endothelium-dependent dysfunction associated with poorer HFpEF prognosis (46). Also, autonomic dysfunction characterized by chronic activation of the SNS might contribute to oxidative stress at the EC level. Previous reports showed high contractile activity in β2-adrenoreceptor deficient mice, and this loss of function can trigger ROS-mediated NO impairment (47). Thus, a lack of β2 receptors increases oxidative stress in the β2-KO mice arteries, and this change the vasoconstrictor response to phenylephrine. In addition, the above evidence suggests a crucial link between adrenergic pathways, oxidative stress, and NO bioavailability in the vasculature (47, 48). Interestingly, patients with HFpEF display not only impaired catecholamine sensitivity and β-adrenoreceptor density at the cardiac level (49, 50) but also display impaired chronotropic and vasodilatation response to exercise (51), suggesting possible desensitization of adrenergic signaling at the cardiac and vascular level. Overall, heightened SNS activity in the setting of HFpEF might contribute to creating a vicious cycle that promotes and maintains vascular dysfunction.



Inflammatory status

Risk factors in HF, such as diabetes mellitus, aging, and hypertension, among others, trigger systemic low-grade inflammation, characterized by chronic elevations in circulating immune cells, proinflammatory cytokines, and increased expression of endothelial adhesion molecules, such as vascular and intercellular cell adhesion molecules-1 (ICAM-1 and VCAM-1), and the corresponding ligands of circulating leukocytes, increasing myocardial infiltration of CD45+ and CD3+ T-lymphocytes (52). The latter further promotes the infiltration of leukocytes, especially monocytes, into the myocardial tissue, increasing the release of transforming growth factor beta (TGF-β), which ultimately leads to extracellular matrix remodeling and fibrosis (41, 43). Importantly, it has been reported that flow-mediated dilation (FMD) and reactive hyperemic index (RH) are reduced in patients with HFpEF (45), which is closely associated with elevations in inflammatory markers, such as CRP, IL-6, TNF-α, IL-1β, and NFG15 (53, 54). The increase in the inflammatory status leads to coronary microvascular endothelial dysfunction and further increases in inflammatory cytokines (55) partially mediated by the activation of the nuclear factor-kappa B (NFkB) signaling pathway (43). Thus, microvascular dysfunction is proposed to be the central mediator connecting systemic low-grade inflammation with myocardial dysfunction and remodeling in the setting of HFpEF (35).



Calcium signaling

Chronic elevation of catecholamines in HF, such as epinephrine and norepinephrine, is a hallmark and strong predictor of mortality in patients with HF (56, 57). Catecholamines activate the adenyl cyclase (AC)-cAMP-PKA pathway, leading to IP3R1 activation and in consequence IP3 signal to increased Ca2+ release and vascular tone in VSMCs during HF (58). Also, it has been found that BK potassium channels, which contribute to VSMC hyperpolarization, are downregulated in HF, promoting vasoconstriction, and synergizing with IP3R1 for elevations in cytosolic [Ca2+] (59). Since mRNA and protein levels of inositol 1,4,5 phosphate receptor 1 (IP3R1) are upregulated in HF and increased receptor phosphorylation in HF, it has been suggested that IP3R1 may play an important role in Ca2+ regulation in VSMC (60, 61). However, little is known about the contribution of intracellular calcium (Ca2+) mishandling in the vasculature and subsequent acceleration of cardiac remodeling and progression of HFpEF (58). Nevertheless, alterations in the expression and function of proteins that handle Ca2+ and a maladaptive redistribution of intracellular calcium have been described in HF (62). Some of these proteins are RyR2, Serca2a, Na+-Ca2+ exchanger (NCX), and transient receptor potential cation channels (TRPC) (63). For RyR2, there is evidence of PKA-dependent hyperphosphorylation (in S2808), causing channel dissociation, increasing Ca2+ leakage from the SR, decreasing Ca2+ transients, changing spontaneous Ca2+ release events, and altering cytosolic Ca2+ management (64). In addition, Serca2a is downregulated in HFpEF, then Ca2+ reuptake toward the SR affecting both active and passive cardiovascular functions (65). In addition, increased activity of NCX in HFpEF has also been described (66). Finally, the TRPC channels that participate in the entry of Ca2+ from the extracellular medium that allows the increase of Ca2+ reservoirs into the SR are increased in HFpEF, possibly as an adaptive mechanism due to a decrease in Ca2+ reserves in the SR (67). In addition, increased myosin heavy chain phosphorylation has also been found in the arteries of patients with HF and mice (68). The latter has been linked to VSMC remodeling and has been associated with alterations in VSMC Ca2+ handling (69). Therefore, alterations in the management of intracellular Ca2+ in the vasculature in HF may play an important role not only in vascular cell function but also in the adverse remodeling of several vascular compartments.




Conclusion

Little is known about the role of macro- and microvascular alterations during the onset, development, and progression of HFpEF. However, it is highly likely that vascular rarefaction takes place during the onset, maintenance and/or progression of HFpEF resulting in increases in microvascular resistance, reductions in tissue perfusion, and activation of vasomotor sympathetic fibers that ultimately create a feed-forward mechanism that promotes the further deterioration of vascular function by shifting the balance between vasoconstriction and vasodilation. On the contrary, proinflammatory and pro-oxidative molecules have been associated with the etiology of the disease. At the microvascular level, the decrease in the bioavailability of NO, alterations in the sGC-cGMP-PKG pathway, accumulation of ROS, and chronic low-grade inflammation are the main actions involved in the alteration of vascular function both at the systemic circulation and in the coronary territory, promoting a functional decrease in cardiomyocytes, evidenced by delayed myocardial relaxation, increased myocardial stiffness, cardiac hypertrophy, and interstitial fibrosis. The latter may have fundamental implications for the progressive decline in cardiac function during HFpEF.

To date, there are only preventive and palliative actions to deal with HFpEF, such as exercise and a healthy lifestyle, which do not imply a remission of the disease. In this article, several molecular candidates rise as potential therapeutic targets to improve both vascular and cardiac functions in HFpEF, including but not limited to NO metabolic pathway, IP3R signaling, adrenergic pathways, and reduction of oxidative stress and vascular inflammation.
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Background: We compared the efficacy and safety of endovascular therapy (EVT), intravenous (IV) thrombolysis and conservative treatment in M2 segment occlusion stroke based on a real-world database.

Methods: We retrospectively analyzed the database of admitted patients with M2 segment occlusion between January 2018 and December 2020. The patients who were eligible for reperfusion treatment were assigned to EVT, IV thrombolysis or conservative treatment according to the exact management proceeding. The primary outcome was a score of 0 and 1 on the modified Rankin scale (mRS) at 90 days. The odds ratio (OR) for the primary outcome was adjusted for age, baseline National Institute of Health Stroke Scale score, and door-to-treatment time. The secondary outcomes were based on a mRS score from 0 to 2 at 90 days and the safety outcomes including symptomatic intracranial hemorrhage, and all-cause mortality. The data were analyzed by the logistical regression model, including baseline adjustments.

Results: A total of 109 patients were included. Among them, 42 (38.5%) patients received EVT, 45 (42.5%) received IV thrombolysis and 22 (20.8%) received conservative treatment. The primary outcome based on a mRS score of 0 and 1, occurred in 66.7% of patients in the EVT group and 40% in the IV thrombolysis group (adjusted OR, 1.79; 95% confidence interval [CI], 1.19-2.68; P = 0.01). Symptomatic intracranial hemorrhage occurred in 1 patient (2.3%) in the EVT group and in 2 patients (4.4%) in the IV thrombolysis group (adjusted OR = 0.71, 95% CI: 0.13-4.07).

Conclusion: EVT showed better functional outcomes than IV thrombolysis and conservative treatment in moderate to severe acute stoke patients with M2 occlusion. There was no significant difference in the three groups concerning the incidence of symptomatic intracranial hemorrhage.
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acute ischemic stroke, M2 occlusion, endovascular therapy, intravenous thrombolysis, stroke


1. Introduction

Based on the recent landmark trials, current guidelines recommend endovascular therapy (EVT) as the standard care for acute ischemic stroke with an occlusion of the distal internal carotid artery or proximal middle cerebral artery (1). These trials concluded that the combination of EVT with intravenous (IV) thrombolysis improves the 90-day outcomes of ischaemic stroke with internal carotid artery (ICA) or M1 segment of the middle cerebral artery (MCA) occlusion, within 6 hours from the stroke onset. However, occlusion of M2 segment has been underestimated in these trials and therefore the treatment of M2 segment remains controversial (2–4).

Previous study indicated that occlusion at a more distal MCA might be associated with unsuccessful recanalization (5). The PROMISE study compared the angiographic and clinical outcomes of aspiration thrombectomy in M1 and M2 occlusion, indicated that the M2 segment had similar outcomes to M1. These were represented by a comparable rate of recanalization, device-related severe adverse events, and post-treatment symptomatic intracranial hemorrhage (sICH) (6).

In addition, very few studies analyzed the different outcomes between EVT, IV treatment and conservative treatment in acute M2 segment occlusion. Only one sub-analysis of RESCUE-Japan Registry 2 compared the EVT and non-EVT treatment (including IV thrombolysis and conservative therapy). Although showing the same likelihood of sICH, the study showed that EVT might increase mortality (7).

In recent years, EVT and IV thrombolysis are increasingly being performed in our country. More acute stroke units tend to proceed with EVT for vessel occlusion but also for the middle-sized ones, particularly for the M2 segment. Whether EVT is safer and more beneficial than IV thrombolysis in treating M2 occlusion patients are becoming critical questions that need addressing. To support the clinical decision-making, this study aimed to investigate the efficacy and safety of EVT, IV thrombolysis and conservative therapy in patients with acute ischaemic stroke resulting from acute occlusion of the middle cerebral artery M2 segment. Meanwhile, we defined M2 segment according to Tomsick’s study (8).



2. Materials and methods


2.1. Study design and setting

This study is a multicentre, retrospective, cohort study in Shanghai, China. As a developed major city, Shanghai has more than 70,000 ischaemic stroke per year. There are more than 30 hospitals that provide 24/7 thrombolysis services, two of which (Tenth People’s Hospital and the Seventh People’s Hospital) are tertiary neurovascular centers in North and East Shanghai that are equipped to provide EVT. Both centers have a stroke team and an acute stroke unit that use a same acute stroke intervention protocol. The acute stroke patients are recognized by trained ambulance staff who informs the hospital-based triage nurse and acute stroke team before arriving at the emergency department (ED). On the patient’s arrival, the acute stroke team is ready to initiate the Code Stroke that consists in proceeding with the stroke imaging protocol including non-contrast CT brain, CT perfusion (CTP), CT angiogram (CTA) and informing the on-call interventional neuroradiologist to remotely access the stroke imaging and prepare for the EVT if required. By using the acute stroke protocol, the recorded average time of door-to-needle (from patients entering the hospital to the needle) was 41 min, and the average door-to-puncture (from patients entering the hospital to the puncture) was 78 min. We provide continuous stroke management from acute phase to post-discharge for up to 3 months. The collected data from these two metropolitan hospitals are from the same database.



2.2. Participants

The data were selected from the shared Stroke Database of the Tenth People’s Hospital and the Seventh People’s Hospital in Shanghai. An eligible dataset was included if the patient: (1) was recorded by the Stroke Database between 1st January 2018 and 31st December 2020; (2) was diagnosed with an acute ischaemic stroke resulting from M2 occlusion (the diagnostic selection criteria is as below); (3) received IV thrombolysis within 4.5 h or EVT within 6 h after onset; (4) had complete series of CT perfusion, CT angiogram or DSA images before treatment; (5) completed the follow-up review in 90 days post-stroke. Those who received bridged treatments, including EVT + IV thrombolysis were included in the EVT group. Those who were assessed to be eligible but refused to proceed with either EVT or IV thrombolysis treatment, were assigned to the conservative treatment group where they promptly received standard anti-platelet therapy. Meanwhile, patients with contraindication of thrombolysis or EVT would also receive conservative treatment.

Those who did not have analyzable images or did not complete the modified Rankin scale (mRS) assessment at 90 days after stroke, were excluded. This study was approved by the Tenth People’s Hospital Research Ethics Committee (approval number: 21k253) and the Seventh People’s Hospital Research Ethics Committee (approval number: 2021-B151). The informed consent was waived due to the retrospective nature.

In this study, we used the functional-anatomical M1-M2 classification to define the M2 occlusion. Arsing from M1, adjacent to ATA but larger or giving origin to ATA and distributing to the mid- and posterior temporal lobe were termed “posterior temporal M2 branch” and “holotemporal M2 branch”. The single vessel continuation of M1 beyond the posterior temporal or holotemporal M2 branches was termed “M2 trunk” (8).

It suggested that the filling of at least one M2 branch, including the existence of holotemporal artery or posterior temporal artery, was considered as M2 occlusion when using CTA, CTP with or without DSA. The imaging for each patient was reviewed by a neurologist and a neuroradiological specialist and a consensus opinion was reached to assert the presence of an M2 segment occlusion. Those without agreement were reviewed by an interventional neuroradiologist to determine a consensus.



2.3. Imaging protocol

According to the stroke care protocol at both hospitals, all patients with acute ischemic stroke received a multimodal CT assessment which included non-contrast CT brain, CTA and CTP, with or without a following DSA. Iodinated contrast (40-mL iohexol 350 mg/ml, Omnipaque 350; GE Healthcare, Milwaukee, WI, USA) was injected at 8 mL/s, and 40 images were acquired per second (total acquisition time, 44 s). The images were processed using a commercial version of RAPID automated software.



2.4. Interventions

Patients were managed according to the acute stroke treatment guideline and hospital acute stroke protocol of EVT and IV thrombolysis. When the patients were within the time window of 4.5 h, IV thrombolysis was performed. The IV thrombolysis combined with EVT was used when the CTP mismatched while the large vessel occlusion was diagnosed. On the other hand, when the patients were within the time window of 4.5-6 h, the EVT was used when the CTP mismatched while the large vessel occlusion was diagnosed. Or the patient would receive conservative treatment. Patients with contraindication of thrombolysis or EVT would also receive conservative treatment.

The performance of EVT was as follows: 8F or 6F guide tube was advanced at the end of C1 segment, then the micro wire (Boston Science, USA) was slowly advanced through the M2 occluded section, and the Navien catheter (EV3, USA) was advanced at the C4 segment over the micro wire. The micro wire was advanced across the occluded segment followed by the micro catheter (EV3, USA) which was confirmed to be in the true lumen by angiography. The Solitaire thrombectomy stent (Solitaire FR, Medtronic) was sent through the microcatheter and placed in distal true lumen of the occluded segment. After accurate positioning, the stent was released. After 5 minutes, the stent and microcatheter were withdrawn together for thrombectomy. The final angiography was performed to evaluate the lesions.

The IV thrombolysis was performed using tissue plasminogen activator at a concentration of 0.9 mg/kg and with a maximum of 90 mg. The patients received first a 10% of the total dose via intravenous bolus injection and then a continuous infusion within 1 h to finish the total dosage. The patient received retrieval therapy that may have been preceded by an IV t-PA. Conservative treatment was used for patients who were contraindicated to IV thrombolysis therapy and who failed to receive EVT for whatever reason.



2.5. Outcomes

The primary outcome was a score of 0 or 1 on the mRS at 90 days (indicating an excellent functional outcome with a return to all usual activities). Data were obtained by telephone or outpatient interview. The odds ratio (OR) for the primary outcome was adjusted for age, clinical severity of stroke (National Institute of Health Stroke Scale, [NIHSS] score) at baseline, and time from onset to treatment. The secondary outcomes were scored from 0 to 2 on the mRS at 90 days (indicating functional independence); the score (0 to 6) on the mRS at 90 days (with the distribution of scores in each trial group used in an ordinal analysis to assess functional improvement); safety assessment, including the sICH (defined according to the SITS-MOST definition (9) and all-cause mortality. An independent neurologist, who was blind to the treatment method, was responsible for the evaluation of mRS at 90 days by telephone consult or outpatient interview.



2.6. Data collection

Baseline characteristics included age, gender, vascular risk factors, pre-event mRS score, and NIHSS at presentation. In this study, the onset-to-CT time (measured in minutes) was used to represent the onset-to- ED (time from the onset to entering the ED) time due to a better accuracy of the CT recording time. The average time between ED-admission and CT performance was 38 min. Stroke onset time was evaluated according to the patients or the witness. For an unknown-onset stroke, the time when the patients were last noticed as unaffected, was considered to represent the onset.



2.7. Statistical analysis

The statistical analysis was performed using SPSS version 20.0 for Windows (IBM Co., Armonk, NY, USA). Continuous variables were presented as mean ± standard deviation (SD), and categorical variables were presented as frequencies and percentages. Fisher exact test was used to compare the difference at baseline between categorical variables, and Wilcoxon-Mann-Whitney test was used for continuous variables. The logistic regression model was used to compare the 90-day mRS, sICH, and mortality in the different treatment cohorts, that were adjusted by age, NIHSS score at baseline, and time from onset to treatment. In the analysis, EVT group was set as the reference, which was used to compare the IV group and conservative group. A p-value of less than 0.05 was considered statistically significant.




3. Results

Between the 1st of January 2018 and the 31st of December 2020, 2761 patients with acute ischemic stroke were screened, of which 109 had an M2-occlusion. The mean age of the study population was 69.4 ± 12.0 years, and 45.0% of them were females. All participants received the brain-scan within 6 hours after the onset. Forty-two (38.5%) participants underwent EVT, of which, 24 received thrombolysis beforehand (57.1% of all EVT cases), 45 received IV thrombolysis alone (41.3%), and 22 underwent conservative treatment (20.2%). The baseline characteristics of the three groups were detailed in Table 1. The conservative group, which was comprised of older patients, had a prolonged waiting time for CT scan in ED (door-to-CT time 54 min vs. 35.8 min for EVT and 32.5 min for thrombolysis). Although the conservative group had a relatively lower percentage of being well function at baseline (mRS ≤ 2: 77.2%), the baseline mRS did not show a statistical significance across the groups (p = 0.34). The patients who received EVT showed a longer time from emergency arrival to recanalization due to the time that was spent in preparation for the operation compared with IV thrombolysis (65 vs. 43 min). Otherwise, no significant difference was observed between EVT and IV thrombolysis at baseline.


TABLE 1    Baseline characteristics for study groups.
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3.1. Efficacy

The primary outcome of the mRS score of 0 or 1 was attained by 66.7% of the patients in the EVT group, by 44.3% in the IV thrombolysis group and by 22.7% in the conservative treatment group. The adjusted OR of EVT to IV thrombolysis was 1.67, showing a significant difference between the groups (95% confidence interval [CI]: 1.10-2.53, p = 0.01). Given the door-to-puncture time being longer than that of the door-to-needle (65 min vs. 43 min), the adjusted OR became more significant by 1.79 (95% CI 1.19-2.68). Only 22.7% of the patients who received conservative treatment could achieve a mRS score of 0 or 1, which was significantly lower than that in the EVT group (adjusted OR: 3.04; 95% CI 1.37-6.74; p = 0.001) (Table 2).


TABLE 2    Multivariable logistic regression analysis for the 90-days follow-up mRS across three groups.
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Regarding the secondary outcomes, a mRS score of 0 to 2 was attained by 76.2% of the patients in the EVT group, 53.3% in the IV thrombolysis group (adjusted RR: 1.52; 95% CI 1.11-2.07; p = 0.04), and 27.2% in the conservative treatment group (adjusted OR: 2.84; 95% CI 1.41-5.73; p < 0.001) (Table 2). A shift analysis of the distribution of scores for each group, mRS did not show statistical significance between the groups’ difference in functional improvement at 90 days, due to the small sample size (Figure 1).
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FIGURE 1
The mRS scores at 90 days among patients receiving endovascular therapy, intravenous thrombolysis, and conservative treatment.




3.2. Safety assessment

The safety of the different treatments was assessed by sICH and mortality at 90 days. There was only one case in the EVT group and two cases in the IV thrombolysis cohort developed sICH. Given the small sample side, no statistical significances were observed (sICH 2.3 vs. 4.4%, p > 0.99; adjusted OR = 0.71; 95% CI: 0.13-4.07) (Table 3). No patients died in this study cohort.


TABLE 3    The safety assessment of the treatments: Symptomatic ICH and mortality.
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4. Discussion

In this study, we retrospectively enrolled 109 patients. Among them, 42 (38.5%) patients received EVT, 45 (42.5%) received IV thrombolysis and 22 (20.8%) received conservative treatment. EVT showed its superiority in functional outcomes (attain of a mRS score ≤ 1) and safety compared with the other two kinds of treatments.

Due to the more distal position of M2, the tissue loss was conceptually smaller than M1 occlusion. Hence the potential improvement of functional status after treatment may be not significant as that in M1 (10). Furthermore, M2 segment branches were characterized by thinner vessel walls and a narrower lumen, making the procedure technically more difficult and the vessel wall more prone to perforation, increasing the risk of complications and early re-occlusion (11). Despite all this, previous studies found M2 occlusions involving the eloquent cortex may cause significant neurological impairment, and these patients may benefit from reperfusion therapy compared with medical therapy (12). Meanwhile, Rai et al found 56% of patients with M2 occlusions had poor clinical outcomes and a mortality rate of 27% (13). Lima et al concluded that the 6-month mortality similar to patients with M1 occlusions, indicating the necessity of treatment of M2 segment (14). Sarraj et al also found patients managed with ECR had significantly better 90-day clinical outcomes (62.8 vs. 35.4%, P = 0.001) and although the ECR group did show higher frequency of sICH compared to those treated by medicine (15).

Recent meta-analysis studies also demonstrated that mechanical thrombectomy in M2 segment may have similar outcomes in hemorrhagic transformation, functional independence and motility compared to M1 segment occlusion (16–18). However, the definition of M2 segment was various. The most common definition was the vertical portion of MCA in the Sylvian fissure, extending from the genu to the apex of the circular sclcus, which may lead to a disparity during treatment decision making. Tomsick et al proposed the functional-anatomical M1-M2 classification to define the M2 occlusion and concluded it was closely related to patient’s prognosis after endovascular therapy (8). In this study, we used the novel definition of M2 segment and compared the safety and clinical outcomes of EVT, IV thrombolysis and conservative treatment in M2 segment occlusion stroke based on a real-world database. This study provided real-world evidence of the beneficial superiority and non-of EVT safety compared with IV thrombolysis and conservative treatment among the patients with acute ischaemic stroke associated with M2 occlusion in two centers. The EVT indicated a significantly higher potential of post-stroke function maintenance at 90 days with a mRS ≤ 1 being 66.7% and a mRS ≤ 2 being 76.2%, while IV thrombolysis maintaining a mRS ≤ 1 by 44.3% and mRS ≤ 2 by 53.3%. In an ordinal analysis of the distribution of mRS scores at 90 days, the small sample size in each subscale did not provide sufficient power to detect the differences between the groups. Findings for the sICH showed no significant difference between EVT and IV thrombolysis in absolute number. Due to lack of deceased cases in the study cohorts, we were unable to conduct analysis for mortality.

In this study, the classification of M2 occlusion was different from that of previous studies. The lack of consensus brings challenges in selecting an appropriate M2-segment occlusion population for intervention. One of the more common methods to define the M2 segment relies on the use of anatomic boundaries, in which the M2 segment originates from the genu of the MCA as it takes a vertical turn in the Sylvian fissure. Another widely accepted theory adopted the branching pattern and identified post-bifurcation branches of MCA as M2 segment (19). Due to the high frequency of early bifurcation MCA anatomy, these two methods may obtain inconsistent results (20). In this study, we used a mixing strategy to differentiate M2 from M1 using the functional-anatomical method. It defines M2 occlusion as having at least one filling of the classic M2 branch. Unlike those definitions which rely on “bifurcation” as a key component, the functional-anatomical method reduces the confusion from anatomic variation and may reasonably include holo-temporal artery and posterior temporal artery, which extend out before MCA bifurcates as M2 branches.

Our results showed that the EVT group achieve a higher percentage in maintaining a mRS ≤ 0-2 at 90 days (73%), a lower sICH (2.3%) and mortality (no decease case) compared with the results of recent meta-analysis (mRS of 0-2: 59%, sICH: 4.9-10%, mortality: 7.7-16%) (8, 9). The success of EVT may be due to the selection criteria that used functional-anatomical M2 identification which was introduced in this study. The improvement of the EVT technique also escalated the benefit of post-stroke outcomes by successfully achieving a better recanalization and by shortening the door-to-treatment time.

However, this study had several limitations. Firstly, it is a retrospective cohort study that was conducted in a metropolitan city, where the selection bias needs to be considered. Meanwhile, patients in the EVT group may have higher NHISS scores and the retrospective design of the study with unknown confounding factors unable to be adjusted also had potential effect on the results. Secondly, the exclusion of patients by neuro-interventionists, due to the difficulty in clot retrieval performance may decrease adverse outcomes and mortality. Thirdly, some of the patients receiving EVT were refereed and transferred from other hospitals where they may have received intravenous treatment before admission. For those patients, it was difficult to track the initial treatment which may have an impact on the results. Finally, the small sample size increased type II error and reduced the significance of the results.



5. Conclusion

This study provided real-world evidence of the benefit and safety in EVT, IV thrombolysis and conservative treatment in moderate to severe acute stroke patients with M2 occlusion. EVT showed its superiority in functional outcomes and safety compared with the other two treatments. The results in this study may support the design of a treatment strategy for acute ischemic stroke with M2 occlusion. Additional large data analysis across different cities involving more hospitals, is required to broaden the results, especially in safety assessment.
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Vascular remodeling is the pathological basis for the development of many cardiovascular diseases. The mechanisms underlying endothelial cell dysfunction, smooth muscle cell phenotypic switching, fibroblast activation, and inflammatory macrophage differentiation during vascular remodeling remain elusive. Mitochondria are highly dynamic organelles. Recent studies showed that mitochondrial fusion and fission play crucial roles in vascular remodeling and that the delicate balance of fusion-fission may be more important than individual processes. In addition, vascular remodeling may also lead to target-organ damage by interfering with the blood supply to major body organs such as the heart, brain, and kidney. The protective effect of mitochondrial dynamics modulators on target-organs has been demonstrated in numerous studies, but whether they can be used for the treatment of related cardiovascular diseases needs to be verified in future clinical studies. Herein, we summarize recent advances regarding mitochondrial dynamics in multiple cells involved in vascular remodeling and associated target-organ damage.
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GRAPHICAL ABSTRACT
The imbalance of mitochondrial fusion and fission plays an important role in vascular remodeling and target-organ damage.




Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality in developing countries, cardiovascular disease accounted for about 31 percent of global deaths in 2015 (1, 2). According to the statistics of the global burden of disease (GBD), from 2009 to 2019, the global deaths caused by CVD and vascular diseases were respectively related to ischemic heart disease (IHD, 16.17%), stroke (11.59%), cardiomyopathy and myocarditis (0.6%), other cardiovascular and circulatory diseases (0.49%), and chronic kidney disease (2.53%) [(IHME), (3)]. Vascular remodeling (VR) is an important process in various cardiovascular diseases. The vessel wall is an active and integrated organ composed of endothelial cells (ECs), smooth muscle cells (SMCs) as well as vascular fibroblasts (VAFs), and these cells can interact with each other (4). VR represents changes in vascular structure and arrangement, usually accompanied by activation of endothelial cells, migration and apoptosis of smooth muscle cells, degradation of the extravascular matrix (ECM), and disruption of the structural integrity of the vessel (4). Macrophages and inflammation also promote the development of vascular remodeling (5). Mitochondrial dysfunction is one of the important mechanisms mediating vascular remodeling and affects cellular homeostasis mainly by affecting cellular energy, reactive oxygen species (ROS) production, intracellular calcium levels, and apoptotic protein production (6). The vascular system is a tissue that does not require a lot of energy, thus the mitochondria here play the role of sensors, signaling hubs, and regulators of apoptosis, despite their role in energy metabolism (7, 8). In recent years, a growing number of studies have shown that defects in mitochondrial dynamics play a crucial role in the pathogenesis of several cardiovascular diseases (6). Mitochondrial dynamics is thought to have important functions in the growth, death, and migration of vascular endothelial and smooth muscle cells, and may also be involved in regulating the production or degradation of extracellular matrix, all of which contribute to vascular remodeling in cardiovascular diseases (9).

Mitochondria originated from a eukaryotic ancestor unified with an alpha-proteobacterium (10). Mitochondria have two relatively independent and functionally distinct membranes, the outer membrane (OM) and the inner membrane (IM) (11), which divide the mitochondria into two compartments. Located between the two mitochondrial membranes is the intermembrane space (IMS), and wrapped by the inner membrane are the matrix compartments (11). A small amount of DNA is present in the mitochondrial matrix, called mitochondrial DNA (mtDNA), which encodes a series of proteins critical to mitochondrial respiration (12). Despite the long evolutionary history before being perceived as eukaryotic organelles, the important role of mitochondria in eukaryotic cell function is deeply ingrained (13). As is known to all that mitochondria are the “powerhouses” of cells, responsible for producing most of the ATP in cells through oxidative phosphorylation (OXPHOS). In addition, mitochondrial electron transport chains are also vital to the regulation of mitochondrial calcium (14). Mitochondria can be the main source of ROS during electron transport to produce ATP, which can both promote cell death and act as signaling molecules. Therefore, mitochondria are also key regulators of cell death (15). To achieve these functions, mitochondria have become organelles that exhibit remarkable dynamics (16). Mitochondria regulate their morphology and control their number and size through fusion and fission, a continuous cycle of fission and fusion is also known as mitochondrial dynamics (17). Mitochondrial dynamics is closely related to mitochondrial function. The balanced fusion and fission events of mitochondria maintain the health of mitochondria and their host cells and organisms (15, 17). There is evidence that an imbalance of mitochondrial dynamics plays a crucial role in the pathogenesis of many cardiovascular diseases (6). This review summarizes recent progress in the understanding of the role of mitochondrial dynamics in vascular remodeling and related target-organ damage.



Mitochondrial fusion and fission


Mitochondrial fusion

Mitochondrial fusion refers to the integration of the outer and inner membranes of two adjacent mitochondria into one, resulting in a fibrous extension and network structure of mitochondria (18). Mitochondrial fusion has been shown to occur through a sequential event of the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM) fusion, with Mitofusins (Mfns) and Optic atrophy protein 1 (Opa1) mediating the fusion of the outer and inner membranes, respectively (19, 20). In a typical mitochondrial fusion reaction, the endpoints of two mitochondria collide, with the outer membrane fusing first and then the inner membrane fusing at the collision site. Fusion events can also occur between ends and sides, or within a single mitochondrion to form a ring structure (16). As a result of fusion, the content is mixed and the matrix is exchanged, but mtDNA exchange is limited despite being in the matrix (21). In addition to complete fusion, mitochondrial fusion can take different forms, such as instantaneous fusion, the so-called “kiss-and-run” encounter, in which no obvious merger or structural rearrangement occurs (22) (Figure 1A).
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FIGURE 1
The fusion and fission machinery. (A) The mechanisms of mitochondrial fusion. Mfn1/2 mediate outer membrane fusion. Opa1 mediates inner membrane fusion and maintains cristae structure. Under stress, L-Opa1 is activated and S-Opa1 can regulate the fusion activity of L-Opa1. (B) The mechanisms of mitochondrial fission. Drp1 plays a central role in mitochondrial fission. Several kinds of post-translational modifications of Drp1 may affect the recruitment of Drp1 from the cytoplasm. The adaptors including Fis1, Mff, MiD49, and MiD51 also have substantial roles in the recruitment of Drp1 to mitochondria.




Regulators of mitochondrial fusion

Mitochondria primarily mediate fusion through three membrane GTPases of the dynamin-related protein (DRP) superfamily, including Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), and Optic atrophy protein 1 (Opa1). Among them, Mfn1/2 is located on the outer mitochondrial membrane and its main function is to facilitate mitochondrial docking and fusion (18). The mitochondrial fusion mechanism of Mfns has been investigated based on its topology (23). In the past, Mfns were thought to be inserted into the OMM through two transmembrane structural domains (TMs). TMs are separated by a short loop containing GTPase and coil-coil heptad repeat 1 (HR1) structural domain at the N-terminal end, while the C-terminal end carries the HR2 structural domain (24, 25). It has been proposed that Mfns establish a linkage between paralogous mitochondria via dimeric antiparallel trans interactions at their HR2 structural domains, followed by GTP hydrolysis to produce an OMM fusion (23). However, a recent study showed that only one transmembrane structural domain exists in human Mfns, which places the N-terminal GTPase and HR1 structural domains in the cytoplasm and the C-terminal HR2 structural domain in the mitochondrial membrane gap (26). Several studies have proposed that the bolting of the two OMMs occurs through oligomerization of the GTPase structural domains in the Mfns. Upon GTP binding and hydrolysis, the GTPase structural domain undergoes a conformational change leading to its oligomerization, which facilitates the docking and subsequent fusion of the two mitochondria at the two outer membranes (27, 28). Mattie et al. demonstrated that with increasing levels of oxidized glutathione, the two cysteine residues located in the HR2 structural domain can be oxidized, leading to the formation of disulfide bonds between Mfn molecules and then oligomerization occurs (26). This new mechanism suggests that redox signaling plays a crucial role in OMM fusion. Furthermore, studies in cells have shown that Mfn1 and Mfn2 have different functions. For example, Mfn1 has a higher GTPase activity than Mfn2 and therefore promotes mitochondrial fusion more efficiently (29). Opa1-mediated fusion is also dependent on Mfn1 rather than Mfn2 (30). This explains that overexpression of either Mfns leads to perinuclear mitochondrial aggregation but with different results. Mfn1 induces mitochondrial fragmentation, while Mfn2 exhibits swollen spherical mitochondria (31).

Mitochondrial endosomal fusion is mediated by the direct action of optic atrophy 1 (Opa1) and cardiolipin (CL), a specific component localized to the inner mitochondrial membrane (24). Unlike Mfns, only one of the two opposing mitochondria needs to carry Opa1 for endosomal fusion to occur (16). Ban et al. showed that Opa1 mediates endosomal fusion via heterotrimeric Opa1-cardiolipin interactions. Similarly, when cardiolipin was not present, membrane fusion was not observed even when L-Opa1 was present on both sides of the membrane (32). The encoding of Opa1 forms eight isoforms during transcription by differential splicing in exons 4, 4b, and 5b. All isoforms contain an N-terminal mitochondrial targeting sequence (MTS) and a generic exon 5 encoding the S1 protein hydrolysis site (33). The MTS is removed by matrix processing protease (MPP) during N-terminal entry into the matrix, while the retention or not of the S1 site determines the isoforms of Opa1 (34). If the S1 site remains intact, a long isoform of Opa1 (L-Opa1) is produced that is anchored to the endosomal membrane. In the steady state, approximately half of Opa1 exists as L-Opa1. In contrast, if the S1 site is cleaved by the Oma1 protease, short isoforms of Opa1 (S-Opa1) are produced, and they form a complex through the L-Opa1 isoform to regulate fusion activity. It was shown that the addition of S-Opa1 enhanced the membrane fusion activity of L-Opa1 in vitro (32, 34). Alternatively, variant S-Opa1 can be produced by the shearing of S2 proteins by the Yme1L protease (34, 35). Previous and recent studies have shown that fusion requires the co-action of long and short isoforms under basal conditions (36, 37). However, several different findings also exist. For instance, some studies have shown that L-Opa1 alone promotes IMM fusion (34, 38). Moreover, S-Opa1 has been proposed to promote fission (39).



Mitochondrial fission

Mitochondrial fission is the division of one mitochondrion into two smaller mitochondria, usually asymmetrically, resulting in the formation of two unequal-sized daughter mitochondria (16, 40). The core reaction of mitochondrial division is the contraction and rupture of the two mitochondrial membranes, which is driven by the recruitment of Drp1 to the mitochondria via its receptor protein located on the outer membrane and is regulated at multiple levels (40–42). During the life cycle of mitochondria, fission can both produce new mitochondria and eliminate dysfunctional mitochondria through mitochondrial phagosomes (43, 44). Previous studies have shown that fission is the basis of mitochondrial proliferation and degradation (43). However, recent studies have found that the regulation of organelle levels, that is, the localization of fission sites, may be a key morphological feature leading to different mitochondrial fates (45). Super-resolution microscopy was used to analyze the mitochondrial division and then two spatially different types of division were defined in this study. Midzone division occurs at the center of the organelle (within the central 50%), whereas peripheral division occurs at both ends of the mitochondria (less than 25% from the tip). Division in the outer region contributes to the shedding of damaged material into smaller mitochondria for mitochondrial phagocytosis, while division in the middle region causes the mitochondrial proliferation (45) (Figure 1B).



Regulators of mitochondrial fission

The central reaction of mitochondrial division is the contraction and rupture of two mitochondrial membranes (46). Recently, Kraus et al. introduced the concept of “mitochondrial divisome.” That is, in eukaryotic cells, the core components of the division include dynamin-related protein 1 (Drp1) and its adapters, while other organelles such as the endoplasmic reticulum (ER), actin, contact sites between organelles, and specific lipids on the outer membrane are classified as accessory components, which together regulate and control mitochondrial division (47).

Drp1 is a cytoplasmic protein that acts as a key GTPase in mitochondrial fission (18). Once recruited from the cytoplasmic pool to the outer mitochondrial membrane, it forms helical oligomers that induce membrane contraction and fracture. In contrast, the deletion of Drp1 blocks mitochondrial division, causing mitochondria to lengthen or expand (40). Whether Drp1 can independently mediate mitochondrial division has not been fully demonstrated (48, 49). It has been suggested that Dynamin 2 (DNM2) is also recruited to the mitochondrial division site and is involved in the final membrane break event, and that knockdown of DNM2 inhibits mitochondrial fission, revealing its functional importance in fission (48). However, the necessity of DNM2 in mitochondrial fission has been challenged by many new studies. Drp1 itself has been shown to sever membrane tubules (50). Moreover, the loss of all conventional kinesins, including DNM1, DNM2, and DNM3, did not lead to mitochondrial inhibition of fission (51). These suggest that Drp1 can independently lead to mitochondrial fission. Nonetheless, DMN2 was also observed at the mitochondrial fission site on both sides of Drp1 (48), so it may play a non-essential role in fission. Post-translational modifications, such as phosphorylation, further regulate Drp1-mediated mitochondrial fission (52). MAPK1 can stimulate the phosphorylation of Ser616, which enhances Drp1 activity and leads to increased mitochondrial fission. On the other hand, PKA-induced phosphorylation of Ser637 inhibits Drp1 GTPase activity and fission, whereas Ca2+-activated dephosphorylation triggers fission (18). Recently, the mitochondrial phosphatase PGAM5 has also been found to be involved in Ser637 dephosphorylation, the loss of which impairs mitochondrial fission and increases cellular senescence (53). In addition, o-glcn acylation, SUMOylation, s-nitrosylation, and ubiquitination can also regulate Drp1 activity (18). O-glcn acylation and s-nitrosylation of Drp1 increase its fission activity (54, 55), while mitochondria-associated protein ligase (MAPL)-mediated SUMOylation contributes to the stabilization of Drp1 function (56). Parkin can degrade the mitochondrial splitting protein Drp1 by ubiquitination (57). Apart from the above, recent studies have shown that excess lipid supply can create an intracellular environment in mice that promotes Drp1 acetylation, which in turn increases its activity and mitochondrial translocation, leading to cardiomyocyte dysfunction and death (58). It has been reported that low doses of methylmercury (MeHg) induced depolymerization of Drp1 at Cys624-S(n)H, leading to filamin-dependent activation of Drp1 and mitochondrial hyperfission, which increased cardiac fragility to mechanical load. In contrast, cilnidipine, a blocker of Drp1 and filamin-A interaction, inhibited mitochondrial hyperfission in neonatal rat cardiomyocytes induced by low-dose MeHg exposure (59).

Adapters for Drp1 include four extramembrane proteins, Fis1, Mff, MiD49, and MiD51. Each adapter can independently recruit Drp1 into mitochondria, and there are also indications of interactions between MiDs and Mff (60, 61). In yeast, Fis1 plays a central role in mitochondrial fission, but in mammals, cells lacking Fis1 show little or no fission deficiency (41). Mff, MiD49, and MiD51 appear to have a more important role in mammalian Drp1 recruitment. Mff deficiency results in a reduced recruitment of Drp1 to mitochondria and disrupts fission, whereas Mff overexpression enhances mitochondrial fragmentation (61). MiDs are more complex, as their low protein expressions lead to enhanced mitochondrial fission, but overexpression leads to significant mitochondrial elongation (62). However, a recent study by Kleele et al. showed that there is more than one type of mitochondrial division and that Fis1 and Mff play different roles in the different forms of mitochondrial division (45). When mitochondria are damaged or stressed, Fis1-mediated peripheral division is increased, predicting mitochondrial autophagy. In contrast, Mff has no role in the peripheral division but plays a role in the midzone division. Mid-region division is usually increased in situations that stimulate cell proliferation (45). This study also raises exciting questions, such as whether other factors are specifically involved in a peripheral division or midzone division. In this regard, MiD51 and MiD49 are of particular interest because this new study does not provide conclusive results regarding their role.

In the complex environment of living cells, accessory components of the “mitochondrial divisome,” such as the endoplasmic reticulum (ER) and lysosomes, as well as actin, cytoskeleton-related binding proteins inverted formin 2 (INF2) and Spire1C, which are required for initiation and control of mitochondrial fission (47). The contact site between mitochondria and the ER is important for coordination between the two organelles and may be the site where the first step of the division process occurs (63). Before Drp1 is recruited, ER-bound INF2 cooperates with mitochondria-anchored Spire1C to regulate mitochondrial contraction to a size that allows Drp1-oligomeric loop formation at the contact site between the two organelles (64). This process may also be related to the motor protein myosin II (65). However, it has also shown that Ca2+-dependent inner membrane (IMM) contraction represents the initiating event of mitochondrial fission (66). IMM contraction occurs before outer membrane contraction and is regulated by Opa1, a kinetic protein that controls mitochondrial fusion. Opa1 interacts with the MICOS complex that connects the outer and inner membranes and promotes inner membrane contraction (66). Interestingly, endosome contraction is enhanced in the absence of Drp1, suggesting that cells can compensate for the absence of mitochondrial division by increasing endosome contraction (67).

Contact of lysosomes and trans-Golgi networks with mitochondria is also associated with fission. Lysosomes bind at the site of mitochondrial contraction before fission (68). The mitochondria-localized GTPase-activating protein TBC1D15 is involved in fission along with the lysosome-associated RAB7. Recently, phosphatidylinositol 4-phosphate [PI(4)P] trans-Golgi vesicles and ARF1 were discovered to co-localize at Drp1-positive mitochondrial fission sites, which are also labeled by lysosomes (69). The deletion of ARF1 or PI(4)P increased mitochondrial length but not Drp1 recruitment, suggesting that loss of PI(4)P delayed the late phase of Drp1-mediated fission.

Mitochondrial lipids are also involved in the regulation of mitochondrial fission and have different roles. In addition to its role in fusion, cardiolipin binds to Drp1, drives Drp1 oligomerization, and stimulates its GTPase activity (70). In contrast, phosphatidic acid interacts with Drp1 and inhibits its function (71). The mitochondrial phospholipase MitoPLD can act as a key regulator in the conversion of stimulatory cardiolipin and inhibitory phosphatidic acid. Interestingly, Drp1 can form a complex with DMitoPLD to generate phosphatidic acid from cardiolipin (72). It will be exciting to further decipher how the interactions of Drp1, the actin cytoskeleton, phospholipids, and other organelles coordinate to control mitochondrial division.



Balance of fusion and fission

Nearly 100 years ago, mitochondrial motility and fission were first observed with light microscopy (73), and by the 1980s and 1990s, the study of mitochondrial dynamics continued to advance with the development of technology. First with phase-contrast microscopy, then with vital dyes, and finally with targeted fluorescent proteins, it was confirmed that mitochondria are in a constant process of division and fusion (74–76). The fact that mitochondrial fission and fusion are considered to be critical processes for mitochondrial and cellular health has not been fully appreciated until recent years (46, 77). Fission is important to ensure the number and distribution of mitochondria in daughter cells, and fusion allows content exchange between fused mitochondria to ensure optimal mitochondrial activity (18). Mitochondrial fusion and fusion usually occur simultaneously in a balanced manner within the cell, and the net balance between fusion and fission controls the size, number, shape, and activity of mitochondria (40). Disruption of homeostasis leads to imbalances in mitochondrial function, ultimately leading to a variety of diseases, including cardiovascular disease, neurodegenerative diseases, and cancer (78). An increase in fission or a decrease in fusion will result in more short or small mitochondria. In some cells, the shape itself has important functional consequences. In neurons, for example, the transport of small mitochondria to nerve terminals may be more efficient compared to long mitochondria (16). In addition, the size of mitochondria is crucial for their degradation by mitochondrial phagocytosis (41). However, the proper balance of fusion and fission seems to be more important compared to the absolute level of each process. For example, mice lacking Mff show severely reduced mitochondrial fission, significantly reduced OXPHOS activity in cardiomyocytes, and extensive fibrosis in cardiac tissue. In contrast, these defects can be completely rescued by concomitant loss of Mfn1 (79). A new study shows that mitochondrial elongation factors 1 and 2 (MIEF1/2) regulate mitochondrial fusion through direct interaction with the fusion proteins Mfn1 and Mfn2, in addition to their role in the fission machinery. MIEF1/2 competitively reduces the interaction of hFis1 with Mfn1 and Mfn2, alleviating hFis1-induced mitochondrial fragmentation and contributing to mitochondrial fusion (80). Furthermore, there is evidence that cellular feedback mechanisms can rebalance mitochondrial dynamics in part through compensatory responses when fission is disturbed. For instance, when Drp1 was deleted, the levels of Mfn1 and Mfn2 decreased by approximately 50% (81, 82). Based on the above, it can be argued that the delicate balance between mitochondrial fusion and fission plays an integral role in maintaining the mitochondria functions and determining cell fate. In fact, the reciprocal regulation of fission and fusion is thought to be an emerging trend in the remodeling of mitochondrial networks, where multiple regulatory pathways influence both processes (83).




Mitochondrial dynamics and mechanism of vascular remodeling

In the arterial wall, endothelial cells (ECs), vascular smooth muscle cells (VSMCs), fibroblasts (VAFs), and macrophages are all important players in the process of vascular remodeling (VR). Mitochondrial dynamics are essential for the proper function of all key cell types involved in the development of vascular remodeling. Endothelial dysfunction is often considered a marker of atherosclerosis (84). Inhibition of Drp1 in apolipoprotein E (ApoE) knockout diabetic mice reduces endothelial dysfunction and atherosclerosis (85). Mfn2 expression is reduced in atherosclerosis models, and conversely, Mfn2 overexpression reduces atherosclerotic lesions in rabbits (86, 87). In addition, endothelial cells from patients with reduced vascular function exhibit increased expression of Fis1 and mitochondrial fragments, a phenomenon that can be rescued by in vitro fission inhibition (88). On the other hand, vascular smooth muscle cells (VSMCs) also proliferate and migrate during vascular reconstitution. Reduction of Mfn2 is associated with the activation of VSMCs by platelet-derived growth factor (PDGF), while inhibition of fission attenuates VSMCs proliferation (89). In an in vitro aortic ring assay, inhibition of Drp1 significantly reduced the proliferation and migration of VSMCs and decreased neovascularization in a rat carotid balloon injury model (90). Furthermore, macrophage-mediated inflammation is thought to accelerate the process of vascular remodeling. Blocking Drp1 reduces the accumulation of inflammatory macrophages in injured vessels and inhibits the growth and migration of VSMCs (91). In conclusion, these findings suggest that the expression of mitochondrial dynamin proteins plays an integral role in the development of vascular remodeling. Modulation of the balance of mitochondrial fission and fusion is expected to be an effective therapeutic strategy to slow the progression of vascular remodeling (Figure 2).
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FIGURE 2
Mechanism of mitochondrial dynamics in vascular remodeling. During vascular remodeling, multiple cells of the vessel wall are regulated by mitochondrial dynamics. Mitochondrial division and fusion play an important role in regulating the migration, apoptosis, and pro-inflammatory state of endothelial cells, and are also involved in the transformation of the synthetic phenotype of VSMCs and the process of phenotypic changes from adventitial fibroblasts (AFs) to myofibroblasts (MFs). Mitochondrial kinetic imbalance is also an important factor in the proliferation and migration of VSMCs and AFs. In addition to these, the delicate balance between mitochondrial fission and fusion seems to be involved in regulating macrophages and the interactions between VSMCs and macrophages, thus affecting vascular remodeling.



Vascular endothelial cells (ECs)

All arterial vessels from the heart to the capillaries have a continuous layer of endothelial cells (ECs), which constitute the innermost layer of the vessel wall and are in direct contact with blood flow (92). ECs provide an impermeable barrier between blood and tissues, ready to sense the environment and signal the regulation of vascular function. Therefore, alterations in endothelial function are often considered to be the beginning of vascular remodeling (92). On the other hand, mediators released by ECs can modulate the function of VSMCs and thus exert a decisive influence on vascular remodeling (93). Endothelial cells derive most of their energy from anaerobic glycolysis, and ATP production from oxidative phosphorylation reactions represents only a small fraction of the total energy they obtain. Compared to energy production, endothelial cell mitochondria seem to play a more dominant role in cellular homeostasis and activation of signaling cascades (94, 95). In addition to the traditional functions of regulating ROS, maintaining Ca2+ concentration, and integrating apoptotic stimuli, intact mitochondrial dynamics have an important role in regulating apoptosis, angiogenesis, and the pro-inflammatory state of the endothelium (96).

A series of studies have confirmed the involvement of the imbalance of mitochondrial fusion and division in the regulation of endothelial cell function. Lugus et al. demonstrated that Mitofusins have an important role in endothelial cell survival and angiogenic function (96). In VEGFA-induced human umbilical vein endothelial cells (HUVECs), knockdown of any of the Mfns resulted in disruption of the mitochondrial network and reduction of the mitochondrial membrane potential (96). At the same time, the ablation of Mfns impaired endothelial cell viability and increased apoptosis. Knockdown of Mfn2 alone results in reduced reactive oxygen species production, whereas knockdown of Mfn1 alone selectively reduces VEGF-stimulated Akt-eNOS signaling (96). Thus, Mfn1 and Mfn2 regulate endothelial cell migration, differentiation, and survival by affecting different aspects of angiogenic signaling. A recent study also showed that reduced Mfn2 expression leads to the uncoupling of endoplasmic reticulum-mitochondrial contacts, which in turn leads to enhanced mitochondrial fission, mitochondrial fragmentation, and as a result, increased ECs death (97). Several other studies in recent years have also shown an important role of mitochondrial fission and fusion in endothelial cell angiogenesis (98, 99). By activating pyruvate kinase myozyme 2 (PKM2), glycolytic and mitochondrial fusion events are significantly enhanced, thereby promoting angiogenesis in vascular-resident endothelial progenitor cells (VR-EPCs). Conversely, inhibition of PKM2 activity leads to a decrease in glycolysis and a significant promotion of mitochondrial fission, resulting in reduced expression of angiogenesis-related genes (98). Another study showed that increased phosphorylation of Drp1 in HUVECs enhances its activity in regulating mitochondrial fission and induces endothelial cell migration through the AMPK signaling pathway (99). The same results were obtained in a mouse model.

An increasing number of studies have found morphological alterations, loss of mitochondrial networks, and increased expression of fission proteins in mitochondria in endothelial cells under diabetic conditions. Makino et al. found in in vitro experiments that decreased levels of Drp1 in high-glucose (HG)-treated mouse coronary artery endothelial cells (MCECs) led to increased mitochondrial elongation, while increased levels of Drp1 may lead to mitochondrial fracture. This increases mitochondrial fragmentation and exhibits disruption of normal endothelial cell functions (100). In this study, similar results were obtained in animal experiments. Levels of Opa1 were significantly reduced in MCECs from diabetic mice, and levels of Drp1 were significantly increased, ultimately leading to an increase in mitochondrial fission (100). However, alterations in the levels of other fusion or fission-related proteins, such as Mfn1/2 and Fis1, were not confirmed in the present study. Similarly, Trudeau et al. discovered increased mitochondrial fragmentation in rat retinal endothelial cells cultured in an HG medium, which may underlie retinal endothelial cell apoptosis in diabetic retinopathy (101). A recent study showed that mitochondrial fission genes Fis1 and Drp1 were overexpressed under HG conditions, and that downregulation of Fis1 and Drp1 preserved the normal morphology of mitochondria, inhibited mitochondrial fission, and reduced apoptosis in retinal endothelial cells (102). Emerging evidence suggests that altered mitochondrial fusion-fission homeostasis is divided into a compensatory phase, an equilibrium shift phase, and a loss of compensatory phase (103). Initially, Mfn1 and Mfn2 exhibit a significant decrease while Drp1 and Fis1 are elevated, and mitochondrial fusion/fission homeostasis is disturbed, but normal mitochondrial membrane potential (MMP) can still be maintained. Then, with prolonged high glucose exposure, mitochondrial fusion/fission imbalance and mitochondrial fragmentation occurred. Finally, Opa1 expression decreased and mitochondrial fragmentation triggered endothelial cell apoptosis (103). Notably, Fis1 expression initially increased and decreased at the end, so Fis1 may be a predictor of changes in mitochondrial fusion-fission homeostasis during vascular injury. Both in vitro and in vivo results consistently showed that altered mitochondrial fusion-fission homeostasis could trigger high-glucose-induced vascular endothelial injury. The mechanism responsible for this outcome may be related to the AMPK signaling pathway.

The pro-inflammatory state associated with mitochondrial fission is also a factor contributing to vascular endothelial cell injury. Drp1-mediated mitochondrial fission plays a fundamental role in the regulation of inflammation (6). For example, mRNA transcript levels of inflammatory factors such as IL-1β, IFNγ, and TNFα are higher in Drp1-deficient mice (104). A recent study identified a unifying mechanism linking impaired mitochondrial dynamics to endothelial inflammation. The activity of Drp1 was shown to be necessary for the induction of inflammation by the proinflammatory proteome in endothelial cells. Drp1 and its receptor Mff are involved in mediating endothelial Inflammatory NF-κB activation and vascular cell adhesion molecule-1 (VCAM-1) induction (104). In cultured endothelial cells, inhibition of Drp1 activity or expression inhibits not only mitochondrial fission but also NF-κB activation, VCAM-1 induction, and leukocyte adhesion induced by these proinflammatory factors. On the other hand, attenuation of inflammatory leukocyte adhesion was also observed in Drp1 heterozygous-deficient mice and endothelial-type Drp1-silenced mice. Interestingly, this study also demonstrated that inhibition of the typical NF-κB signaling pathway could also in turn inhibit endothelial cell and mitochondrial fission. Thus, there may be interdependence between the typical NF-κB cascade activation and mitochondrial fission pathways in endothelial cells, which together regulate endothelial cell inflammation. In addition, it was shown that the classical anti-inflammatory drug salicylate could also maintain mitochondrial fission-fusion homeostasis by inhibiting NF-κB.

Although the mitochondrial content of vascular endothelial cells is relatively low, mitochondria are a key site of ROS production (105). Chronic accumulation of mitochondria-derived ROS (mROS) contributes to vascular fibrosis and remodeling secondary to endothelial cell apoptosis (106). mROS-induced oxidative stress accelerates endothelial cell senescence, particularly by impairing the endothelial cell migration response, reducing paracrine capacity, and increasing endothelial permeability. These characteristic alterations impede endothelial regeneration and angiogenesis (105). Moreover, disruption of mitochondrial redox homeostasis in ECs can cause chronic inflammation, which in turn disrupts vascular endothelial homeostasis (107). Mitochondrial fusion and fission are directly or indirectly associated with mitochondrial energy metabolism (108). When Drp1 activity is inhibited, mitochondrial ROS production and ATP levels are subsequently reduced (109). Studies have consistently shown that mitochondrial respiration and energetics are also inhibited in cardiac-specific Drp1-KO mice (110). It was shown that silencing of Fis1 or Drp1 under high glucose conditions may maintain endothelial NOs (eNOs) activity and NO bioavailability by decreasing mitochondrial ROS (88). Overall, fusion-fission imbalance in endothelial mitochondria can lead to loss of mitochondrial function and increased ROS production, while excessive accumulation of ROS in turn further disrupts normal mitochondrial function and morphology. This vicious cycle promotes the initiation of vascular remodeling (111).



Vascular smooth muscle cells (VSMCs)

Vascular smooth muscle cells (VSMCs) are key components of the medial layer of arteries and major determinants of vascular tone (112). VSMCs have significant phenotypic plasticity and can respond to functional demands and external stimuli by transitioning from a contractile to a synthetic phenotype (113). In the contractile state, VSMCs, together with ECs, regulate vascular homeostasis by controlling blood flow. On the other hand, in response to vascular injury, VSMCs lose contractile markers and switch to a synthetic phenotype, becoming dedifferentiated and with enhanced proliferation and migration capacity (114, 115). Phenotypically modified VSMCs play important roles in vascular remodeling (116). Recent findings suggest that the phenotype switching of VSMCs is associated with dysfunctional mitochondrial dynamics (117). Notably, VSMCs are energy-dense cells that are susceptible to organelle dysfunction. Thus, mitochondrial dysfunction caused by fusion-fission imbalance may also aggravate vascular remodeling by causing the calcification of VSMCs (118).

In previous studies, mitochondrial fission has been shown to have a crucial role in pulmonary artery smooth muscle cells (PASMCs) hyperproliferation (119). In addition, VSMCs exposed to platelet-derived growth factor-BB (PDGF) showed mitochondrial fragmentation and a significant decrease in Mfn2, accompanied by a decrease in glucose oxidation and an increase in fatty acid oxidation (89). In contrast, Mdivi-1 inhibited Drp1-mediated mitochondrial division and exhibited anti-VSMCs proliferation and migration activity in both cellular and animal experiments (89). These results suggest that changes in mitochondrial morphology and energetics underlie the overproliferation of the VSMCs synthetic phenotype. A recent study has shown that astaxanthin (ATX) can inhibit mitochondrial fission and thus VSMCs proliferation by reducing Drp1 phosphorylation, exhibiting potential for therapeutic vascular remodeling (120). Mitochondrial fusion has also been shown to be associated with VSMCs proliferation. Glucagon-like peptide-1 (GLP-1) stimulates mitochondrial fusion through the PKA/Drp1 signaling pathway, increasing mitochondrial activity and reducing VSMCs dedifferentiation (121). In vitro and in vivo experiments suggest that GLP-1 can inhibit vascular remodeling through a mitochondrial dynamics-dependent pathway. In addition, Mfn2 is an important inhibitor of VSMC proliferation (122). Studies showed that in VSMCs, the specific site of Mfn2 could be phosphorylated by PKA, leading to an inhibitory effect on the proliferation of VSMCs. Also, an inhibitory effect on endothelial proliferation and restenosis was demonstrated in a rat balloon injury model. Interestingly, although PKA-specific phosphorylation plays a key role in Mfn2-mediated VSMCs growth inhibition, it is not related to its role in the regulation of mitochondrial morphology. It can be considered a non-canonical action of mitochondrial dynamics proteins (123). Another study showed that overexpression of Mfn2 triggered vascular smooth muscle apoptosis, whereas silencing Mfn2 prevented vascular smooth muscle apoptosis (124). Similarly, this is an independent way of mitochondrial fusion.

Altered mitochondrial dynamics also have important influences on PDGF-induced VSMCs migration, which leads to VSMCs migration by regulating calmodulin-dependent kinase II (CaMKII) (114). Indeed, altered mitochondrial morphology leading to metabolic dysfunction, damage to mitochondrial components, and mitochondria-mediated ROS generation are also mediators involved in VSMCs proliferation and migration, a potential mechanism promoting cardiovascular disease (112). A related study showed that PDGF induces mitochondrial shortening via DLP1 in VSMCs in mice and that perturbing mitochondrial fission by silencing Drp1 significantly reduces VSMCs migration (125). This suggests that mitochondrial fission is an indispensable process for VSMCs migration. In DLP1-K38A transgenic mice, mitochondrial fission was reduced in vivo, leading to a restricted development of endothelial proliferation induced by arterial injury. This study demonstrates that inhibition of mitochondrial fission results in a significant reduction in PDGF-induced VSMCs migration and line injury-induced intimal hyperplasia. Moreover, the correlation between altered mitochondrial morphology, such as mitochondrial shortening, and cell migration was verified in this study. Recent findings show that Krüppel-like factor 5 (Klf5), a transcription factor important for vascular remodeling, was shown to be associated with mitochondrial fission. knockdown of Klf5 was enhanced, while Klf5 overexpression inhibited mitochondrial fission (126). Furthermore, activation of the p38 MAPK pathway can promote VSMCs proliferation and arteriogenesis in vitro in response to Mfns through PGC1α-dependent mitochondrial dynamics (127). Overall, the above findings suggest that mitochondrial dynamics plays a key role in VSMCs proliferation and migration.

Vascular smooth muscle cells phenotypic switching and its driven calcification process play a key role in regulating vascular wall remodeling. As the studies were explored in depth, the process of calcification exhibiting mitochondrial dysfunction was gradually exposed (115, 118). An excessive increase in mitochondrial fission was observed in VSMCs treated with phosphate and a similar disruption of mitochondrial structural integrity was found in a rat model of adenine-induced aortic calcification (128). Drp1 is involved in the transformation of VSMCs into an osteoblast-like phenotype by regulating mitochondrial fission. Increased mitochondrial fragmentation and enhanced Drp1 expression can be observed during calcification events (128), while further studies have shown that inhibition of Drp1 attenuates cardiovascular calcification under some degree of oxidative stress (129). It has been confirmed that melatonin can attenuate β-glycerophosphate (β-GP)-induced VSMCs calcification via the AMPK/Drp1 signaling pathway. In this process, melatonin also attenuates mitochondrial fragmentation and reduces apoptosis to protect VSMCs from calcification (130). On the other hand, in contrast to fission that exacerbates calcification, activation of Opa1-associated mitochondrial fusion can reverse this. In β-GP-induced calcification of VSMCs, activation of mitochondrial fusion and reduction of mitochondrial fission ameliorates VSMCs calcification (131).

As is the case in many cells, excessive mitochondrial fission generates large amounts of mitochondrial fragments that cause oxidative stress and disrupt normal mitochondrial respiration and ATP production. Thus, in addition to dysfunction, the calcification process is often accompanied by the reprogramming of mitochondrial energy metabolism due to low mitochondrial activity under pathological conditions (132, 133). Similar to the Warburg effect in cancer cells (134), mitochondria were found to decrease glucose oxidation and increase fatty acid oxidation during VSMC phenotypic transition (89). VSMCs may need to undergo this process during osteogenic differentiation and vascular calcification to obtain energy and produce the necessary biosynthetic precursors (135).



Vascular fibroblasts (VAFs)

For a long time, endothelial cells and smooth muscle cells have received much attention as the major cellular components of the intima and interlayer of the vasculature, respectively. However, the adventitia has been considered solely as a structure that provides support and nutrition to the vasculature, and its role in vascular remodeling has been largely overlooked. The vascular adventitia is composed of a variety of cells, nerves, and connective tissue, with the most abundant cell type being fibroblasts (136). There is increasing evidence that the vascular adventitia is a key regulator of vessel wall structure and function, and the contribution of adventitial fibroblasts (AFs) to vascular remodeling has received considerable attention (137, 138). The vascular adventitia exhibited epigenetic thickening, an increased number of fibroblasts, and phenotypic alteration of AFs to myofibroblasts (MFs) in vascular remodeling (139). The transformed MFs exhibit enhanced proliferative and migratory activities and the presence of α-smooth muscle actin (α-SMA) (140). Recent studies have suggested that the switch for this phenotypic transition in fibroblasts may be related to mitochondrial function (141, 142).

It has been shown that mitochondrial fission contributes to the phenotypic switching of AFs (141). In AngII-treated primary mouse AFs, calcium-regulated phosphatase (CN)-dependent dephosphorylation of Drp1 induced mitochondrial fission, which stimulated AFs proliferation, migration, and phenotypic switching. In contrast, inhibition of heat shock protein 90 (HSP90) ameliorated CN expression and subsequent Drp1 activation, which ultimately attenuated vascular AngII-induced vascular adventitia remodeling. This demonstrates the involvement of HSP90 as a molecular chaperone of CN in the mitochondrial kinetic mechanism of AFs phenotypic transformation. Consistent with in vitro experiments, in an animal model of AngII-induced vascular outer membrane remodeling, inhibitors of HSP90 significantly reduced mitochondrial fission mediated by the CN/Drp1 signaling pathway, which in turn ameliorated AFs phenotypic conversion, vessel wall thickening, and aortic outer membrane fibrosis. In a recent study, Drp1 phosphorylation as well as fragmented mitochondria were significantly increased in transforming growth factor-β1 (TGF-β1)-treated primary AFs, leading to proliferation, migration, and phenotypic transformation of AFs. Moreover, inhibition of Drp1 by gene silencing could prevent this effect (142). Mechanistically, in vitro experiments demonstrated that hydrogen sulfide (H2S), a gas signaling molecule that regulates various cardiovascular functions, can block mitochondrial fission and improve TGF-β1-induced phenotypic conversion of AFs to MFs by regulating Rho-associated protein kinase 1-dependent Drp1 phosphorylation. This study reveals a novel mechanism of AFs phenotypic transformation and extravascular membrane remodeling involving mitochondrial dynamics.

Interesting observations by Lemmons et al. suggest that fibroblasts exhibit distinct metabolic phenotypes under both resting and proliferating conditions (143). Even under resting conditions, fibroblasts exhibit high metabolic activity compared to other cells (144). Fibroblasts could rapidly respond to hypoxic stress, and the ability of fibroblasts to proliferate, differentiate, and migrate under hypoxic conditions appears to be unique. However, chronic hypoxia still leads to phenotypic changes in fibroblasts (145). Studies indicated that the pulmonary artery adventitia harbors activated fibroblasts (PH-Fibs) show the characteristics of hyperproliferation, antiapoptotic, and proinflammatory phenotype in experimental hypoxic pulmonary hypertension (PH) and human PH (146). In response to vascular injury, fibroblasts can respond to environmental demands by rapidly altering their metabolic network. Therefore, one study explored the state of mitochondrial metabolism in PH-fibroblasts (147). In PH-Fibs, it was observed that pyruvate dehydrogenase was significantly inhibited, leading to increased glycolysis, which is consistent with a Warburg-like phenotype. The pro-oxidative state was further enhanced by increased mitochondrial superoxide production due to less efficient ATP synthesis. In addition, mitochondrial bioenergetics was suppressed in PH-Fibs and mitochondrial fragmentation was increased. Most importantly, the activity of complex I was greatly reduced. Conversely, acute and chronic hypoxia-induced increases in glycolysis in vascular fibroblasts were not accompanied by a lack of complex I (147). This evidence suggests that in the mechanism of vascular remodeling in PH, fibroblast mitochondrial metabolism may be altered differently from the effects of hypoxia, which in turn drives unique changes in cellular behavior.



Macrophages

During atherosclerosis, macrophages retain the ability to phagocytose modified LDL and progressively transform into lipid-rich foam cells, which amplify and exacerbate the disease. It is widely believed that monocyte/macrophage-mediated inflammation accelerates the process of vascular remodeling (91). In the vascular system, monocytes differentiate into a heterogeneous population of macrophages, including M1 macrophages associated with pro-inflammatory processes and M2 macrophages associated with regression and repair (148).

The function of these polarized macrophages depends on the reprogramming of metabolism, which is essential for energy homeostasis (149). Indeed, mitochondrial dynamics are important for macrophage polarization and effector functions and are controlled by metabolic changes (150). For example, mitochondrial organization shifts to a hyperperfused state from a tubular and filamentous appearance and presents increased OXPHOS during nutrient starvation. Conversely, in the presence of nutrient overload, mitochondria are also hyperperfused, but in this way, they undergo altered OXPHOS associated with glycolytic metabolic characteristics (5). A recent study highlighted that mitochondrial dynamics are also associated with activation states during macrophage polarization in vitro (151). M1 macrophages have smaller mitochondrial networks, shorter branch lengths, lower mitochondrial membrane potential, and higher mitochondrial fission rates. This is due to the activation of Drp1 causing mitochondrial fragmentation in cells with enhanced glycolysis to support pro-inflammatory function. In contrast, the mitochondria of M2 macrophages are organized in larger networks, have longer branch lengths, and show higher fusion rates. This feature leads to better ETC and OXPHOS efficiency, supporting their anti-inflammatory and repair properties (151).

A recent study showed that macrophage Drp1 regulates this selective differentiation of macrophages (91). Macrophage-selective Drp1-deficient mice were created and were subjected to femoral artery wire injury. Drp1 deficiency also attenuated macrophage proliferation and accumulation in the damaged arteries of mice compared to control mice with attenuated intimal thickening and negative remodeling after vascular injury. Morphologically, inflammatory macrophages (M1) induced mitochondrial fission, whereas non-inflammatory/repair macrophages (M2) induced mitochondrial fusion. In vitro experiments showed that Drp1 induced the expression of molecules associated with inflammatory macrophages, while inhibition or knockdown of Drp1 reduced mitochondrial reactive oxygen species and chemotactic activity in cultured macrophages (91). These results suggest that in acute vascular injury, macrophage Drp1 deficiency can lead to reduced accumulation of inflammatory macrophages into injured vessels. Interestingly, macrophage mitochondrial fission may play a protective role in advanced atherosclerosis (152). In macrophage-enriched mouse atherosclerotic lesion areas, Drp1 levels were downregulated and Mfn2 levels were upregulated as the lesion progressed. A study conducted by Wang et al. demonstrated that Drp1-mediated mitochondrial fission has an important role in efferocytosis in atherosclerotic lesions in hyperlipidemic mice. Impaired efferocytosis induces the formation of large necrotic cores and leads to plaque vulnerability. This suggests that long-term blockade of Drp1 may be detrimental to cardiovascular events (153). Thus, how the delicate balance of mitochondrial fission and fusion regulates the role of macrophages in vascular remodeling is a question worth investigating.

Furthermore, co-culture experiments with macrophages and VSMCs showed that deletion of Drp1 in macrophages reduced macrophage-derived soluble factors, which in turn inhibited VSMCs growth and migration. This suggests that mitochondrial division inhibition may slow the process of atherosclerosis and vascular remodeling by disrupting the interaction between VSMCs and macrophages (91, 154).




Mitochondrial dynamics and target-organ damage of vascular disease


Myocardial hypertrophy and heart failure

Atherosclerosis is the pathological basis of various cardiovascular diseases, ultimately leading to cardiac insufficiency (155). Mitochondrial dynamics imbalance is also known to have an important place in cardiac diseases such as cardiac hypertrophy and heart failure. In transverse aortic banding (TAB)-treated mouse hearts, a phosphorylation-mediated increase in the number and loss of function of Drp1 mitochondria was found. The inhibitor mdivi-1 reduced the TAB-induced hypertrophic response and prevented PE-induced hypertrophic growth in rat neonatal cardiomyocytes (156). Treatment of neonatal rat cardiomyocytes with norepinephrine, a hypertrophic agonist, promotes mitochondrial fission characterized by a decrease in mean volume and an increase in relative number and leads to a decrease in mitochondrial function. Inhibition of Drp1 not only prevented mitochondrial fission but also blocked the hypertrophic growth of cardiomyocytes in response to norepinephrine. In the same study, inhibition of the fusion protein Mfn2 was also found to increase mitochondrial fission and stimulate the hypertrophic response (157). In addition, a reduced ratio of Mfn2 to Drp1 was observed in heart failure, while Mdivi-1 treatment normalized this ratio and thus improved cardiac function (158). Reduced expression of the fusion proteins Mfn2 and Opa1 was also observed in vitro in hypertrophic cardiomyocytes and a rat model of heart failure (159, 160). Interestingly, in a rat model of hypertension with cardiac insufficiency, promoting glucagon-like peptide-1 (GLP-1) production enhanced mitochondrial fusion in the heart and improved cardiac function (161). In a recent study, the oligopeptide Szeto-Schiller compound 31 (SS31) was found to significantly improve cardiac function, reduce myocardial interstitial fibrosis, and increase expression of optic atrophy-associated protein 1 (Opa1) in mice with pressure-overload heart failure by modulating mitochondrial fusion (162).

It is generally accepted that fused mitochondria are more efficient than fragmented mitochondria in the production of ATP and also compensate for the long-term accumulation of mitochondrial mutations (163). Therefore, many studies have been carried out based on the presence of mitochondrial fission or sensitivity to Drp1 chemical inhibitors, including Mdivi-1. Excessive mitochondrial fission has been proposed as a potential mechanism of cardiac dysfunction. Although dysregulated activation of Drp1 in response to stress may be detrimental to the heart, sustained inhibition of Drp1 is also detrimental because it eliminates the homeostatic function of Drp1 (164). Sustained inhibition of Drp1 through genetic deletion or repeated application of Mdivi-1 in the heart has been shown to exacerbate myocardial I/R injury (110). Taken together, it can be concluded that the balance between mitochondrial fusion and fission is a key factor in the onset and progression of myocardial hypertrophy and heart failure. Since Drp1 may have a fission-independent function (165), and given that inhibitors of Drp1 also appear to have some Drp1-independent effects (166), further studies are needed to clarify whether cardiac insufficiency is predominantly induced by excessive fission and whether fission inhibitors, such as Mdivi-1, can be used clinically for the treatment of cardiac disease.



Ischemic stroke

Indeed, mitochondrial dynamics also play an important role in cell death and survival during cerebral ischemia. In the mouse middle cerebral artery occlusion (MCAO) I/R model, the emergence of mitochondrial fission was found to precede neuronal injury and neuronal cell death. Notably, NO-induced neuronal cell death could be alleviated by Mfn1 and dominant-negative Drp1, whereas overexpression of Drp1 or Fis1 caused cleavage and increased neuronal loss. Thus, sustained mitochondrial fission may play a causal role in NO-mediated neurotoxicity (167). Similarly, when Mdivi-1 was given as an inhibitor of Drp1 prior to cerebral ischemia, it attenuated ischemia-induced brain injury, reduced infarct volume, and improved neurological function. When given after ischemia and before reperfusion, Mdivi-1 also prevents brain injury by inhibiting mitochondrial fission-induced mitochondria-mediated apoptosis (168). A recent systematic review analyzed the effects of Mdivi-1 on mitochondria-mediated apoptosis and mitochondrial dysfunction in neuronal cells in the ischemia/reperfusion (I/R) injury after stroke model. The results suggest that Mdivi-1 protects mitochondrial function in neuronal cells by attenuating mitochondrial division, thereby attenuating I/R-induced brain injury and apoptosis (169). However, the specificity and efficacy of the pharmacological Drp1 inhibitor used, Mdivi-1, has now been questioned. A new study provides new possible mechanisms for the role of mitochondrial fission in neuronal injury (170). Deregulation of Drp1 repression by knocking down the mitochondrial A-kinase anchoring protein 1 (AKAP1) leads to increased stroke injury in mice. The evidence suggests that AKAP1 may protect against cerebral ischemic stroke by inhibiting Drp1-dependent mitochondrial fission, providing a new idea to resolve the current controversy about the role of mitochondrial fission in neuronal injury. Furthermore, Mfn2 was also found to be downregulated in the permanent MCAO model (171). Considering these evidences, increased mitochondrial fission should be considered an important factor contributing to ischemic stroke and brain injury.



Renal injury

Similar to organs such as the arteries, heart, and brain, a series of studies have identified mitochondrial dynamics in kidney injury. CVD is a major cause of mortality and morbidity in patients with chronic kidney disease (CKD), and vascular calcification (VC) is an independent predictor of cardiovascular mortality in CKD (172). A recent study found that in a chronic kidney disease model, Irisin restored mitochondrial function and reduced fission ameliorated CKD-associated vascular calcification, resulting in reduced serum creatinine, urea, and phosphorus levels in CKD mice. Mechanistically, Irisin restored mitochondrial function and alleviated mitochondrial fission via the AMPK/Drp1 signaling pathway, which further reduced CKD-associated vascular calcification (173). In addition, Drp1-induced mitochondrial fragmentation was observed in experimental models of renal ischemia/reperfusion and cisplatin-induced nephrotoxicity, demonstrating altered mitochondrial dynamics during acute kidney injury. Moreover, both acute kidney injury and apoptosis could be attenuated by the Drp1 inhibitor Mdivi-1 (174). Similar results were shown in a model of ischemic acute kidney injury (175). It was found that inhibition of Drp1-mediated mitochondrial fission plays an important role in ischemic preconditioning (IPC)-mediated renal protection (Figure 3).
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FIGURE 3
Mitochondrial dynamics in target-organ injury. Increased Drp1 and phosphorylated Drp1 were observed in an animal or in vitro models of cardiac hypertrophy, heart failure, stroke, and acute and chronic types of kidney injury, leading to enhanced mitochondrial division and increased fragmented mitochondria. At the same time, the expression of fusion proteins Mfns, especially Mfn2, and Opa1 was found to be reduced. Treatment with Mdivi-1, an inhibitor of Drp1, restored the Drp1 to Mfn2 ratio and improved cardiac function, attenuated brain injury, and reduced apoptosis in the kidney. In addition, others such as GLP-1, SS31, and Irisin have also been found to have a role in regulating mitochondrial dynamics, thereby reducing target organ damage.





Conclusion remarks

In this review, we discussed recent advances in mitochondrial fusion, fission, and the delicate balance between them, focusing on the role of mitochondrial dynamics in several cells that make up the vascular wall in the involvement of vascular remodeling. We also discuss the function of mitochondrial fusion and division in target-organs of cardiovascular diseases. Related studies and applications of mitochondrial dynamics regulators, such as Mdivi-1, are also reviewed.

The dynamic balance of mitochondrial fission-fusion is the basis for maintaining normal mitochondrial morphology, number, distribution as well as the functional integrity of mitochondria. In mammalian cells, mitochondrial fusion is mainly controlled by Mfn1/2 and Opa1; while mitochondrial fission is controlled by Drp1, Fis1, Mff, and MiD49/51. However, this is not absolute, because some components regulating fusion, such as S-Opa1 and cardiolipin, are also involved in the mitochondrial division mechanism. In addition, MIEF1/2 is also involved in both fission and fusion. Recent findings also suggest that cells in different states my have different ways of mitochondrial division, which would also lead to different fate directions of the cells. Furthermore, the absence of either mitochondrial division or fusion alone can lead to abnormal cellular function, while division and fusion are also regulated by mitochondria and show a tendency to compensate for each other, suggesting that the delicate balance between division and fusion may be more important than the processes of division or fusion alone.

The typical vessel wall has a three-layer structure. The innermost layer consists of a tightly connected layer of endothelial cells (ECs), the endothelium, which is in direct contact with blood flow. The middle layer is mainly composed of smooth muscle cells (VSMCs) and elastic fibrous tissue. Fibroblasts, together with nerves and collagen, make up the outer membrane of the artery. The major cells in the three structural layers of the vessel wall all involved in vascular remodeling and are regulated by mitochondrial dynamics. Alterations in endothelial function are often considered to be the beginning of arterial remodeling, and mitochondrial division and fusion in ECs have important roles in regulating apoptosis, angiogenesis, and proinflammatory states. VSMCs have significant phenotypic plasticity, transforming to a synthetic phenotype after the loss of contractile markers, exhibiting dedifferentiation and increased proliferation and migration. Mitochondrial dynamics are involved in the regulation of this transition process. In addition, an imbalance of mitochondrial fusion and division may lead to VSMCs calcification, which is one of the important influences of vascular remodeling. The role of the arterial outer membrane and its major component, fibroblasts, in vascular remodeling has long been overlooked. There is increasing evidence that phenotypic changes from extravascular fibroblasts (AFs) to myofibroblasts (MFs) are important for the vascular remodeling process. Although there are still relatively few relevant studies, it is well-established that this phenotypic transition process is regulated by mitochondrial dynamics. Interestingly, how the delicate balance between mitochondrial fission and fusion regulates the role of macrophages in vascular remodeling is also worthy of further study.

The pathogenesis of cardiovascular disease, a leading cause of morbidity and mortality in developing countries, has been widely studied and focused on. Vascular remodeling associated with an imbalance in mitochondrial dynamics is an important player in several cardiovascular diseases. The heart, brain, and kidneys are all potential targets of vascular remodeling. Excessive mitochondrial division or reduced mitochondrial fusion has been found in diseases such as atherosclerosis, cardiac insufficiency, ischemic stroke, as well as acute and chronic kidney injury. In contrast, restoration of mitochondrial dynamics homeostasis by silencing related genes, using division inhibitors or fusion promoters may provide some protection. This suggests that inhibiting mitochondrial division or promoting mitochondrial fusion to maintaining mitochondrial kinetic homeostasis is promising new targets for the treatment of vascular remodeling and its associated cardiovascular diseases. However, how to finely regulate the activity of mitochondrial dynamics proteins while reducing the possible side effects is one of the main challenges at hand.

Since Cassidy-Stone et al. reported in 2008 that Mdivi-1 inhibits excessive mitochondrial fission and enhances mitochondrial fusion activity, which can protect cells from toxic injury, a large number of studies on the regulation of mitochondrial dynamics have emerged. In the last decades, some progress has been made in the development of mitochondrial fission inhibitors such as Mdivi-1, P110 and Dynasore. Inhibitors of mitochondrial fission may be promising therapeutic targets in neurodegenerative disease disorders such as Alzheimer’s disease (AD) and Huntington’s disease (HD). However, no drug formulations have been reported that are available for use in humans. In mechanistic studies of cardiovascular disease, beneficial effects of mitochondrial dynamic modulators have been reported at both the cellular and animal levels. Overall, mitochondrial kinetic modulators have good research prospects for the treatment of human diseases and may provide new therapeutic approaches for cardiovascular diseases in the future. Considering the differences in mitochondrial energy requirements and functions in different cell types, especially between cardiomyocytes and other cells, selective modulation of mitochondrial dynamics in cells is also worth considering. Therefore, whether the mitochondrial dynamics modulators used in basic experiments, such as Mdivi-1, an inhibitor of Drp1, and P110, an adapter-specific inhibitor of Drp1/Fis1 interaction discovered in recent years, can be used for the treatment of related cardiovascular diseases still needs to be verified by numerous clinical studies, and their related toxicological and pharmacokinetic characteristics still need to be further investigated. This will be a new direction for future research.
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Characteristic IV thrombolysis Conservative treatment

(n = 45) (n = 22)
Age — years (mean, SD) 67.4 (13.0) 68.7 (10.9) 74.71 (8.3) 0.046
Gender (Male) — N (%) 19 (45.2) 21 (46.7) 9(40.9) 0.90
Medical history — N (%)
Hypertension 29 (69.0) 34 (75.6) 16 (72.7) 0.79
Hyper-lipidemia 7 (16.7) 10 (22.2) 6(27.3) 0.60
Diabetes Mellitus 10 (23.8) 12 (26.7) 4(18.2) 0.75
Atrial fibrillation 14 (33.3) 18 (10.0) 12 (54.5) 0.26
Previous stroke/TIA 15 (35.7) 10 (22.2) 3(13.6) 0.12
Ischaemic heart disease 9(21.4) 10 (22.2) 4(18.2) 0.93
Smoker (current) 11 (26.2) 14 (31.1) 6(27.3) 0.87
Pre-onset mRS < 2 — N (%) 38 (90.4) 39 (86.7) 17(772) 0.34
Onset NIHSS (mean, SD) 13.1 (3.9) 11.7 (3.2) 13.1 (2.7) 0.07
Door to CT time (mean, SD) 35.8 (10.6) 32.5(8.9) 54.0 (12.8) <0.001
Door to puncture or needle time 65 (56-300) 43 (26-58) NA <0.001
(Median, IQR)

EVT, endovascular treatment; IV, intravenous; tPA, tissue-type plasminogen activator; TIA, transient ischemic attack; NIHSS, National Institutes of Health Stroke Scale; mRS, modified
Rankin scale. Door to CT time and door to puncture or needle time was calculated by minutes.
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EVT (n = 42) IV-tPA (n = 45) Conservative treatment (n = 22)
N (%)

N (%) P OR (95% Cl) N (%) p OR (95% ClI)
Unadjusted Adjusted* Unadjusted Adjusted#

OR, odds ratio. The OR was adjusted for age, onset NIHSS score, pre-onset mRS, hypertension, diabetes, hyper-lipidemia, current smoker, time from door to CT. *Comparison between
EVT and IV-tPA; #Comparison between EVT and conservative treatment.
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IV thrombolysis (n = 45) P-value OR (95% Cl)
N (%)

Unadjusted Adjusted

Symptomatic ICH 1(2.3) 2(4.4) 0.54 (0.05-5.69) 0.71 (0.13-4.07)

ICH, intracranial hemorrhage. The OR was adjusted for age, baseline NTHSS score and door-to-puncture or needle time by minutes.
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Demographics

Age (years)®

Gender

Male (n, %)

Female (1, %)

Duration of hypertension
<10 years (n, %)

10 years (n, %)
Duration of diabetes
<10 years (1, %)

>10 years (1, %)
Education level

Primary or below (, %)
Secondary or above (1, %)
Income (RMB/month)
<1,000 (, %)

21,000 (n, %)
Occupation

Retiree (1, %)

Peasant (i, %)

Smoking

‘Smoker (1, %)
Non-smoker (1, %)
Drinking

Yes (1, %)

No (1, %)

Scales

MNA-SF*

GDs-15"

SSRS

ADLY

MES*

Laboratory indexes
Albumin (g/L)

Calcium (mmol/L)*
25-Vitamin D (ng/mL)*
Homocysteine (umol/L)*

Folic acid (nmol/L)"

Vitamin B12 (pmol/L)*
TG (mmol/L)*

LDL (mmol/L)*

HDL (mmol/L)*

EPG (mmol/L)*

FI (mU/L)

HbAIC (%)

Morse Fall

Whitney U test

Non-cognitive Cognitive P value

frailty (n = 122) frailty (n = 32)

68.0(65.0-720)  70.0(69.0-738)  0.001
0212

53 (43.4) 10(31.2)

69 (56.6) 22(68.8)
0.194

80(65.6) 17 (53.1)

42 (34.4) 15 (46.9)
0.606

71(582) 17(53.1)

51(41.8) 15 (46.9)
0056

73(59.8) 25 (78.1)

49 (40.2) 7(21.9)
0.000

60 (49.2) 27 (84.4)

62(508) 5(156)
0.012

48(39.3) 5(15.6)

74 (60.7) 27 (84.4)
0532

21(65.6) 11 (344)

87(713) 35(287)
0250

23(189) 9(28.1)

99 (81.1) 23(71.9)
110(11.0-13.0) 105(90-110) 0002
1.0(0.0-2.0) 2.0(0.0-4.0) 0037
39.6£7.0 367459 0.030
14.0(14.0-14.0) 150(15.0-180)  0.000
350(350-350)  35.0(350-563)  0.000
454426 47433 0296
1.18(1.14-1.21) 1.17(1.13-1.22) 0.331
20.1(15.5-24.5) 185(129-218)  0.120
17.944.1 18.5£4.0 0.507
31.4(23.7-41.9) 31.9(24.7-412) 0.883
281.0(208.0-356.5)  285.0(174.3-400.8)  0.982
1.46(1.11-2.36) 167(1.09-236) 0956
216(175-286)  233(173-281) 0640
1.05(0.85-134) 109(0.77-125) 0745
7.9(68-9.1) 8.1(7.0-92) 0513
10.8(7.3-167) 14587-161) 0181
6.7(6.0-7.9) 63(58-8.8) 0.167

fini-Nutrition Assessment-Short Form; GDS-15, Geriatric Depression Scale

Social Support Rating Scale; ADL,
triglycerides, LDL, low-der
density lipoprotein cholesterol;
are presented as %(n), mean £SD and median (25"-75th percentile).

of Daily Li
ity lipoprotein cholesterol; HDL, high-
G, fasting plasma glucose; Fl, fasting ins
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Model 1 Adjusted OR P value 95% Confidence interval

Lower bound Upper bound
Age 1151 0.021 1.021 1.298
Education level 0.422 0.110 0.147 1215
MNA-SF 0.832 0.214 0.623 1112
GDS-15 1.248 0.049 1.001 1.557
ADL 1.434 0.004 1124 1.831
Model 2

Age 1.164 0.022 1.022 1.326
MNA-SF 0.867 0.360 0.640 1176
Occupation 0.759 0713 0.175 3297
Income 0.237 0.043 0.059 0.955
MFS$ 1.037 0.218 0979 1.100
SSRS 0.997 0.940 0.924 1.076
GDS-15 1.190 0.151 0.938 1510
ADL 1.308 0.032 1.024 1.670

es of Daily
, occupation, income, MFS,
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Indexes Control group Patients at baseline t P

Age (years) 47.1£9.36 51.66 £ 9.32 -1.942  0.057
LVEDD (mm) 43.55 £ 3.93 43.71 £3.44 -0.176  0.861
LVESD (mm) 28.00 £ 2.70 27.83 £2.42 0.268 0.790
IVST (mm) 8.13 £ 0.86 8.33 £0.81 -0.976  0.333
LVPWT (mm) 8.30 £ 0.70 821 £0.81 0.447 0.656
LVEF (%) 65.00 £ 3.87 65.83 £3.17 -0.942  0.350
GRS (%) 48.19 £ 3.11 47.47 £1.96 1.087 0.283
GCS (%) -1894+1.77 -19.04 £ 1.7 0.229 0.820
GLS (%) -19.41 +1.68 -18.73 £ 141 -1.764  0.083
LVtw (°) 14.58 + 1.46 14.94 £ 1.05 -1.160  0.250
MCI (%x°) -271.72 £ 33,51 -280.24 £+ 32.62 1.027 0.308

P < 0.05 indicated a statistically significant difference.
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Item Baseline Early Interim

chemotherapy chemotherapy
stage stage

LVEDD (mm) 43.71 £ 3.44 43.74+322 43.77 £3.39
LVESD (mm) 27.83 £2.42 27.71+£238 28.6 £2.69
IVST (mm) 833 £0.81 8.37£0.77 821£0.83
LVPWT (mm) 821£0.81 8.24£078 825£0.7
LVEF (%) 65.83 £3.17 65.66 £ 3.11 6443 £33
GRS(%) 47.47 £1.96 46.72 £ 1.86 46.35 £1.90
GCS(%) -19.04 £ 1.70 ~17.93 £2.90 -17.72 £ 2.93
GLS(%) -18.73 £ 1.41 -18.04 £1.27 -16.46 £ 1.64*
LVtw(°) 14.94 + 1.05 14.42 + 095 13.58 £ 0.78*
MCI(%x°) -280.24 £ 32.62 -250.41 % 28.15* -224.13 £ 24.62*

*Compared with the patients at baseline, P < 0.05 indicated a statistically significant difference.

Later
chemotherapy
stage

43.49 + 4.09
28.26 +3.29
8.454+0.79
8.44 4 0.63
63.77 =579
45.63 £ 1.77
-16.34 £+ 2.57*
-15.87 4 1.48*
12.36 + 0.76*
-196.13 £ 21.41*

0.047
0.730
0.529
0.708
2.131
2.504
6.492
24.54
49.15
62.63

0.986
0.536
0.663
0.549
0.099
0.062
<0.001
<0.001
<0.001
<0.001
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Variable

NYHA

Systolic pressure

Diastolic pressure

Albumin

Total cholesterol

Total bilirubin

Direct bilirubin

Urea nitrogen

eGFR

CRP

LVEF

LVESD

LVEDD

LCs

mGPS

Unadjusted OR

(95% CI)

4.785
(0.057-0.760)
0979
(0.958-1.000)
0.956
(0.918-0.994)
0.900
(0.796-1.016)
0607
(0.341-1.082)
1.032
(1.006-1.058)
1.057 (1.013,
1.104)
1.093
(1.028-1.162)
0983
(0.963-1.003)
1.016
(1.007-1.026)
0942
(0.902-0.983)
1.052
(1.008-1.098)
1.048
(0.998-1.101)
5286
(1.876-14.896)
2541
(1.256-6.141)

P-value

0017

0.049

0.024

0.088

0.091

0016

0.012

0.004

0.087

0.001

0.006

0.021

0.058

0.002

0.009

Adjusted OR
(95% CI)

1.096
(1.019-1.178)

1.036
(1.008-1.065)
0845
(0.750-0.962)

11.694
(1.433-95.409)

p-value

0014

0.011

0.006

0.022
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Lcs Points allocated

Lym > 1 x 10%L and CRP < 3 mg/L
Lym <1 x 10%Land CRP < 3 mg/L
Lym > 1 x 10%/L and CRP > 3 mg/L
Lym <1 x 10%Land CRP > 3 mg/L
mGPS
CRP < 10 mg/L and alburnin > 35 g/L. 0
CRP > 10 mg/L and alburnin > 35 g/L 1
1
2

[

CRP < 10 mg/L and albumin < 35 g/L
CRP > 10 mg/L and albumin < 35 g/L.

CRR, C-Reactive protein; LGS, lymphocyte C-reactive protein score; Lym, Lymphocyte
count; mGPS, modified Glasgow prognostic score.
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Variables Totality Survivors Non-survivors p-value

(n = 250) (n =235) (n=15)
Gender, male% 156 (62.4) 144 (61.9) 12 (80) 0.147
Age, years 75 (65, 80) 74 (65, 80) 7957, 81) 0479
BMI, kg/ m* 2356 (20.81, 26) 2350 (2081, 25.92) 22.89 (2022, 27.16) 0927
Systolic pressure, mmHg 125 (109, 138.25) 126 (110, 139) 103 (91, 125) 0.023
Diastolic pressure, mmHg 76 (65, 87) 76 (67, 87) 62 (56, 80) 0018
Heart rate 85(71,100.25) 85 (71, 100) 8466, 110) 0825
Smoking 53 (21.20) 49 (20.85) 4(26.67) 0593
NYHA IV 119 (47.6) 107 (45.5) 12 (80.0) 0010
Comorbities
Hypertension 134 (53.60) 127 (54.04) 7 (46.67) 0579
Diabetes 65 (26.00) 61(25.96) 4(26.67) 0952
Atrial fibrilation 117 (46.80) 111 (47.23) 6(40) 0586
Prior MI 39 (15.60) 33(14.04) 640) 0.007
Laboratory data
Leucocytes, 109/ 9.0(6.9,11.2) 69(5.1,9.1) 7.0(38,8.1) 0.601
Lymphocyte count, 10°/L 1.1(08,15) 1.1(08,1.6) 09(0.7,1.3) 0.106
Hemoglobin, g/L 124 (113, 135.25) 124 (113, 135) 122(112,137) 0.760
CRP, mg/L 7.70 (2.65, 20.89) 6.76 (2.17,20.06) 40.08 (1089, 92.91) 0.001
Alburmin, g/ 36,10+ 4.09 36.21 £ 4.08 3434 £3.96 0087
AST, UL 29(21,54.75) 28 (20, 53) 49 (26, 90) 0.030
Total biirubin, pmol/L 15.75 (10.9, 24.08) 15.6 (10.85,23.7) 18.7 (10.9, 49.7) 0200
Direct bilirubin, umol/L 5.4(35,9.0) 53(35,89) 8.4(4.8,225) 0086
Total cholesterol, mmol/L. 3.72(2.97, 4.41) 3.76(2.98, 4.42) 3.46 (2.32, 4.00) 0.099
Creatinine, wmol/L. 85.25 (70, 108.38) 85 (69.80, 105.95) 11482, 144) 0018
Urea nitrogen, mmol/L 7.31(6.30,9.84) 7.22(5.26,9.71) 9.07 (7.07, 21.20) 0.020
©GFR, m/min 70.64 (50.08, 90.08) 716 (50.28, 90.89) 56.22 (39.23, 80.9) 0063
NT-proBNP, pg/ml 5,575 (2824.5, 11,062) 5,255 (2753.25, 10,855) 8,365 (5,762, 20,115) 0014
Echocardiographic data
LVEF, % 46 (35, 59) 46 (36.3, 60) 305 (24.5, 46) 0.003
LVESD, mm 43(34,52.5) 425(34,52) 50 (43.5, 65.5) 0.021
LVEDD, mm 57 (50, 65) 57 (49.25, 65) 61(55.5,73.5) 0052
Treatment
ACEVARB 158 (63.2) 151 (64.3) 746.7) 0.179
Bblocker 179(71.6) 170 (72.9) 9(60.0) 0375
Diuretics 231(92.4) 219(93.2) 12 (80.0) 0.094
Los
0 40 (16) 40 (17.02) 0
1 141 (56.4) 136 (57.87) 5(33.9) 0.001
2 69 (27.6) 59(25.11) 10 (66.67)
mGPS
0 107 (42.8) 105 (44.7) 2(13.3)
1 87 (34.8) 81(34.5) 640) 0.006
2 56 (22.4) 49(20.9) 7 46.7)

AST, aspartate transaminase; BMI, body mass index; éGFR, estimated glomeruler fitration rate; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end diastolic diameter;
LVESD, left ventricular end systolic diameter; M, myocardial infarction; NYHA, New York Heart Association; NT-proBNF, N-terminal pro B-type natriuretic peptide.
Values with P < 0.05 in the table are shown in bold.
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Characteristics

Cases

Gestational age, wk

Birth weight, g

Maternal age, y

BMI of pre-pregnancy, kg/m?
Glycated hemoglobin, %
Pregnancy weight gain, kg
OGTT 75 g, 0 h, mmol/L
OGTT 75 g, 1 h, mmol/L
OGTT 75 g, 2h, mmol/L
Placenta weight,g

TC in first-trimester, mmol/L
TG in first-trimester, mmol/L
HDL in first-trimester, mmol/L
LDL in first-trimester, mmol/L
Diagnosis

Presence of other major cardiovascular risk factor(s) in the mothers

Control

25

39.06 £+ 0.52
3439.57 £ 421.29
30.21 £ 3,51
22.12+2.74
4.9440.27
15.65 +=5.15
4.47 +0.36
8.0140.93
6.56 & 1.02
598.35 £ 89.92

4.84 4 0.87
123+ 041
1.67 £ 0.34
3.124+ 041

NS

None

GDM

25
38.85 £ 0.62
3468 £ 456.14
31424311
22.79+4.12
5.10 4 0.41
14.10 & 8.59
5.02 4 0.68
10.92 + 1.68
9.38 4 1.60
603.28 £ 116.46
4.78+0.72
1.11+0.14
1.61+ 148
3.271+£0.37
GDM

None

P-value

0.108
0.241
0.071
0.058
0.041*
0.187
< 0.001**
< 0.001**
< 0.001**
0.097
0.765
0.108
0.772
0.692

Data are showed as means & SD, *P < 0.05, **P < 0.001 compared with control.
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Gender

Age
Hypertension
Diabetes mellitus
CHD

AF

Smoking
Drinking

BMI

E2 gene carrying

B

-9.35
0.07
4.34
8.16

12.80

38.04
1.87

-5.33
125

-22.21

CI: confidence interval.

B (95%CI)
lower limit

-22.31
-0.46
-7.92
-3.41
-3.91
16.89
-9.84

-21.68
-0.49

-39.501

B (95%CI)
upper limit

3.61
0.60
16.61
19.72
29.52
59.19
13:57
11.02
2.99
-4.925

0.157
0.794
0.486
0.166
0.133
<0.001
0.754
0.521
0.156
0.012
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Gender

Age
Hypertension
Diabetes mellitus
CHD

AF

Smoking
Drinking

BMI

E4 gene carrying

CI, confidence interval.

B

0.28
-0.27
0.47
0.019
-0.25
0.44
0.62
-0.42
0.01
0.95

B (95%CI)
lower limit

-0.25
-0.05
-0.05
-0.47
-0.93
-0.65
0.13
-1.14
-0.06
0.29

B (95%CI)
upper limit

0.81
-0.01
0.99
0.51
0.43
1.53
1.11
0.31
0.09
1.61

P

0.292
0.028
0.077
0.930
0.466
0.428
0.014
0.261
0.730
0.005
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Variables Unadjusted Model 1 Model 2

B (95%CI) P-value B (95%CI) P-value B (95%CI) P-value
LDL-C ~22.21 (~39.50, -4.93) 0.012 -22.94 (-40.24, -5.64) 0.032 ~22.51 (~39.47, -5.56) <0.001
Length of plaque 0.95 (0.29, 1.61) 0.005 0.99 (0.33, 1.65) 0.002 1.06 (0.42, 1.71) <0.001

For LDL-C, Model 1: adjusted for age and gender. Model 2: adjusted for Model 1 + hypertension, smoking. For the length of the plaque, Model 1: adjusted for age and gender. Model 2:

adjusted for Model 1 + diabetes mellitus, coronary heart disease, atrial fibrillation, body mass index.
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Outcome APOE genotype group P-value

Total group n=78 E2 casesn =10 E3 casesn =57 E4 casesn =11

Effective, no, %. yes 28 (35.9) 7 (70.0) 19 (33.3) 2(18.2) 0.036
No 50 (64.1) 3 (30.0) 38 (66.7) 9 (81.8)
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Genotype Actual Theoretical X2 P-value

frequency frequency
E2/E2 3(1.2%) 1.21 3.8133 0.1486
E2/E3 27 (10.7%) 30.23
E2/E4 2(0.8%) 2.35
E3/E3 191 (75.5%) 188.87
E3/E4 28 (11.1%) 29.71

EA/E4 2(0.8%) 1.14
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Variable

Gender, no. (%)

Male

Female

Age, median (IQR), y
Age, no. (%)

>60

<60

Hypertension, no. (%)
Yes

No

Diabetes mellitus, no. (%)

Yes

No

CHD, no. (%)

Yes

No

AF, no. (%)

Yes

No

Smoking?*, no. (%)
Yes

No

Drinking?*, no. (%)
Yes

No

BMI, median (IQR), kg/m?

BMLI, no. (%)
>24
<24

APOE genotype group

Total group n =251

186 (74.1)
65 (25.9)
65 (60.72)

181 (72.1)
70 (27.9)

172 (68.5)
79 (31.5)

97 (38.6)
153 (61.0)

33(13.1)
218 (86.9)

17 (6.8)
234(93.8)

91 (36.3)
160 (63.7)

34 (13.5)
217 (86.5)
24.5(22.9,26.7)

148 (59.0)
103 (41.0)

E2 casesn =30

20 (66.7)
10(33.3)
65.5 (60.71)

22(73.3)
8(26.7)

16 (53.3)
14 (46.7)

7(233)
23(76.7)

5(16.7)
25 (83.3)

3(10.0)
27 (90.0)

13 (43.3)
17 (56.7)

5(16.7)
25(83.3)
242 (22.9,25.7)

18 (60.0)
12 (40.0)

E3 cases n =191

148 (77.5)
43 (22.5)
66 (60.71)

136 (71.2)
55 (28.8)

133 (69.6)
58 (30.4)

80 (41.9)
111 (58.1)

23 (12.0)
168 (88.0)

12 (6.3)
179 (93.7)

72 (37.7)
119 (62.3)

26 (13.6)
165 (86.4)
24.5(22.9,26.7)

113 (59.2)
78 (40.8)

E4 casesn =30

18 (60.0)
12 (40.0)
65 (61.77)

23(76.7)
7(23.3)

23(76.7)
7(23.3)

10 (33.3)
20 (66.7)

5(16.7)
25 (83.3)

4(13.3)
26 (86.7)

6 (20.0)
24 (80.0)

3(10.0)
27 (90.0)
24.7 (22.3,28.7)

17 (56.7)
13 (43.3)

P-value

0.078

0.073
0.815

0.120

0.124

0.592

0.319

0.119

0.738

0.397
0.960

Smoking*, smoked at least 100 cigarettes or 100 g of tobacco in their lifetime; Drinking*, > 1 time per month, > 1 standard drink each time, one standard drink equals 10 g of pure alcohol.

AF atrial fibrillation; CHD, coronary heart disease; BMI, body mass index.
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E2 n =30,

male = 20,
female = 10
TC
All ~19.3 (-36.6,-5.9)
Male  -19.5 (-38.2,-5.2)

Female -19.4 (-21.0,-8.1)
TG
All
Male

-6.2(~353,24.7)
0.0 (-31.3,27.6)
Female -12.3(-40.3, 14.0)
HDL-C

All 2.7 (-8.0,16.8)
Male 3.4 (-9.4,23.6)
Female 1.4 (-0.7,14.4)

6

LDL-C

All -41.2(-52.2,-10.4)
Male  -48.5 (~55.5,-9.8)

Female -36.9 (-41.2,-21.5)

E3n=191,
male = 148,
female = 43

-5.9 (-31.2,3.1)
~12.6 (-31.3,2.8)
~14.5 (-30.5, 14.7)

24.7 (=254, 16.5)
-6.7 (~25.6, 16.5)
-8.8(~23.3,19.3)

16.8 (5.2, 18.5)
3.6 (-5.7,17.9)
9.4 (0.0,20.0)

~19.7 (-46.7,1.9)
~19.7 (-46.7, 1.5)
-20.8 (-43.8,16.1)

E4n =30,
male = 18,
female = 12

~4.9 (-25.2,12.8)
~13.9 (-27.4,5.9)
6.4 (~18.1,25.4)

~10.0 (-34.8, 4.6)
~10.0 (=29.6, 0.0)
~7.5 (=39.5,23.4)

5.9 (0.0, 12.0)
5.9 (0.0, 11.8)
3.7 (~19.7, 20.5)

~17.6 (-36.6, 14.8)
-23.2(-37.3,1.2)
0.0 (-34.0, 71.0)

P-value

0.097
0.312
0.252

0.786
0.681
0.921

0.847
0.983
0.493

0.020
0.037
0.316

Median of the individual percentage changes (IQR).
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326 AIS patients screened

65 Excluded
~ 46 Did not meet inclusion criteria
ol 18 Declined to participate
1 Deceased after discharge
A\
261 Patients included

153 patients with carotid plaques screened

8 Excluded
- 5 Discontinue taking atorvastatin
. 2 Declined to participate
1 Deceased
v
3-moFollow-up
253 Patients finally included
153 patients with carotid plaques included
16 Excluded
6 Discontinue taking atorvastatin
> 6 Declined to participate
1 Deceased
3 Could not be connected
\4

12-moFollow-up
137 patients with carotid plaques finally included
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ID | Score |Focus Molecules Top Diseases and Functions

1] 44 20 [Developmental Disorder, Hematological Disease, Hereditary Disorder]

2 | 44 20 [Cellular Assembly and Organization, Cellular Function and Maintenance, Tissue Development]
g | 9 17 [Connective Tissue Disorders, Dermatological Diseases and Conditions, Developmental Disorder]
41 25 13 [Cardiac Arrythmia, Cardiovascular Disease, Cell-To-Cell Signaling and Interaction]

5| 16 9 [Cell Death and Survival, Cellular Function and Maintenance, Embryonic Development]
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Diseases Annotation p-value Molecules Focus Molecules
Anemia 1.99E-02| CBFB,GSTM1,HBB,PGM3,SLC12A4,TPP2 6
Thrombus 1.53E-02 FBN1,FGA,FGB,FGG 4
Myocardial infarction 2.06E-02 ACTA2,FGB,FGG,GSTM1 4
Stasis ulcer 4.23E-06 FGA,FGB,FGG S
Loeys-Dietz syndrome 1.95E-05 ACTA2,FBN1,VCAN 3
Advanced stage peripheral arterial disease 1.79E-02 ADAR,GLS,HBB 3
Abnormal morphology of artery 1.94E-02 ACTA2,DDAH1,FBN1 i
Intermediate disease stage peripheral arterial disease 2.06E-02 ADAR,GLS,HBB 3
Familial thoracic aortic aneurysm type 2 1.64E-04 ACTA2,FBN1 2
Thoracic aortic aneurysm 1.13E-03 ACTA2 FBN1 2
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Functions Annotation p-value Molecules Focus Molecules

Vasoconstriction of blood vessel 4 90E-06 ACTA2,DDAH1,FBN1,FGA,FGB,FGG 6
Abnormal morphology of artery 1.94E-02 ACTA2,DDAH1,FBN1 3
Density of microvessel 6.45E-03 GSTM1,IDH3A 2
Cardiac output 1.36E-02 DDAH1,PPP1R13L 2
Abnormal morphology of aorta 2.00E-02 ACTA2,FBN1 2
Diameter of aortic root 3.34E-03 FBN1 1
Induction of endothelial tube 6.67E-03 ORM1 1
Contraction of vascular tissue 6.67E-03 ACTAZ2 1

Beat of cardiomyocytes 1.66E-02 NSF 1

Contraction |of vascular tissue
Card@t@u& —— A
= AR 1

Beat of c@myoc S /

Y _I- ~f7 . /' Density @rovessel
Abnormal morphol‘gy oﬂ a;/té( // -
H ’ \\\\\\\ / j‘amete@ortic root
Abnormal m@@y_% -L ~~ 7/\ . LI | \_K
------ & ~—_ L . ¢
r | T ¥ S
/ /
"
A
A
4 |
PP1R13L :
I
GRM1 :

\*
NSF

YN

Induction of endothelial tube
N

© 2000-2020 QIAGEN. All rights reserved.






OPS/images/fcvm-09-957340/fcvm-09-957340-g005.jpg
e a—

MCP-1

B-actin

unoe-g/1.-doI

..\00
)
v&
.\\mv
\&c
@o
00.\
= T
8 SSEERN
=/
Cte,
1 | 1 0
< (0] N - o
(rouj p1o4d)

S protein (500 ng/ml)





OPS/images/fcvm-09-957340/fcvm-09-957340-g006.jpg
Spike
~_ Protein __

Cell Entry
- by ACE2 & TMPRSS2
Il
Excessive ROS
by NOX2 activation
I
Vascular Inflammation

>

Endothelial Dysfunction

~>

[ 11

Active Ingredients from TCM

Quercetin

Glabridin
Gallic Acid

Chryseoriol






OPS/images/fcvm-09-1021112/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-1021112/fcvm-09-1021112-g001.jpg
oL |

{

'IT!I =it

'F-r.

GOMI-117

g

GOM2-118

GOM3-119

Quantitative Proteins

Differentially Expressed Proteins

Up-regulated 810

31

Down-regulated 843

69

Total 1653

100

Up-regulated
== Down-regulated

Total=1653

Quantitative Proteins

NC

Up-regulated
== Down-regulated

Total=100

Differentially Expressed Proteins

GDM

RN RN ERED SR Wy e | G4

e so—---_ACTAZ

-u._‘—_~IDH3A

-
CED S S S G \PDH

FGA ACTA2

w
1

Fold of decreased
FGA protein
Fold of increased
ACTA2 protein

- N

04

IDH3A

Fold of increased
IDH3A protein






OPS/images/fcvm-09-957340/fcvm-09-957340-g002.jpg
S protein (500 ng/ml)

\
.(\ . .6 ’\0
o o o & &

T ‘ACEZ
P e ” TMPRSS2
‘ TMPRSS2

e AR —————— et ———

(cleaved)

e s T, e ey ‘ NOX2

B-actin






OPS/images/fcvm-09-957340/fcvm-09-957340-g003.jpg
o

<

H o TI B \0&\0@
()
d
% Hl_l_ - B b\ov %
w\\\..o
#o_+T - «&o«\ O
00
Ze
O
* e _|_IH «.\ooo
A
2,
X .ll_. RN 0
= 2
4 %,
1 | | ||
(4] N - o
(-ouj pjod)
unRovy-g/zSSUdINL PaAes|)
@
() =/
LIT_ n.u«\oo
()
o_ _ _ o Fo \OWO
b
2
‘\\0
o0 _|_|T o I «.\wo«\ O
0
Ze
O
o++_ & «@oo
»,
& 2,
. .—l? SEEEN 0
=/
e,
1 1 | 0
™ N - o
(*ou] pio4)
unoe-g/zsSudNLIIN
H * - \O.A\QO
)
d
 offo -0, %
V‘O
Y
H* OTTO = A.MOA\ O
0
Ze
O
*e _|0_|_ @ A@oo
o,
)
*.LlT . SN 0
| || || || o
S v 9 w9
N - -~ o o
(-ouj p1o4)

unoe-g/z3ov

S protein (500 ng/ml)

S protein (500 ng/ml)

S protein (500 ng/ml)





OPS/images/fcvm-09-957340/fcvm-09-957340-g004.jpg
..\009
'S
w\\\o
\«0@\
sfle e ©
0.\%\V
£ 3 ._.—l_. RN 0
QTMQ - /
oéoo
1 | | | 1 O
S ® © <% & o
- o o o o o
(wivyoad Bwyurw/r)
uoljonpold apixosadng
H* o_.._l_ & - \@«o
O,
* 0 _lo._l_ ® - 0 edv
\ov (V)
%
#oTT- - ¢ \\oo
.».v\«
OwVO
=HL |,
0.\
X i) @ - » 000
fe kg )
= 2
| %,
1 | | 1 |
LW o v o ©v 9o
N N -~ L o o
("ou pjo4d)
unov-g/ZxXoN

S protein (500 ng/ml)

S protein (500 ng/ml)





OPS/images/fcvm-09-967463/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-967463/fcvm-09-967463-g001.jpg
5
&
=
2
_I_ 5|
O 1
. SHE
_ e\
& & ¢ <+ « =
* ==
g o LL-€31L JO [9A9'T VNI QARSI
L2z
D z % s
(a8}
= :
s 5
E
: S I
| s
* p— i
5§ - :
(3 TH-EPEL JO T9AT VNRIUX SALIE[9Y 0_ R_;. 0_ <_J )
=< o o o N
. (8) yuSopm
@ =
o
i
M ;
* S — =2
*
. !
T T T H =
2 3 S = B 2
0 ANCE Jo [2A%7T uorssa1dxs urajolg = O] . -
L >
a % -
m Z
(]
| & a L
*® 2 M W
*® W p=
11 n
=
I o
= R =
" S 0 S 5 -
~ . = a g (%) TeAIAINS JO ATIqeqoid
© ANCE JO [9AT VN YW 2ANe[3y =

II





OPS/images/fcvm-09-983803/fcvm-09-983803-g002.gif





OPS/images/fcvm-09-983803/fcvm-09-983803-g003.gif
001 o6z oo oot oes
Ficion ot popsan sy

om






OPS/images/fcvm-09-983803/fcvm-09-983803-t001.jpg
mPAP (mmHg)

<20 (n=92) 21-24 (n=37) >25 (n=215) P value P for trend
Age (years) 627+ 111 618118 6384124 0557 0401
Female, n (%) 19 (20.7%) 9(243%) 63(29.3%) 0317 0.498
BMI (kg/m?) 23426 21820 232:4£30% 0,005 0.006
NYHA EC, n (%)
1 72 (78.3%) 30 (81.1%) 126 (58.6%)° 0.001 <0.001
v 20 (21.7%) 7 (18.9%) 89 (41.4%)"* 0.001 <0.001
Types of HF
HEpEE, 1 (%) 76 (82.6%) 31(83.8%) 148 (68.8%)"# 0015 0.007
HEmeEE n (%) [ 3(3.3%) 3(8.1%) 40 (18.6%)
HETEE 7 (%) [ 13 (14.1%) 3(8.1%) 27 (12.6%)
Heart rate (bpm) 741£146 757 £129 768£152 0327 0136
Respiratory rate (bpm) 19318 18922 194219 0268 0425
SBP (mmHg) 13814232 13574200 1327£228 0152 0052
DBP (mmHg) 7954145 754 %121 763121 0.100 0.064
CAD, n (%) 77 (83.7%) 30(81.1%) 156 (72.6%) 0.085 0.029
Hypertension, n (%) 41 (44.6%) 18 (48.6%) 100 (46.5%) 0.906 0791
Hyperlipidemia, (%) 20 21.7%) 7(18.9%) 60 (27.9%) 0335 0208
Diabetes, n (%) 25(27.2%) 8(21.6%) 59 (27.4%) 0.757 0.878
Ischemic stroke, n (%) [ [ 7 (7.6%) 2(5.4%) 16 (7.5%)
Biochemistry
Hemoglobin (g/L) 134.0£ 154 133.6 £20.5 1325 £20.4 0.820 0.537
Platelet (x 10°/L) 22054605 258+775 2206703 0909 0.963
ALT (1U/L) 21.5 (14.6/35.2) 22.4(15.2/36.2) 22.2(15.5/37.0) 0.695 0512
AST (IU/L) 210 (16.0/35.9) 21.0 (17.2/31.0) 232 (17.0/37.1) 0775 0.983
TBil (umol/L) 118 (80/16.7) 120 (90/15.9) 120 (80/17.7) 0.968 0357
Albumin (g/L) 39.7+48 403%55 39.1£53 0.361 0.300
FBG (mmol/L) 5.1(47/59) 5.1(48/6.1) 54(47/63) 0.100 0.040
€GER (ml/min) 7494279 7024213 7264308 0675 0590
BUN (mmol/L) 5.3(4.017.3) 52(4.1/68) 54(43/7.0) 0.683 0857
Uric acid (umol/L) 34311114 4043 £126.7* 383.6 £ 125.1° 0.009 0.016
Natriuretic peptides
BNP (pg/mL) 168.5 (120.0/378.4) 164.0 (111.5/466.5) 337 (185.7/649.5) 0054 0.608
NT-proBNP (pg/mL) 3535 (100.8/1459.3) 250.0 (110.0/994.2) 1039.0(235.0/2528.5)*# 0.003 0014
Triglyceride (mmol/L) 15(10/22) 15(1.0/22) 1.4(1.0/2.0) 0923 0827
Cholesterol (mmol/L) 46(37/55) 48(40/58) 145(36/5.6) 0409 0.639
LDL (mmol/L) 25(17/35) 29(1.9/33) 27(21/3.6) 0.608 0744
HDL (mmol/L) 1204 1204 1103 0.160 0.092
RHC
mRAP (mmHg) 96£39 127434 14642 <0.001 <0.001
RVSP (mmHg) 28762 B2E7I 478£ 131 <0.001 <0.001
RVEDP (mmHg) 9.0(6:8/12.0) 110 (95/13.0) 15.0 (10.8/16.0)'% <0.001 <0.001
SPAP (mmHg) 286469 EYEYRE 4824122 <0.001 <0.001
dPAP (mmHg) 129431 183300 20£70% <0.001 <0.001
mPAP (mmHg) 1.0 (17.0/20.0) 220 (21.0/23.0)° 300 (27.0136.0)° <0.001 <0.001
PAWP (mmHg) 17.0 (16.0/20.0) 195 (17.0124.0) 19.0(17.0/24.5) 0353 0581
LVEDP (mmHg) 14.0 (12.0/15.0) 180 (16.0/21.0)* 17.0 (16.0/20.0)* <0.001 <0.001
Echocardiography
LAAPD (mm) 334%£5.1 328+47 36.6+7.2% <0.001 <0.001
LVEDD (mm) 455465 461278 508485 <0001 <0.001
RVAPD (mm) 184433 184419 208£61% <0.001 0.001
LVEF (%) 554£10.2 56.6 9.1 533+ 11.0 0.104 0.081
PE,n (%)[ [ 3(33%) 127%) 11(5.1%)
Medications, n (%)
Aldactone 25(27.2%) 1129.7%) 125 (58.1%) % <0.001 <0.001
ACEI 37 (40.2%) 14 (37.8%) 98 (45.6%) 0532 0337
ARB 19 (20.7%) 12 (32.4%) 50 (23.3%) 0321 0.644
Beta blocker 65(70.7%) 24 (64.9%) 149 (69.3%) 0811 0884
Diuretic 27(293%) 9(243%) 108 (50.2%)"# <0.001 <0.001
CCB 16 (17.4%) 6(16.2%) 44 (20.5%) 0730 0.491
Statin 83(90.2%) 31 (83.8%) 185 (86.0%) 0.511 0.370
Antiplatelet 72(78.3%) 28 (75.7%) 186 (86.5%) 0.092 0054

Among the 326 patients, the number of missing values for the covariates were: 1 (0.3%) for Platelet; 2 (0.6%) for ALT and Albumin; 3 (0.9%) for AST, Thil, Uric acid, and RVEDP; 4 (1.2%)
for Triglyceride, Cholesterol, HDL, and RVSP; 5 (1.5%) for LDL and mRAP; 6 (1.7%) for FBG; 18 (5.2%) for RVAPD; 42 (12.2%) for Natriuretic peptides.

PH, pulmonary hypertension; mPAP, mean pulmonary artery pressure; BMI, body mass index; NYHA FC, New York Heart Association Functional Class; HE, heart failure; HFEF, heart
failure with reduced HEmeEE, heart failure with mildly reduced ejection fraction; HFp] dysfunction heart failure v
fraction; SBE, systolic blood pressure; DB, diastolic blood pressure; CAD, coronary artery disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin;
EBG, fasting blood glucose; eGFR, estimated glomeralar fltration rate; BUN, blood urea nitrogen; BNP, b-type natriuretic peptide; NT-pro BNP, N-terminal pro b-type natriuretic peptide;
LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; RHC, right heart catheterization; mRAP; mean right atrial pressure; RVSP, right ventricular systolic
pressure; RVEDP, right ventricular end diastolic pressure; SPAP, systolic pulmonary artery pressure; dPAR, diastolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure;
PAWR, pulmonary artery wedge pressure; LVEDR, left ventricular end-diastolic pressure; LAAPD, left atrial anteroposterior diameter; LVEDD, left ventricular end diastolic diameter;
RVAPD, right ventricular anteroposterior diameter; LVEE, left ventricular ejection fraction; PE, Pericardial effusion; ACEL angiotensin-converting enzyme inhibitors; ARB, angiotensi
receptor blocker; CCB, calcium channel blocker.

*p < 0,05 vs. without PH (mPAP < 20 mmHg).

#p < 0.05 vs. borderline PH (21 < mPAP < 24 mmHg)

[ A Chi-square test was not performed in these variables of very low counts.
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Variables Crude HR (95%CI) Crude P value Adj. HR (95%CI) Adj. P value

mPAP
Without PH 1.0 (reference) 1.0 (reference)

Borderline PH 3970 (1.120-14.069) 0033 3822 (1.043-13.999) 0.043
PH 5.760 (2.077-15.975) 0.001 4023 (1411-11.465) 0.009
NYHA FC

1 1.0 (reference) 10 (reference)

mav 3.658 (2.151-6.220) <0.001 2,559 (1.392-4.706) 0.002
Hypertension

No 1.0 (reference) 1.0 (reference)

Yes 2,393 (1.392-4.113) 0.002 2896 (1.618-5.183) <0.001
Age (years) 1,044 (1.019-1.070) <0001 1.039 (1.005-1.073) 0.024
BUN (mmol/L) 1140 (1.070-1.214) <0.001 1151 (1.059-1.251) 0.001
Uricacid (umol/L) 1.005 (1.003-1.007) <0.001 1003 (1.001-1.005) 0.008

NP (BNP 2288 or
NT-pro BNP 2635)

No 1.0 (reference)

Yes 1.818 (1.064-3.106) 0029
Hemoglobin (g/L) 0.985 (0.974-0.995) 0.003
FBG (mmol/L) 1063 (1.002-1.128) 0042
€GFR (ml/min) 0,983 (0.973-0.994) 0.002
HDL (mmol/L) 0.420 (0.185-0.942) 0.035
LAAPD (mm) 1.044 (1.010-1.079) 0.010
LVEDD (mm) 1039 (1.012-1.067) 0.004

PH, pulmonary hypertension; Adj. HR, adjusted hazard rati
BUN, blood urea nitrogen; NP, Natriuretic peptides; BN, b-type natriuretic pej
glomerular filtration rate; HDL, high-der

erval; mPAP, mean pulmonary artery pressure;
3 NT-pro BN, N-terminal pro b-type natriuretic peptide;
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Indexes AUC Standard error P 95%CI Cutoff value Sensitivity (%) Specificity (%)

GRS (%) 0.607 0.0595 0.096 0.507-0.701 4491 53.13 68.49
GCS (%) 0.601 0.0608 0.073 0.501-0.696 -17.73 71.87 52.05
GLS (%) 0.893 0.0339 <0.001 0.818-0.945 -17.06 93.75 71.23
Lvtw (°) 0.814 0.0463 <0.001 0.727-0.883 12.97 75.00 80.82

MCI (:%x°) 0.915 0.0328 <0.001 0.845-0.961 -210.89 84.37 90.41





OPS/images/fcvm-09-983803/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-09-983803/fcvm-09-983803-g001.gif
Pascns (e muliccoer who dagmosed with
ot e Sl

i s g






OPS/images/cover.jpg
& frontiers | Research Topics

Molecular mechanism of
vascular remodelling and
target organ damage

Eatea by
02 Gl Gingsun H Jntao Wang. Haineng Xu and Yanggang Yuan

Published in

| ceas,





OPS/images/fcvm-09-967463/fcvm-09-967463-t003.jpg
Genes

APOC2
LYz

NCP1
PPPIR10
RAC1
S100A8
SERPINA1

ID

ENSMUSG00000002992
ENSMUSG00000069515
ENSMUSG00000015950
ENSMUSG00000039220
ENSMUSG00000001847
ENSMUSG00000056054
ENSMUSG00000072849

Expr log ratio

1oo
11.139
10.688
1-0.633
11.404
12.748

Phospho false discovery

1.52E-01
4.23E-01
2.77E-01
1.48E-01
6.32E-02
1.82E-01
4.78E-01

Location

Extracellular space
Extracellular space
Cytoplasm
Nucleus

Plasma membrane
Cytoplasm

Extracellular space





OPS/images/fcvm-09-967463/fcvm-09-967463-g007.jpg
Extracellular Space

0 m@m»
~

Cytoplasm

Zci

”~
& i1
”

Other

cies

Nucleus
Prediction Legend
P less more confidence leas Predicted Relationships: = = =« Indirect Direct
@ Increased measurement ) @D Predicted activation () Leads to activation Findings inconsistent —— Effect not predicted
@ Decreased measurement (C_) @ rredicted inhibition () Leads to inhibition zg::e::l? Sl Gavatcsn






OPS/images/fcvm-09-967463/fcvm-09-967463-g008.jpg
Cardiomyocyte-Specific BDNF
conditional knockout from
embryonic stage

MYH6-Cre-BDNF--
Edema

LAA: Left atrial appendage
LAAT: Left atrial appendage th
LA: Left atrium

LAT: Left atrium thrombus
RA: Right atrium

RAT: Right atrium thrombus

Thrombus in left atrial appendage, left
and right atriums and ventricles

(H6-Cre-BDNF--

MYH6-Cre-BDNF-

Dilated Cardiomyopathy

l

Heart failure

Cardiomyocyte areat Interstitial fibrosist

Myocardial necrosis? Myocardial degenerationt

—» One-year survival rate|

EF, ANPt BNPH[





OPS/images/fcvm-09-967463/fcvm-09-967463-t001.jpg
Genes

ADIPOQ
ANGPT1
CXADR
FASN
GAPDH
LCN2
PPPIRI10
RACI
SCD

ID

ENSMUSG00000022878
ENSMUSG00000022309
ENSMUSG00000022865
ENSMUSG00000025153
ENSMUSG00000057666
ENSMUSG00000026822
ENSMUSG00000039220
ENSMUSG00000001847
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